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PREFACE 
It all  started  with  an  accidental  discovery in the  laboratory  of Dr. 

Bamet Rosenberg at Michigan  State  University  in  the  mid  1960s.  Now, 
thirty  years  from  the  landmark  publication of the  anticancer  activity of 
cisplatin,  this  volume  follows  in  the  wake of the 81h International  Sym- 
posium  on  Platinum  and  Other  Metal  Coordination  Compounds in Can- 
cer Chemotherapy,  held  in  Oxford, UK, in March  1999.  From  small 
beginnings,  this  quadrennial  Symposium  now  attracts  several  hundred 
laboratory  and  clinical  scientists  from  all  corners  of  the  world. 

Although  the  chemical  structure  of  the  inorganic  square  planar  plati- 
num-based  coordination  complex  had  been  known  for  over  100  years 
prior  to  Rosenberg’s  studies,  the  medical  oncology  and,  indeed,  the 
scientific  community  at  large  were  unaware  of  the  dormant  giant  that  lay 
waiting  to  be  discovered.  From  the  beginning  of  its  clinical  trials  in  the 
early  1970s,  cisplatin  made  an  immediate  impact in the  treatment  of  a 
variety ofcancers (especially  testicular  and  ovarian),  but  there  were  also 
significant  problems in terms  of  inducing  severe  side-effects  (especially 
kidney  damage  and nausedvomiting). At the  preclinical  level,  the  next 
10 years or so saw  the  emergence  of  a  band of scientists  who  began  to 
put  in  place  the  multidisciplinary  approach  essential  to  modem  antican- 
cer drug  discovery.  Notable  from  those  early  days  were Joe Burchenal, 
Mike  Cleare,  Tom  Connors,  Ken  Harrap,  Jim  Hoeschele,  Yoshinori 
Kidani,  John  Roberts,  and  the  National  Cancer  Institute  (NCI). 

Initial  efforts  focused  on  understanding  the  chemistry  and  biochem- 
istry necessary  to  produce  improved  (less-toxic)  analogs  and  elucidate  the 
mechanism  by  which  cisplatin  exerted  its  antitumor  effects.  During  the 
1970s  and  1980s,  hundreds  of  new  platinum-containing  agents  were  syn- 
thesized,  the  focus  being  largely  on  reducing  side-effects  while  retaining 
the  antitumor  activity  of  the  parent  molecule.  One  of  the  most  important 
collaborations  was  established  between  the  Johnson  Matthey  Company 
and  academia, at The  Institute  of  Cancer  Research  in  Sutton  UK,  which 
resulted  in  the  discovery  of  several  key  agents  for  clinical  testing,  includ- 
ing  JM8  (carboplatin)  and  JM9  (iproplatin).  From  thesetrials,  carboplatin 
(Paraplatin@)  emerged as asignificant  new  platinum-based  anticancer  drug  in 
being  broadly  equivalent  to  cisplatin in terms  of  its  spectrum  of  antitumor 
activity,  but  producing  markedly  less  patient  morbidity.  Carboplatin  remains 
the  only  cisplatin  analog  to  be  widely  registered  for  clinical  use. 

V 
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For  the  last 10 years,  the  major  focus  of  platinum  drug  development 
has  been  on  the  critical  clinical  need  to  broaden  the  number  of  tumor  types 
that  respond  to  this  class  ofdrug.  Laboratory-based  studies  have  shed  light 
on  the  mechanisms by  which  tumors  are, or become,  resistant  to  the  effects 
of  cisplatin,  thus  allowing  for  the  rational  design  of  improved  analogs. 
Several  interesting  new  classes  of  platinum  agents  have  been  identified, 
including active trans isomers, orally active platinums, improved 
diaminocyclohexane  (DACH)  platinums,  and  bi-  and  tri-nuclear  plati- 
nums.  In  total,  approximately  30  platinum-based  drugs  have  entered  clini- 
cal  trial.  Importantly,  their  structural  diversity  continues  to  expand  and 
many  important  trials  are  still  ongoing. 

Some  30  years  on  from  the  discovery  of  cisplatin, it is  pertinent  to  ask 
“Where  do  we  go  from  here?”  The  multidisciplinary  approach  ofanticancer 
drug  research  involves  synthetic  chemists,  molecular  biologists,  pharma- 
cologists,  and  clinical  oncologists.  This  volume  brings  together  all  of  these 
and  provides  a  comprehensive  state-of-the-art  appraisal  by  a  panel  of  inter- 
national  contributors  on: 

(1) Platinum  Chemistry. This  section  includes  information on the 
chemistry  of  cisplatin in aqueous  solution,  the  molecular  interaction of 
platinum  drugs  with DNA,  and  transplatin-modified  oligonucleotides. 

(2) Platinum Biochemistry. Herein,  there  is  particular  emphasis  on 
the  burgeoning  new  areas  of  DNA  mismatch  repair,  replicative  bypass, 
and  apoptosis,  as  well  the  important  issue  of  how  platinum  drugs  are 
transported  into  tumor  cells. 

(3) Clinical Antitumor Activity and Toxicology. This part covers 
an  overview  of  the  clinical  experience  with  cisplatin  and  carboplatin,  the 
exciting  recent  studies  combining  platinum  drugs  with  taxanes,  and  clini- 
cal  experiencewith  DACH-basedplatinum  drugs,  particularly  oxaliplatin. 
Moreover,  an  appraisal ofthe toxicological  aspects  ofplatinum  drugs  from 
both  a  clinical  and  a  regulatory  perspective  is  provided. 

(4) New  platinum  drugs of the future. The volume  concludes 
with an ongoing  and  futuristic  look  at  new  platinum  drugs,  including 
orally  active  drugs  (JM216,  ZD0473)  and  novel  polynuclear  charged 
platinums,  such as BBR3464,  which  take  the  field  into  a  new  paradigm. 

We are no longer  completely  in  the  dark as to  how  cisplatin  exerts  its 
antitumor  (and  toxicological)  effects  and  how  tumors  acquire  resistance; 
the  considerable  challenge  is  to  exploit  this  knowledge  to  the  further 
benefit  of  cancer  sufferers. The field  is  poised at an  especially  exciting 
phase,  the  essence  of  which is captured  in  these  chapters. 

We  wish  to  thank  each  of  the  contributors  to Platinum-Based Drugs 
in Cancer Therapy. We are  indebted  to  the  time  and  effort  each  has 
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provided  to  both  the  overall  field  of  platinum  anticancer drug develop- 
ment  in  making  platinum-based  chemotherapy  more  efficacious  and 
more  “patient-friendly”  and  for  their  particular  input  into  this  volume. 

Lloyd R. Kelland 
Nicholas P. Farrell 
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1 The  Chemistry of Cisplatin 
in Aqueous Solution 

Susdn J.  Berners-Price 
and Trevor G. Appleton 

CONTENTS 
INTRODUCTION 
HYDROXO COMPLEXES 
ACID DISSOCIATION CONSTANTS FOR AQUA COMPLEXES 
KINETICS AND EQUILIBRIA IN THE HYDROLYSIS OF CISPLATIN 
PREPARATION AND PURITY OF F’LATINLJM DRUGS 
REACTIONS OF CISPLATIN HYDROLYSIS PRODUCTS WITH 

TECHNIQUES FOR CHARACTERIZING CISPLATIN HYDROLYSIS 

CONCLUSIONS 

COMPONENTS OF BUFFER SOLUTIONS 

PRODUCTS AND METABOLITES IN BODY FLUIDS 

1. INTRODUCTION 
The antitumor  properties of platinum-containing drugs are attributable  in 

large measure  to the kinetics  of  their  ligand  displacement  reactions. As is dis- 
cussed  at  length in other contributions  to  this  volume,  their  primary  target is be- 
lieved to be  nitrogen donor atoms in the  nucleobases of DNA. The bonds 
formed  between  the  metal  ion  and  these  atoms  must be sufficiently  long-lived 
to  interfere  with  the  process of cell  division, or to  trigger the intracellular 
mechanisms that recognize irreparable damage  to  a  cell.  Bonds  between the 
nucleobase  nitrogen  atoms  and  platinum(I1)  clearly  fulfil  this  requirement. 
Metal  ions  that  form labile bonds  with the nucleobase  nitrogen  atoms  cannot 
act in  a  similar way  and do not  give  active  compounds ( I ) .  On  the other hand, 
the metal-based  drug that is injected  must  undergo in a  relatively  short  time  a 
sequence of reactions  that  allows the “leaving  groups”  on the initial compound 

From: Platinum-Based Drugs in Cancer Therapy 
Edited by: L. R. Kelland  and N. Farrell 0 Humana Press Inc.,  Totowa, NJ 
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to be replaced  by the DNA base nitrogen  atoms.  Compounds  that are totally 
inert are also inactive ( I ) .  

Cisplatin, ~ is - [P tCl~(NH~)~l  (1) is a relatively  unreactive  molecule. It does 
not  react  directly  with  any  of the molecules  present  in  biological  systems  that 
will  bind  to the platinum  through  nitrogen or oxygen donor groups,  including 
nucleobases (2,3). In  aqueous  solution,  however, the chloro ligands of cispla- 
tin may be replaced in  a stepwise manner by water to form cis- 
[PtCl(H20)(NH3)2]' (2) and ~ i s - [P t (H~o)~(NJ3~)~]~+  (3). Depending  on the pH 
of the  solution, the bound  water  molecules  may  deprotonate to give  hydroxo 
complexes 4, 5, and 6 (Scheme 1). The Pt-OH2  bond is much  more  reactive 
than Pt-C1. The aqua complexes  therefore  react  readily  with  N-donor  ligands, 
such as DNA nucleobases.  Hydrolysis of cisplatin is therefore  usually  consid- 
ered  to be a  necessary  prelude to its reaction  with DNA (2). 

The aqua  complexes also react more  readily  than  cisplatin  with  molecules 
present  in  vivo other than  target DNA. They  therefore are involved  in  reactions 
that lead to toxicity. The bound  water  molecules of C ~ S - [ P ~ ( H ~ O ) ~ ( N H ~ > ~ ] ~ +  
(3) are very  labile, so that this species reacts nondiscriminately  with  many 
biologically  important  molecules. It is therefore  very  toxic ( I ) .  

Carboplatin (7) is less toxic  than  cisplatin  but  also  has less antitumor  activ- 
ity  on  an  equal-dose  basis.  These  properties are correlated  with  its  much  lower 
tendency  to  undergo  hydrolysis  reactions-indeed, the rate of hydrolysis is 
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negligibly  slow  under  physiological  conditions (4). Carboplatin does react  di- 
rectly  with  guanosine  monophosphate,  but  only  slowly (4). 

Cisplatin  and  carboplatin do react  directly  with  sulfur-containing  ligands 
(e.g.,  methionine,  cysteine)  without the need for prior  hydrolysis (5-8). With 
methionine, for example,  carboplatin  gives the relatively  long-lived  species 8, 
in  which  both  methionine  and the dicarboxylate  ligand are bound  monodentate 
(5). Since thioether  ligands  bound  monodentate  through  sulfur  may  in  some 
cases  be  displaced by guanosine  nitrogen (71, it has  been  suggested (7,9) that 
such  thioether  complexes may be major  intermediates in DNA platination,  by- 
passing the hydrolysis  route. This possibility  remains the subject of extensive 
experimentation,  and  a  detailed  consideration is beyond  the scope of this chap- 
ter.  Whatever the role of such  mechanisms  may  be, it remains  true that the hy- 
drolysis chemistry of cisplatin (and of compounds ci~-[PtCl~(amine)~] 
generally) is an  important  factor  in the antitumor  activity,  metabolism,  and  tox- 
icity of these  platinum-based  drugs. 

2. HYDROXO COMPLEXES 
At  high  pH (>9), all  coordinated  water  molecules  will be deprotonated, to 

give hydroxo complexes, such as ci~-[PtC1(0H)(NH~)~l (4) and cis- 
[Pt(OH),(NH&] 6. The Pt-OH  bond is quite inert, so that, for example, 6 does 
not  react  with  glycine (10). Since the Pt-OH2  bond is much  more  reactive,  re- 
actions can begin to occur  slowly  with  N-donor  ligands  via  traces  of  aqua  com- 
plexes if the pH is decreased to less than  2  pH  units  above the pK, value for 
deprotonation of the aqua complex. If the pH is in the range pK, f 2,  however, 
so that appreciable  proportions of both  aqua  and  hydroxo  complexes are pre- 
sent together  in  solution,  hydroxo-bridged  oligomers form readily if the  con- 
centration of  diammineplatinum(I1)  species is not  extremely  small. 

Thus,  under  conditions  in  which cis-[Pt(OH)(H20)(NH3)2]+ (5) is present in 
solution, the hydroxo-bridged  complexes [ { Pt(NH3)2(p-OH)}n]"+ are formed 
[n = 2 (9), 3 (lo)]. Crystal  structures  have  been  determined of salts of these 
oligomers [n = 2 (11,12), 3 (13)] and  characterized  by 19% nuclear  magnetic 
resonance (NMR) (see Section  7.2).  Analogous  species are formed in other cis- 
diamine  systems  [e.g.,  with  isomers of 1,2-diaminocyclohexane  (DACH) 
(14,15)]. A tetrameric species, [Pt(en)(p-OH))4I4+ (ll), en = 1,2-di- 
aminoethane)  has  been  characterized  crystallographically (16). Its formation is 
probably  facilitated by reduced steric interaction  between the hydroxo  ligands 
and the amine,  because the "bite  angle"  of  chelated  ethylenediamine is ~90" .  
Even so, the dimer and  trimer  appear  to  be the major  species  in  solution (17). 

It has  been  claimed  that  the  hydroxo-bridged  diammine  complexes (9) and 
(10) are toxic,  but that the DACH analogs are nontoxic (14). Once  formed, 9 
and 10 persist  in  mildly  acidic  solution.  At  pH 3, the oligomers are decom- 
posed,  but 12, with  a single hydroxo  bridge,  persists in solution (18). 



Chapter 1 / The Chemistry of Cisplatin in Aqueous Solution 7 

In the presence of other ligands,  compounds may be obtained  that  contain 
bridging  hydroxide  and  a  second  bridging  ligand.  For  example,  when  both cis- 
[PtCI(H20)(NH3)2]' (2) and ci~-[PtC1(0H)(NH~)~1 (4) are present in solution 
(i.e.,  when  the  pH is close to the pKa  of 2), [(~is-Pt(NH~)~}~(p-Cl)(p-0H)]~+ 
(13) is formed (19). Addition of acetate to a solution ci~-[Pt(H,0)~ 
(NH3),](N03),  causes  slow  crystallization  of [ { cis-Pt(NH3),J2(p-CH3C02) 
(p-OH)](N03), (14), whose  crystal structure has  been  determined (20). This is 
not  a  major  species  in  solution (18), but  analogous  compounds are formed  near 
pH 5 when  longer-chain  amino acids 'NH3(CH2),C0;  (n = 2,3) are added  to 
a  solution of C ~ ~ - [ P ~ ( H ~ O ) , ( N H ~ ) ~ ] ~ +  (21). A  compound 15 containing  bridging 
phosphate  as  well as hydroxide  has  been  characterized by  NMR (18). 
Analogous  compounds are formed  with  aminoalkylphosphonate  ligands (22). 

If a  mononuclear  diammineplatinum  complex  were  injected  in  vivo, the con- 
centration  would be too low for dimerization to occur.  However,  if the solution 
injected  already  contained  a  hydroxo-bridged  oligomeric  species, it would be 
likely  to  persist in vivo. 

3. ACID  DISSOCIATION  CONSTANTS FOR AQUA  COMPLEXES 
As  Pt-OH,  bonds are more  reactive  toward  DNA  and other biomolecules 

than  Pt-OH  (or  Pt-Cl)  bonds, it is important  to know the pKa values of the co- 
ordinated  water  molecules  in the cisplatin  hydrolysis  products 2 and 3 to  es- 
tablish the relative  proportions of hydroxo species 4, 5,  and 6 (Scheme 1) that 
are likely to be present  under  physiological  conditions  (pH 7.4). It is difficult 
to  obtain reliable experimental  determinations of these  acid  dissociation con- 
stants from potentiometric  measurements  because the interpretation of titration 
curves is complicated by the further hydrolysis of ~is-[PtCl(NH~)~(H~0)1+ 
(2), and its competing  anation  by C1- during  any  potentiometric  titration, as 
well as the formation of hydroxo-bridged  oligomers 9 and 10 in solutions con- 
taining  moderate  concentrations  of ~is-[Pt(NH3)~(0H)(H~0)]+ (5) (see  above). 
The work  of  Green  and  co-workers (23) has also demonstrated that for pKa 
measurements of the diaqua complex 3, the choice of counter-anion  has  a  sig- 
nificant  effect. Their measured  values for pKal were  slightly  lower for the non- 
coordinating  anions triflate and  perchlorate  than for nitrate,  which,  though  a 
poor  ligand,  can  bond  weakly at the fifth  and  sixth  coordination  sites. 

The pKa  of 2 has  been  determined  recently  by  an  indirect  method that probed 
the influence of  pH  on the reaction  between 2 and chloride ion (24). However, 
the results  may be complicated by the  use of  HEPES  buffers,  which are known 
to interact with  cisplatin  hydrolysis  products (2526) (see Section 6) .  

The pKa  values  of  species  in  mixtures  can be determined  by NMR spectroscopy 
provided  they  have  suitable  resonances  that  can  be  monitored  as  a  function  of  pH. 
If 15N-substituted  ligands  are  used,  the  individual P t - N H 3  complexes  can be dis- 
tinguished  by 15N NMR since  both  the I5N chemical shift and  the  195Pt-15N  cou- 
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Fig. 1. ['H, "N] NMR spectrum (A) of a 5 mM solution  containing "N-cisplatin (1) and 
the hydrolysis  products c~~- [P~CI (H~O)("NH~)~]+  (2) and c~s-[P~(H~O)~('~NH~)~]~+ (3) in 
95% H20-5% D20 at pH 4.72. The  assignments are based  on  the "N-shifts, which  are  di- 
agnostic of the  ligands trans to  each NH3-Pt group  (Fig. 4). i95Pt satellites  are  marked with 
an asterisk.  Plots of the Pt-NH3 'H NMR chemical  shifts vs pH for (B) complex 2 and (C) 
complex 3 allowed direct  determination of the  acid  dissociation  constants  pKaI, pKa  and 
pKd (Scheme 1). (Adapted  from ref. 27.) 

pling  constant  are  sensitive  to  the  ligand trans to  the  ammine  (Section  7.2). 
Appleton  et. al.(I9) used this approach to obtain  the  first  direct  measurements  of 
the pK,s of the  cisplatin  hydrolysis  products.  However,  polymerization  was  still  a 
problem  at  the  high  concentrations of Pt (appmx 100 mM) needed  for  direct ob- 
servation  of  I5N  and  the  measurements  had  to be carried  out  at 5OC. 

The use of indirect [lH,I5N] NMR methods  (Section  7.2)  has  recently  al- 
lowed the rapid  and  reliable  determination of the pKa values  directly  at  low 
(millimolar)  concentrations (27). Since all  hydrolysis  products can be  distin- 
guished  in the ['H,I5N] N M R  spectrum  (Fig. l), the problems  associated  with 
other methods are overcome. 

Table 1 compares  the pKa values  obtained  by the different  methods. The acid 
dissociation  constants of 2 and 3 are such  that,  under  physiological  conditions 
the hydrolysis  products  will be predominantly,  but  not  totally,  in  the  hydroxo 
forms 4 and 5. 

4. KINETICS AND EQUILIBRIA 
IN THE HYDROLYSIS OF CISPLATIN 

The popular  model for the  mechanism  of  action  of  cisplatin  assumes  that  in  ex- 
tracellular  fluid  cisplatin  is  present as the  intact  drug  since the high  chloride  con- 
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Table 1 
Acid  Dissociation  Constants  for  Cisplatin  Hydrolysis 

Products 2 and 3 (Scheme 1) 

PKCl 
Temperature 

( "C) Method Re$ 

27 
25 
37 

6.3 

cis-[Pt(H20)z(NH3)212+(3) 
PK~Z  ~Ka3 

NO3- salt 
5.37  7.21 
5.93  7.87 
5.56  7.32 
5.52 7.10 
5.02  6.93 
5.55 7.33 
CF3S03- salt 
4.99  6.84 
5.24  7.10 
C104-  salt 
5.24  7.42 

20? 

27 
5 

20 
20 
37 
20 

37 
22 

22 

['H,  15N] NMR 
"N NMR 
Indirectly by studying 
influence  of  pH  on  reaction 
between 2 and  C1- 

Estimate  based  on  potentio- 
metric  data  of  Jensen (29) 
for 3 

['H, "N] NMR 
15N NMR 
Potentiometry 
Potentiometry 
Potentiometry 

- 

27 
19 
24 

27 
19 
29 
82 
23 

23 

23 

centration  (103 mM) prevents  hydrolysis  of  the  chloro  ligands.  Once  inside  the 
cell  the drug is activated  by  the  low  intracellular  Cl-  concentrations  which shift the 
equilibrium to favor  the  aquated  species  that  are  more  reactive  toward  nucle- 
ophiles  (e.g., DNA, proteins).  Estimates of the  relative  proportions  of  cisplatin  and 
aquated  species  present  at  physiological  pH,  and  under  different  Cl-  concentra- 
tions  require  accurate  estimates  of  the  rate  and  equilibrium  constants  for  the first 
and  second  hydrolysis  steps  (Scheme l), together  with  the  acid  dissociation  con- 
stants pKal, pKd and pKe (see  above).  Until  recently,  estimates  of  the  relative 
proportions  of  species  present  under  different  biological  conditions  (28)  were 
based  on  pKa  values  derived  from  the  early  potentiometric  titration  data  of 3 by 
Jensen (29) and  estimated  values  for  the pKa of the  mono-aqua  complex 2 (28). 
Calculations  have  normally  assumed  an  intracellular  chloride  concentration  of 
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Table 2 
Rate and Equilibrium  Constants for the  Hydrolysis of Cisplatin  (Scheme 1) 

Parameter  Value  Condition 

kl 
k- 1 

PK1 

k2 
k-2 
DK, 

5.18 X 10-5 s-l 25"C, I = 0.1 M 
7.68 x M" s-' 25"C, I = 0.1 M 
2.17  25"C, I = 0.1 M 
2.07"  37"C, I = 0.1 M 

9.27 X M-' s-' 25"C, I = 1.0 M 
2.75 X s - ~  25"C, I = 1.0 M 

3.53 25"C, I = 1.0 M 

"From ref. 33. 
Data from ref. 34. 

4 mM (the  value  widely  cited  in  the  cisplatin  literature),  but  a  recent  study  by 
Jennerwein  and  Andrews (30) has  shown  that  in  cancer  cells  chloride  levels  are 
much  higher  than this (e.g., 22.7 mM in 2008 human  ovarian  carcinoma  cells). 

Values for the rate constants (kl ,   k- , ,  k2, k 2 )  and  equilibrium  constants (K ,  
and K2) have  been  obtained from the careful work  of  House  and  co-workers 
(25,31-34) who,  in  a  series of recent  papers,  have  described  a  complete  speci- 
ation  profile for cisplatin  in  aqueous  solution. Their studies  have  been  carried 
out under  stringent  controls of reaction  conditions so that the nature  of the hy- 
drolysis products is well  defined.  Buffer  components that can potentially  coor- 
dinate to Pt(I1)  have  been  avoided. Their most  recent  values for these 
parameters are tabulated  in  Table 2. 

There  are  important  differences in  the  hydrolysis  kinetics  of  cisplatin  that  occur 
in  acidic (31) and  basic (32) solution.  In  an  acidic  aqueous  solution of cisplatin 
(pH e 5), one of the  bound  chloride  ions  dissociates  to  give 2 until  an  equilibrium 
is established  between 1, 2 and  the  liberated  chloride  ion  (Scheme 1). The reac- 
tion  does  not  proceed  further  to  produce  significant  amounts  of 3, as  the  small 
value  for K2 effectively  prevents  further  chloride  ion  release. The rate is indepen- 
dent  of  concentration  and  ionic  strength,  and  the  extent  of  the  reaction is sup  
pressed  by  added  chloride (31). On the  other  hand,  in  basic  solution  (pH > 9) 
irreversible  hydrolysis of cisplatin  occurs,  and  both  chloro  ligands  are  lost  to  give 
the  dihydroxo  complex 6. The  rate is independent of the  background  chloride  ion 
concentration, the hydroxide  ion  concentration  and  the  ionic  strength (32). To as- 
sess  whether  base  hydrolysis  was  likely  to  occur  under  physiological  conditions, 
by  use  of a  combined pH-statkpectrophotometric technique,  Miller  and  House 
(25) investigated  the  rate  and  extent  of  hydrolysis  of  cisplatin  in  non-buffered 
aqueous  solution  in  the  pH  region 4.0-8.5, both  with  and  without  added  chloride 
ion.  Based  on  these  results  and  using  estimates  for  the  equilibrium  constants  and 
acid  dissociation  constants  available  at  the  time (19,31,32), they  calculated  that  at 
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1 

0 40 80 120 160 

Fig. 2. Mole  fraction of F't(II) complexes  vs C1- concentration  at  pH 7.2, from  the  work of 
Jennerwein  and  Andrews (30). The structures of the  different  species (1-6) are shown  in 
Scheme 1. The values  were  calculated  based  on  recent  values  for  equilibrium  constants  and 
acid  dissociation  constants:  K,,  pKal, pKaZ and pKa from ref. 27 and K2 from  refs. 32 and 
33. The lower  plot  is an expansion of the  upper  plot  for C1- concentrations  between 0 and 
30 mM. (Adapted  from  ref. 30.) 

physiological  pH  and  extracellular  chloride  ion  concentration an equilibrium  in- 
volving 1 (68%), 2 (7%), and 4 (24%) is produced  in  about 6 h. At  a  concentra- 
tion  of 4 mM C1- they  calculated  almost  complete  hydrolysis of cisplatin  will  occur 
(half-life of  approx 2 h  at 37°C) to  give  a 50:50 mixture of 2 and 4. 

Table 3 summarizes  the  calculated  equilibrium  distributions of cisplatin  and  hy- 
drolysis  products  that  have  been  calculated  to  exist  under  physiological  condi- 
tions,  based  on  various  equilibrium  constant  data  available  in  the  literature.  Figure 
2 shows  distribution  plots  vs  chloride  concentration from the  recent  paper  by 
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Jennenvein  and  Andrews  (30)  based  on  the  most  reliable  recent pK, values (27). 
It is important  to  note  that  all  these  calculations  pertain  to  equilibrium  conditions 
that  are  never  attained  under  biological  conditions.  Reactive  aqua  species  removed 
by  reaction  with  nucleophiles  will be replaced  immediately  by  protonation  of  the 
respective  hydroxo  species  to  maintain  the  equilibrium  concentration  as  dictated 
by  the pK,s. Inert  hydroxo  species  can  be  considered  therefore  as  mobile  reser- 
voirs  of  reactive  platinum. Also, the  ready  reactions of platinum(II)  aqua  com- 
plexes  with  phosphate (see Section 6) suggest  that  the  popular  model  assuming 
that  cisplatin,  once  inside  the  cell in a  low-chloride  environment,  simply  loses 
chloride  to  give aquahydroxo complexes  is  probably  an  over  simplification. 

The data based on recent  equilibrium  constants  show  that the diaqua  com- 
plex (3) will  not  be  present  at  significant  concentrations  in either aqueous so- 
lutions of cisplatin, or under  physiological  conditions in vivo. Thus data in the 
literature that  suggest  experimental  evidence for 3 under  these  conditions  (e.g., 
ref. 35) should  therefore be viewed as unreliable. 

5. PREPARATION AND PURITY OF PLATINUM DRUGS 

5.1. Preparation of Cisplatin 
Early  preparations of cisplatin  and other complexes cis-[PtC12b] (L = 

amine  ligand)  directly from K2[PtC14]  and  ammonia  and  L  were  slow,  produced 
relatively  low  yields,  and  gave  products  contaminated  by  "Magnus  salt"  prod- 
ucts  [PtL4][PtC14] (36). The "Magnus  salts"  could  be  removed  from  a  mixture 
with  cis-[PtC12L2]  by  reaction  with  a  silver salt (AgN03 or AgC104). The 
bound  chloride is abstracted  from  cis-[PtC12L2] to give  solid  AgCl  and cis- 
[Pt(H20)2L,J2' (37).  In  this  reaction,  [PtL4][PtC14]  gave  solid  Ag2[PtC14],  and 
left  [PtL4I2" in solution.  Addition of hydrochloric  acid  to the solution  of cis- 
[Pt(H20)2L$' causes precipitation of cis-[PtC12b] with  any  contaminating 
AgCl  removed  from the solid  by  washing  with dilute aqueous  ammonia (38). 
In  1970,  Dhara (39) published  a  new  procedure  (Scheme 2), which,  with  minor 
modifications  (do),  quickly  became the standard  method for preparation of cis- 
platin  and other complexes cis-[PtCl2k], usually  with  good  purity,  and in high 
yield.  Because  of the high trans effect of iodide, cis-[Pt12b]  is formed  cleanly, 
without  any  significant  tendency for [PtL4I2' to form. The following  comments 
on the procedure are based  on the experience of the authors.  A  difficulty  can 
occur if the solution  in the initial reaction of  [PtCl,$- with iodide is heated for 
too  long, as this  results  in  precipitation  of  black Pt12, which  reacts  only  slowly 
with  L. The cis-[Pt12b] formed as the initial product  may  not  be  absolutely 
pure. There may, for example, be some contamination  with chloro complexes. 
If the iodo  complex is desired,  it is therefore best to  prepare  a  solution of cis- 
[Pt(H20)2L2]2'  and  add iodide to it, with  warming.  A  small  excess  of  iodide, 
with  warming  and stirring, is required  to  guard  against  contamination of cis- 
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(solid) 

[Pt12b] by species such as [{PtL&-I)}2](N03)2, which  tend  to be sparingly 
soluble (19,41). The reaction of cis-[PtX2LJ (X = C1, I) with AgN03 solution 
proceeds  well  with  gentle  heating (up to approx  60°C),  but care must be taken 
to avoid  boiling  the  mixture, as this destroys  all the desired  product.  (It is still 
not clear just what the chemical  transformations  are.) 

5.1. Preparation of Cisplatin Hydrolysis Products 
Solid c ~ ~ - [ P ~ ( O N O ~ ) ~ ( N H ~ ) ~ ]  is a useful  starting  material  in the preparation 

of  solutions  containing C ~ ~ - [ P ~ ( H ~ O ) ~ ( N H ~ ) ~ ] ~ +  (3). It  may be obtained  by  re- 
moving  solvent  water  from a solution of ~is-[Pt(H~0)2(NH~)~](N03)2 (42). Its 
crystal structure has  been  determined (42). With  gentle  warming  and  stirring, it 
redissolves  in  water  to  give  predominantly ~is-[Pt(H~0)~(NH~)~](N03)2. 
Depending on concentration, there may be a small proportion of cis- 
[Pt(ON02)(H20)(NH3)2]+ present (18). If the amount of silver  nitrate  used  in 
the preparation is slightly  greater  than that required  to react with the halide 
bound  to  platinum, the dinitrato  complex  may be contaminated  with  silver  ni- 
trate. If the platinum  complex is in  slight  excess  in the reaction, the product 
may be contaminated  with a small  amount of chloro complex.  Although,  in 
principle, the initial C ~ S - [ P ~ I ~ ( N H ~ ) ~ ]  from the Dhara  preparation  could  be  used 
in the preparation of C ~ ~ - [ P ~ ( O N O ~ ) ~ ( N H ~ ) ~ ] ,  this is not  usually  advisable  be- 
cause the lack of  purity  often found in this product leads to uncertainty  in  the 
stoichiometry of the  reaction. The dinitrato complex  has  some  surface  sensi- 
tivity  to  light,  and  therefore  should be stored  in  the  dark. Very similar  chem- 
istry occurs with  other  amines L. 
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cis-[Pt(H20)2(NH3)21(C1O4)2 may  be  prepared  in  solution  by  analogous  re- 
actions  using  silver  perchlorate (37). There are no  detectable  perchlorato  com- 
plexes  present  in  solution (18). The lack of an  easily  handled  air-stable  solid 
comparable  to  the  nitrato  complex  makes the perchlorate less convenient  when 
stoichiometry of reactions  needs  to be carefully  controlled. 

Sulfato complexes  have also been  used as sources of the diaqua complex 
when  dissolved in water.  However, their use is complicated  by the existence 
of  two types of compound.  Reaction of cis-[PtX2(NH3),]  with Ag2S04 gives 
a  solution containing predominantly C ~ ~ - [ P ~ ( H ~ O ) ~ L ~ ] S O ~ ,  with  a small 
amount of ci~-[Pt(OS03)(H20)(NH~)~] present (18). Removal  of solvent 
water  at  25°C  gives c~~-[P~(OSO~)(H~O)(NH~)~] as  a solid that readily redis- 
solves in water.  However, crystallization of the sulfato complex  from aqueous 
solution at  higher temperatures gives  anhydrous [Pt(S04)(NH3)2], which  re- 
dissolves only with great difficulty. The two forms may  be distinguished by 
infrared (IR) spectroscopy (18). Analogous chemistry appears to occur with 
other  ligands L, and the  crystal  structure has been determined for 
[Pt(OS03)(H20)(N,N”dimethylethylenediamine)] (43). McAuliffe  and col- 
leagues (44) have  advocated  a general preparative  method for preparation of 
cis-(diamine)platinum(II) complexes  with  leaving  group Z-, cis-[PtZ2L2], by 
reaction of a  solution of c i ~ - [ P t ( H ~ 0 ) ~ L ~ ] S 0 ~  with  the  barium salt of Z, BaZ2. 
This produces  a precipitate of BaS04, leaving in solution cis-[PtZ2 L2] to be 
isolated by  removal  of  solvent. 

Unlike ~is-[Pt(H~0)2(NH~)~]~+ (3), for which the dinitrato  complex is a  con- 
venient  solid  precursor,  there is no  solid  compound  that may be conveniently 
used as a  source of c~~-[P~CI(H~O)(NH,)~]+ (2). A solution of 2 cannot  be  ob- 
tained  by  reaction  of  solid ~is-[PtCl~(NH3)~] (1) with  an  aqueous  solution  of 1 
mol  equivalent  of  a  silver  salt-such  attempts  produce 3, leaving  half  of the ini- 
tial  solid 1 unreacted.  However, 1 is soluble  in  dimethylformamide (DMF), and 
reaction  of  a  solution in DMF with 1 mol equivalent of AgN03 gives  a  solution 
containing  approx 80% cis-[PtCl(NH3)2(DMF-O)](N03), with  smaller  propor- 
tions of 1 and C~S-[P~(NH~)~(DMF-~)~](NO~)~ (2). Dilution of  such  a  solution 
with  water  gives  a  solution  containing  predominantly 2, although 1 and 3 will 
also  be  present,  as  well as some DMF in the  solvent,  which may  have  some ef- 
fect on kinetics  and  equilibria.  Careful  addition of  NaCl  solution (1 mol  equiv.) 
to  a  solution of 3 gives  a  solution  containing  predominantly 2, with  smaller 
amounts of 1 and 3 (19). With  care  and  patience,  this  method  may  be  used  to 
give  a  solution  containing >90% 2 (45). Gonnet et al. (46) have  reported  the 
preparation of a  sample  containing  pure 2 in a  NaC104  solution  by  semiprepar- 
ative  high-performance  liquid  chromatography  (HPLC),  with  a  cation  exchange 
column  as  the  stationary  phase,  and  elution  with  NaC104  solution.  Only  rela- 
tively  small  quantities  may  be  prepared,  but this is the only  method  available  to 
date  that  produces  a  solution of 2 quite uncontaminated  by 1 and 3. 
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A  solution of 2 is  thermodynamically  unstable  with  respect  to  chloride  redis- 
tribution  reactions,  which  would  produce,  eventually,  an  equilibrium  mixture  of 1, 
2, and 3 (Scheme  1).  These  reactions  occur  rapidly if a  solution  containing  pre- 
dominantly 2 is concentrated (19). From  experiments  carried  out  by  the  authors,  a 
dilute  solution  containing  90% 2 remains  stable  for  approximately 4 h,  after  which 
chloride  redistribution  reactions  become  significant.  Storing  a  solution  in  the  re- 
frigerator  accelerates  the  redistribution  reaction, as does  a  freeze-thaw  cycle. 

5.2. Purity of Platinum Drugs 
The use of aqua  complexes  in  preparative  procedures (see above)  raises the 

possibility that small  amounts of aqua or hydroxo  complexes  may  contaminate 
the products.  Because  these  hydrolysis  products are frequently  very  active 
against  tumors, it is important  that  potential  new  drugs  be  known  to  be  pure, 
and,  especially, free from  such  impurities,  before  any  biological  testing  occurs. 
For  example, the complexes  [Pt(Rida)(R,R-DACH)],  where  DACH = 1,2-di- 
aminocyclohexane,  and  Rida is an  iminodiacetate  with  substituent  R  on nitro- 
gen, were initially reported to have high antitumor activity, with 
0,O'-coordination of the  ligand (47). It was  subsequently  shown (48) that the 
ligand  coordinated N, 0, as  in  analogous  diammine  complexes ( IO) ,  and that the 
pure  compounds  had  negligible  antitumor  activity. A number of aminom- 
alonate  complexes  prepared  by  Gandolfi et al. (49) were  assigned  structures 
with  O,O'-coordination  of the ligand,  and high antitumor  activity  was  reported. 
Gibson et al. (50) subsequently  showed  that  the  compounds  contained N,0- 
chelate rings, the most  stable  coordination  mode  thermodynamically (51) and 
had  no  antitumor  activity  when  purified.  In  a  similar way, samples of [Pt(as- 
partate-N,O)(DACH)]  with  different  DACH  isomers  showed  antitumor  activity, 
which  disappeared  when the compound  was  purified (52). 

As a  general  rule,  every  compound  that is to  undergo  biological  testing, or 
that is to  be  used  clinically,  should be checked for purity  using all available 
spectroscopic  and  analytical techniques-especially HPLC  under  conditions 
that  will  detect  likely  impurities. 

6. REACTIONS OF CISPLATIN  HYDROLYSIS 
PRODUCTS WITH COMPONENTS  OF  BUFFER  SOLUTIONS 
The cisplatin  hydrolysis  products 2 and 3 react  with  many  substances  that 

might be used  to  buffer  solutions,  especially  at  pH  values  near 7. 
In  1972,  Shooter et al. (53) discovered that solutions of ~ is - [P tCl~(NH~)~l  

(1) or [PtC12(en)]  in  phosphate  buffer  at 37OC slowly  turn  blue.  Wood et al. (54) 
and subsequently Appleton et al. (18) studied the reactions of cis- 
[Pt(H20)2(NH3)2]2" (3) with  phosphate  by  multinuclear N M R .  A  number of 
phosphate-containing  species  were  characterized,  including cis-[Pt(-OP03H) 
(H20)(NH3)2] and [ {Pt(NH3)2}2(p-P04H)(p-OH)]" (15). Similar reactions 
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occur with other amines,  including  ethylenediamine (55). The blue colors that 
develop  appear  to be due  to  oligomeric  phosphato-bridged  compounds con- 
taining  platinum  in  mixed IVm oxidation states (56). 

Prenzler  and  McFadyen (26) have  studied the reactions of 1 and its hydrol- 
ysis  products  with the common  buffers  Tris, NH2C(CH20H)3, and  HEPES 
(18). In the reaction  of  Tris  with ~is-[Pt(oH),(NH~)~l (6) at pH  10, the initial 
complex  was (16)(X = OH)  with  Tris  bound  monodentate  through  nitrogen, 
with  the  ultimate  product the chelate complex 17. In  reaction  with 1 at  pH 7, 
Tris  formed the N,O-chelate  complex 17, presumably  via  an  intermediate 16 
(X = Cl).  Reaction of  HEPES  with ~is-[Pt(H~0)2(NH~)~]~+ (3) at  pH 5 ulti- 
mately  gave  the chelate complex (19) in which  HEPES is bound  through  both 
nitrogen  atoms.  Intermediate  complexes  were  observed  in  which  HEPES  was 
bound  through one nitrogen  atom  only,  with no discrimination  between the dif- 
ferent nitrogen  atoms. The reaction of cisplatin (1) HEPES  at  pH 7 (40°C) was 
slow,  very  much  slower  than the reaction  with  Tris,  but, after 19  h, still pro- 
ducing 60% of  the  platinum as the chelate complex 19. 

To our knowledge,  there is no buffer  that  can  safely be considered to be  un- 
reactive  toward  cisplatin  and its hydrolysis  products  under  physiological  con- 
ditions.  Unless  account is taken  of the reactions of these  compounds  with  the 
buffers, it is safer to  control pH  by careful  additions of acid or base.  These  con- 
siderations  may  not  apply  to other platinum  compounds  that are kinetically 
more  inert. 

7. TECHNIQUES  FOR  CHARACTERIZING 
CISPLATIN  HYDROLYSIS  PRODUCTS AND METABOLITES 

IN BODY  FLUIDS 

7.1. HPLC 
HPLC  methods  provide  a  convenient  high-sensitivity  method for detection 

and  monitoring of cisplatin  and  its  hydrolysis  products in a  variety  of  media, 
including  biological  fluids.  Most  systems  have  used  a  form of reversed-phase 
HPLC.  In  a  typical  reversed-phase  experiment, in which the separation of 
cationic  species is desired,  a  stationary  phase is used  consisting of silica parti- 
cles with  a  hydrocarbon ( c g  or Clg)  surface.  Elution is with  an  aqueous  solu- 
tion,  usually  containing  an  organic  modifier  such as methanol,  isopropanol, or 
acetonitrile,  to  adjust  polarity. An “ion-pairing”  agent is usually  used in the mo- 
bile  phase,  such  as  sodium  dodecylsulfate (SDS) or hexanesulfonic acid, These 
may  function  by  adsorption onto the hydrocarbon  surface of the stationary 
phase,  giving it some ion-exchange  character, by forming  an  ion-pair  complex 
with  cations,  effectively  rendering  them  into  less  polar  species  with  reduced 
charge, or by  a  combination of these  effects.  For  species  with  ionizable  protons, 
it is also  necessary  to  control the pH  of the solution. 
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In  a  number of the attempts  that  have  been  used to apply  reversed-phase 
HPLC  to the monitoring of cisplatin  hydrolysis  products,  insufficient  account 
has  been  taken  of  the  reactivity  of these compounds  with  potential  ligands. 
Thus, a  number  of  authors  have  used  phosphate, or phosphate-borate  buffers  in 
the mobile  phase (57-59). As mentioned  above,  phosphate is a  very  good  lig- 
and for platinum(I1)  and  readily  displaces  coordinated  water.  Not  surprisingly, 
therefore,  De  Waal et al. (60) and  Heudi et al. (61) have  found  that  on-column 
reactions occur between phosphate and cisplatin hydrolysis products. 
Acetonitrile  has  been  used as an  organic  modifier (62), although it binds  well 
to  platinum(II)  and reacts readily  with the aqua  complexes 2 and 3 under  the 
conditions  used in chromatography (45). Carboxylic  acids  have also been  used 
in  the  mobile  phase,  with  the  functions of adjusting  pH  and  acting  as  an  organic 
modifier (63). Heudi et al. (61) did not detect interaction  between  formic  acid 
and 2 and 3. However,  acetate  ion is a  good  ligand for platinum(I1)  and  readily 
displaces  coordinated  water (18). Acetic,  formic,  and  trifluoroacetic  acids all 
react  with the platinum(I1) aqua complexes  in  aqueous  solution (45). 

The presence in a  mobile  phase of species  that  can  bind  to the platinum  aqua 
complexes is clearly  undesirable,  and  can  lead  to  conclusions  that are erroneous. 

Neither of the “ion-pairing”  agents  SDS or hexanesulfonate  reacts  signifi- 
cantly  with  platinum aqua complexes in aqueous  solution (45). However,  com- 
mercial  SDS  contains  sufficient chloride impurity to affect  results. This 
chloride should  be  removed  before  this  agent is used (45). 

A  mobile  phase  that  does  not  contain  any  components that will  bind  to  plat- 
inum(I1)  under the elution  conditions  has  been  proposed (45): an  aqueous so- 
lution  containing 3% methanol (v/v) as  an  organic  modifier,  purified SDS, with 
pH  adjusted to 2.5  with trifluoromethanesulfonic (“triflic”)  acid.  Neither tri- 
flate ion  nor  methanol  bind  to  platinum(I1)  in  this  aqueous  solution. SDS gives 
better  separation of the peaks  from 1, 2, and 3 than  hexanesulfonate,  with the 
separation  increasing as SDS  concentration is increased  from  0.05  to  0.5 m M .  

It should  be  mentioned  that the presence of reactive  species in the  mobile 
phase  may  not cause difficulty if the platinum  compounds  being  separated are 
more  robust  than the aqua complexes for example, if the only  compounds of  in- 
terest are methionine chelate complexes. 

Gonnet et al. (46) used  an  anion  exchange  resin  as the stationary  phase,  and 
elution  with  NaC104  solution  to  prepare  solutions of  cis-[PtC1(H20)(NH3)2]+ 
(2). This method  could also be used  to  detect  and  monitor  this  species,  although 
it may be less suitable for monitoring c i ~ - [ P t ( H ~ o ) ~ ( N H ~ ) ~ l ~ +  (3), which  gives 
a  very  broad  peak  under  the  conditions  used. 

Ultraviolet ( U V )  detection is convenient  when  exceptional  sensitivity is not 
required, as the platinum(II)  complexes  all  absorb  strongly  between  250  and 
320  nm.  For  monitoring the platinum  compounds in ultrafiltered  plasma, it is 
useful  to  use 305 nm for detection, as many  of the organic  components  in 



20 Part I / Platinum Chemistry 

plasma do not  absorb  strongly at this  wavelength (45). Greater  sensitivity  may 
be  obtained by the use of inductively  coupled  plasma-mass  spectrometry  (ICP- 
MS)  techniques, (60,63), and this also detects only  species  containing  plat- 
inum,  allowing  platinum  compounds  to  be  monitored  in the presence of 
complex  mixtures of organic  compounds. 

7.2. NMR Spectroscopy 
NMR spectroscopy offers significant advantages over other methods  used 

for the determination of platinum compounds in biological media because it 
allows the possibility of the detection of species without the need for chemi- 
cal separations. The application of  NMR spectroscopy for studying the 
biospeciation of platinum drugs has been  reviewed recently (64,65). Several 
NMR nuclei can be used for studies of the aqueous solution of platinum 
drugs (Table 4) and spin-l/2 nuclei are the most useful because the sharper 
lines are more readily detected. The suitability of a  given nucleus for direct 
NMR studies is roughly indicated by its receptivity,  a quantity that takes into 
account both the natural abundance and inherent sensitivity to detection (de- 
termined  by the gyromagnetic ratio, r). The sensitivity increases at approx 
B:I2 (where Bo is the magnetic field strength) and so the lowest detection 
limits (down to approx 5 pkf) are achieved for 'H at high magnetic field 
strengths (e.g., 600- or,  750-MHz spectrometers). 195Pt is considerably less 
sensitive but  has the advantage that changes in the metal coordination sphere 
can be monitored directly from the 195Pt chemical shift, which is sensitive to 
the nature of the coordinated ligands. 14N has a relatively high receptivity,  but 
it is a quadrupolar nucleus, and quadrupolar relaxation, which dominates 
when the environment of  14N has  a  low  symmetry, can lead to very  broad 
lines that are hard to detect. 

On  the  other  hand, one advantage of short relaxation  times is that  rapid  puls- 
ing  can  be  employed,  and  a large number of transients  can be acquired  in  a 
short time. 14N NMR has  been  used  to  follow  reactions  of  cisplatin in blood 
plasma  at  millimolar  drug  concentrations  and  to  detect  ammine  release (66). 
The spin-112 15N nucleus is usually  preferred,  and 15N  NMR studies  have  been 
used  extensively  to  study the aqueous  solution  chemistry of cisplatin  (see 
below).  Increasingly 'H NMR is being  used for the inverse  detection of other 
spin-l/2 nuclei  to  which it is coupled  (especially 13C and  "N).  By the use of 
inverse  detection  methods the sensitivity of  15N detection  can be improved  by 
a  factor of 306 (lrH~+yNl~/~) such  that  signals can be  detected at concentrations 
as  low as 5 pM. These  methods  can  be  used  to  study  "N-cisplatin  and  analogs 
that  have  measurable  spin-spin  couplings  to  'H  (i.e.,  ammine,  primary  and  sec- 
ondary  amines,  not  tertiary  amines).  Apart  from the high  sensitivity,  a further 
advantage  of  inverse  detection is that  only  those  protons  that are directly  at- 
tached  to  I5N are detected. Thus by the use  of  'H-{  15N}  NMR  methods, it  is 
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Table 4 
Properties of Some of the NMR Nuclei  Useful in the Study of Platinum 

Anticancer  Complexes 

Approximate 
Nuclear  Abundance  Relative  Frequency  detection 

Nucleus  spin (I) (%) receptivity (MHz)  limit 

'H 112 99.98  5682  600 5w 
l3c 112 1.11 1 150.87  10 mM" 
195pf 112 33.8 19.1 128.46 5mM 
I4N 1 99.63 5.7 43.32 1mM 
I5N 1 12 0.37 0.02 60.8 1 50 mMb 

a10pi14 with 'H-( I3C) inverse  detection. 
bl mM with  "N-( 'H) DEPT and 10 p,M with 'H-( 15N) inverse  detection. 

now possible  to  follow the aqueous  solution  chemistry of cisplatin in body flu- 
ids or cell culture media,  at  concentrations  close  to those of physiological 
relevance. 

7.2.1. 'H NMR 
'H NMR studies are useful for studies of the interactions of cisplatin  with 

biomolecules  and  with the components of biofluids,  cell culture media,  and 
cells.  For  example, 'H NMR studies  of  cisplatin  incubated  with  Dulbecco's  cell 
culture medium  showed  that  the 'H singlet for the S-methyl of the  L-methio- 
nine  in the medium  disappeared  and  a new peak  characteristic of Pt-bound 
L-Met  appeared  (67).  A 'H NMR study of urine  samples  from  patients  treated 
with  carboplatin (7) demonstrated  that by use of one-dimensional (1D) and  2D 
(COSY) methods  it  was  possible  to  identify  peaks for the  intact  drug  and the 
free ligand  CBCDA  in the urine  without the need for pre-concentration (68). A 
major  difficulty of 'H NMR studies  in  biofluids  has  been the problem of  "dy- 
namic  range", i.e., the  detection of submillimolar  metabolites  in the presence 
of 55 M'H20, but  this  has  been  largely  overcome on modem  spectrometers 
that  allow the use of pulse  sequences  incorporating  pulsed field gradients for 
solvent  suppression  (e.g., WATERGATE) (69). 'H-{ 15N}  NMR  studies are 
now  more  useful  than simple 'H NMR studies of cisplatin  in  body fluids or  cell 
culture media  because  they  allow  detection of only the drug  metabolites  with- 
out  interference of the thousands of overlapping  background  resonances,  which 
are completely  filtered out (see  below). 

Direct 'H NMR studies  have  been  used  to  follow  the  reactions of cis- and 
tr~ns-[PtCl~(NH~)~] inside intact  red  blood cells (70). In this study,  suppression 
of the 'H20 signal  was  aided  by  suspending  the cells in D20-saline, and the use 
of a 'H spin-echo  pulse  sequence  allowed  detection of only  the  mobile  low 
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molecular  metabolites  inside the cell. 'H NMR signals  from  proteins  and other 
high  molecular  weight  metabolites  were  eliminated as a  consequence of their 
short  spin-spin (T2) relaxation  times.  On  addition of t r~ns-[PtCl~(NH~)~] to  a 
suspension of  red cells, there  was  a  gradual  decrease in the intensity of the 'H 
resonances for free glutathione  (GSH),  and new peaks  were  observed  that  were 
assignable  to  coordinated  GSH  protons  in tr~ns-[PtCl(SG)(NH~)~1, truns- 
[P~(SG)Z(NH~)~],  and possibly the S-bridged complex trans-[ { (NH3)2 
PtCl),SG]+.  For ~ is - [P tc l~(NH~)~] ,  although there was  a  gradual  decrease  in 
the intensity of the GSH  'H  spin-echo NMR resonances,  no new peaks  were  re- 
solved. This was  interpreted as formation of  high  molecular  weight  Pt/GSH 
and  mixed  GS-Pt-S(hemog1obin)  polymers  inside the cell (70). 

7.2.2. 195Pt NMR 
I9'Pt  NMR would  often be the  method of choice for studying the solution 

chemistry of platinum  complexes  and its applications to the study of platinum 
drugs have  been  reviewed (64,71). 195Pt has  a  very  large  chemical shift range 
(approx  15,000  ppm),  and  ligand  substitutions  usually  produce  predictable 
chemical  shift  changes, Pt(I1) is readily  distinguished  from  Pt(rV)  (chemical 
shifts are at  the  high  field  and  low-field ends of the  range,  respectively),  and 
there are usually  I9'Pt  chemical shift differences  between  geometrical  isomers 
and  diastereomers. The major  limitation is the sensitivity of detection. 
Although 195Pt NMR detection  limits of 500 pit4 have  been  quoted  in the liter- 
ature (35), in the experience of the authors,  drug  concentrations of at least 5 
mM are more realistic to  obtain  spectra  within  reasonable time limits  (e.g.,  a 
few  hours)  and  allow  identification  and  quantification of cisplatin  metabolites. 
The receptivity  can be improved  by  a  factor  of  three  by  isotopic  enrichment  of 
195Pt to >95%, but this is expensive.  For  195Pt, the advantage  of  increased  sen- 
sitivity  achievable at high  magnetic  field  strengths is offset by the increase  in 
linewidths as a  consequence of efficient  chemical shift anisotropy  (CSA)  re- 
laxation,  which  can be the  dominant  relaxation  mechanism for platinum  com- 
plexes  at  high  magnetic  field  strength.  (CSA  relaxation is proportional  to B:.) 
Similarly, I9'Pt satellites in 'H (and  15N) spectra of  Pt(I1) complexes are often 
broadened  beyond  detection  at  high  magnetic  fields  (e.g., >7 T), due to CSA 
relaxation of  I9'Pt, which  precludes  use of  'H-{  19'Pt)  inverse  detection  meth- 
ods to  increase the sensitivity  of  detection.  CSA  relaxation is proportional also 
to the correlation  time for molecular  tumbling (7,) so that '"Pt signals are usu- 
ally  very  broad for Pt  bound  to  macromolecules.  A further source of broaden- 
ing of 195Pt resonances of platinum ammine/amine complexes is the 
quadrupolar  effects of 14N ligands. '95Pt-'4N couplings in 195Pt NMR spectra 
are usually  better  resolved  at  higher  temperatures  because the quadrupolar  re- 
laxation rate of  14N decreases  (decrease  in  correlation  time).  For  best  results, 
good  temperature  control of the  sample is required  because of the strong  tem- 
perature  dependence of 195Pt NMR resonances (up to  1  ppm/K). 
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Fig. 3. The 38.7-MHz '''Pt NMR  spectrum of the hydroxo  complex cis- 
[Pt(OH)(H20)('5NH3)2]+ (5) (at an initial  concentration of 0.05 M) and  the  hydroxo- 
bridged  dimer (9) and  -trimer (10) at pD 6.4. (Adapted  from  ref. 72.) 

A useful  application of I g J P t  NMR is in following  the  hydrolysis  reactions 
of cisplatin  and  in  particular the formation of hydroxo-bridged  oligomers, as 
each hydrolysis  product  has  a  different  chemical  shift. If  "N-labeled  com- 
plexes are used,  changes in J( Pt-I'N)  may also be observed.  In an early 
(1978) study  Rosenberg (72) used  195Pt  NMR  to  follow the rate of formation 
of hydroxo-bridged  dimer (9) and  trimer (10) from the monomer cis- 
[Pt(OH)(H20)(NH3)2] (5) at pH 6.4 and  an initial concentration of 50 mM. A 
spectrum  showing the monomer,  hydroxo-bridged  dimer  and  trimer is shown  in 
Figure 3. The chemical  shift of the  dimer is considerably  downfield of the other 
two species,  and  this  has  been  attributed (40) to ring strain at the metal  center. 
The 195Pt NMR chemical shifts of a  range of cisplatin  hydrolysis  products  and 
products of its  reaction  with  buffer  components are listed  in  Table 5. 

7.2.3. 15N NMR 
I5N NMR is particularly  useful  in the study of the  aqueous  solution  chem- 

istry of cisplatin  (and  other  platinum  ammine/amine  compounds)  because I5N- 
labeled  compounds are readily  prepared  and  both  the I5N chemical  shift  and 
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Pt(ll)  Pt(lV) 
-90 

H3N-Pt-0 
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H,N-Pt-N, CI 

6 (15N) -50 H 3 N - P t - k  
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Fig. 4. Variation  in 'H and "N chemical  shifts  with the trans ligand  in P t - N H 3  complexes. 
A similar trend is obtained for Pt-NH2 species, but  the shifts are offset in  both dimensions, 
e.g., for ethylenediamine the 'H and 15N peaks are shifted  to  higher  frequency  by  about 2 
and 40 ppm,  respectively. 

the  1J('5N-'95Pt)  coupling  constant are diagnostic of the ligand trans to the Pt- 
NH3  group (73). Qpical I5N shift ranges are shown  in  Figure 4. "N has  been 
used  extensively (18,19,26) to  characterize  the  reaction  products of  15N-labeled 
cisplatin  and its hydrolysis  products  with  components  of  buffer  solutions  (e.g., 
phosphate,  acetate,  Tris,  and  HEPES),  and  the I5N shifts  and  1J('95Pt-1sN)  cou- 
pling  constants of these  species are listed  in  Table 5 .  

The low  receptivity  of I5N limits its usefulness for directly  detected 15N 
NMR studies  of  cisplatin, for example, in physiological  fluids. The sensitivity 
of  detection  can  be  improved  to  some  extent by isotopic  enrichment of the 
0.37% natural  abundance,  and further sensitivity  enhancement  (by  a  maximum 
of 9.8 (rwrr\r)) can  be  achieved by polarization  transfer  from 'H (e.g.,"N- 
{ 'HI INEPT  and  DEFT  pulse  sequences).  These  sequences  have the additional 
advantage of allowing  more  rapid  pulsing  as the repetition  time of the  pulse se- 
quence is governed  by the 'H  rather  than the longer  I5N  spin-lattice  relaxation 
time (TI). For  example, I5N-{ 'H} DEPT NMR methods  have  allowed  detection 
of rapidly  changing  intermediates  in the reaction of  "N-cisplatin  with GSH 
and also ammine release following  reaction  with  intracellular  components of 
intact  red  blood cells at concentrations as low  as 1 mM (70). However,  inverse- 
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detection  (IH-{ I5N}) methods  have now superseded  these  15N-( 'H} polariza- 
tion  transfer  techniques, due to the far greater  enhancement in the sensitivity of 
detection. 

7.2.4. INVERSE 'H-(l5N) NMR 
Over the past  few  years,  inverse  ('H-detected) 15N NMR methods  have  been 

applied  to  a  wide  range of studies of platinum  anticancer drugs (reviewed in 
refs. 64 and 65). These  methods  exploit  the  large  one-bond  'J("N-'H)  cou- 
plings  (approx 73 Hz for I5NH3)  that are resolved for "N-cisplatin  and  related 
platinum  ammine/amine  complexes,  to  selectively  detect  these  resonances. It is 
necessary  to  work  in H20 (as  opposed  to D20) since the NH protons  usually 
exchange  with  D  within  minutes. The Pt-I'NH protons  can be detected  selec- 
tively  by the use of heteronuclear single (or  multiple)  quantum  coherence 
(HSQC  and  HMQC)  pulse  sequences. By acquiring  only the first  increment  in 
a  2D  experiment,  a  1D 'H spectrum  containing  only  resonances from Pt-I'NH 
species is obtained;  resonances for CH  and  OH  (including  water) are elimi- 
nated  (Fig. 5). This is of particular  value in studies  in  body fluids or cell cul- 
ture  media,  in  which it  is possible  to  follow the speciation of the  platinum 
complexes  without  interference  from  the  thousands of other overlapping 'H 
resonances,  which are completely  filtered  out. If  I5N  decoupling is employed 
during  acquisition  (e.g., the GARP  method),  then  each  distinct  type of Pt-NH 
resonance  appears  as  a  singlet,  sometimes  together  with  the  broadened 195Pt 
satellites. By the  use  of  pulse  sequences  incorporating  pulsed  field  gradients 
(e.g., the HSQC  sequence of Stonehouse et al. (74), the 'H20 peak is elimi- 
nated  without the need for additional  solvent  suppression  techniques. 

The combined  detection of 'H and I5N  in 2D  inverse  NMR  experiments is 
especially  powerful since the I5N NMR chemical shifts [and J( N-'95Pt) cou- 
pling  constant  where  resolved] are diagnostic of the trans ligand  (see  above). 
['H, I5N] NMR spectroscopy is of particular  value  in  following the pathways 
of reactions of platinum  ammine/amine  complexes. It has the advantage that all 
Pt-NH  species are detected  simultaneously,  without the need for trapping out 
reaction  intermediates or chromatographic  separation of products.  It  takes  as 
little as 5-10 min to acquire  a  2D ['H,I5N] spectra,  at  millimolar  concentra- 
tions,  and  pathways  can  be  followed  by  observing  time-dependent  changes in 
the volumes  of the IH,15N resonances.  These  methods  have  recently  proved 
particularly  valuable  in  following the pathways of DNA platination  reactions 
(75-78). In  studies  of the platination of 10- and  14-mer  oligonucleotides  by 
"N-cisplatin (0.5-1 mM) it has  been  possible  to  determine the lifetime of the 
cisplatin  aqua-chloro  intermediate (2) and  observe  the  formation of  monofunc- 
tional  adducts  and closure to  bifunctional  adducts,  in  a single experiment 
(7576). The aqua-chloro intermediate 2 is readily  monitored in these  experi- 
ments,  even  though  usually  present  at  concentrations 4 0  pM. 

1 15 
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Fig. 5. 'H NMR  spectrum (A) of "N-labeled cisplatin (l), transplatin,  carboplatin (7), and 
[Pt(en)Clz]  in 95% H20-5% D20 and (B) the  'H-{  "N)  spectrum.  In B, only  protons  cou- 
pled  to I5N are  selected,  and  these  appear  as  doublets  due  to I5N coupling  ['J(''N-'H)  ap- 
prox 73 Hz]. Resonances  for  CH (i.e., the  en-  and  carboplatin CH2 protons)  and OH (i.e., 
the 'H20 peak)  are  eliminated. If 15N decoupling is used  each  different  type of Pt-NH, en- 
vironment  appears  as a singlet  (along with broadened  '95Pt  satellites). In this  example, 0.5 
M (NH4)2S04 was  used  as a relaxation  agent  to  improve  water  suppression, but similar  sup- 
pression  could  also be achieved  using  pulsed  field  gradients  (see ref. 64 ) .  

As discussed  above  (Section 3), by  observation of 'H and 15N NMR chem- 
ical shifts as  a  function of  pH, the first reliable pKa  values  of  both the cisplatin 
hydrolysis  products (2) and (3) were  determined by ['H, 15N] NMR spec- 
troscopy (27) (Fig. 1). The pKa  values of aqua ligands of cis- and trans- 
[PtC12(NH3)(cyclohexamine)] (79) and [Pt(dien)Cl]+ (80) have been 
determined  recently by ['H, "N] NMR methods. 
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Fig. 6. ['H, "N] HMQC NMR spectra of a  solution  containing  "N-labeled  carboplatin (7) 
and  L-methionine in a 1:l molar  ratio 3.5 h  after  mixing  (left)  and of urine  collected  from 
mice  treated with "N-carboplatin (right). The marked  similarity of shifts  for  the  boxed 
peaks in the  spectrum of urine  to  those  for  the  model  complex  shown  on  the  left  strongly 
suggests  that  a  complex  similar  to  the ring-opened complex 8 is  excreted in urine.  (Adapted 
from  ref. 81 .) 

['H, "N]  NMR methods  offer  enormous  potential for characterizing the 
metabolites of platinum  drugs in intact  body  fluids,  as it is possible to detect 
metabolites in animal  urine after the administration of  "N-labeled Pt com- 
plexes (81). "N-editing  removes  background  interference  from other sub- 
stances  in  urine so that  detection  limits are very  low (10 pM). For  example, the 
spectra of urine of mice  treated  with  15N-carboplatin  have 'H, 15N peaks  char- 
acteristic of a  complex  with  NH3 trans to 0 and s, which  may  be  related  to the 
ring  opened  complex [Pt(NH3)2(CBDCA-O)(L-Met-S)], which  has  similar 
shifts (81) (Fig. 6). 

The combination of  [lH,15N] NMR with  chromatography  should be a  pow- 
erful  new  technique for the identification of  novel Pt metabolities. 

8. CONCLUSIONS 
The chemistry of cisplatin  in  aqueous  solution  plays  an  important role in  the 

antitumor  activity,  metabolism,  and  toxicity  of this and  related  platinum-based 
drugs. The popular  model for the mechanism  of  action  has  assumed that cis- 
platin is activated  by the lower  intracellular  chloride  concentrations,  which 
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shift the equilibrium  (Scheme 1) to  favor the more  reactive  aquated  species. 
Recent  data  available in the literature for equilibrium  constants for the first  and 
second  hydrolysis steps of cisplatin ( K ,  and K2) (25,31-33),  together  with  re- 
liable pK, values for the hydrolysis  product 2 and 3 (27)  and  a  higher  level of 
intracellular  chloride  than  previously  assumed  (30),  allow  calculation of  re- 
vised  estimates of the relative  amounts of cisplatin  and  aquated  species  likely 
to be present  under  physiological  conditions.  However,  the  ready  reactions of 
aquated  platinum(I1)  complexes  with  phosphate  suggest  that  this  model is 
likely  to be oversimplified. 

In  addition  to  phosphate,  cisplatin  hydrolysis  products  react  readily  with 
many substances  commonly  used  in  buffer  solutions,  (e.g.,  acetate,  Tris,  and 
HEPES),  and there is no  buffer that can be safely  considered to be  unreactive 
toward  cisplatin  and its hydrolysis  products  under  physiological  conditions. 
Caution is also  needed  if  pH is controlled by addition  of  acids  and  bases due to 
the  possible  formation of hydroxo-bridged  oligomers  in  solutions  containing 
appreciable  proportions of  both aqua and  hydroxo  complexes. 

Reversed-phase  HPLC is a  useful  technique for monitoring  cisplatin  hy- 
drolysis  products  and  metabolites  in  body fluids, but  insufficient care is often 
taken  to  exclude  components from the  mobile  phase  that  can  bind  to  platinum 
aqua complexes  (e.g.,  phosphate,  acetic, formic, and  trifluoroacetic  acids,  ace- 
tonitrile). A mobile  phase  that does not  contain  any  components  that  will  bind 
to  platinum(I1)  under  the  elution  conditions  has  recently  been  proposed (45). 

NMR spectroscopy is a  powerful  tool for studying the biospeciation of plat- 
inum  drugs,  allowing  the  detection of species  without  the  need for chemical 
separations.  195Pt  and 15N NMR  have  been  used  extensively to characterize cis- 
platin  hydrolysis  products  and  reaction  products  with  components of  buffer so- 
lutions.  Until  recently, the relatively low receptivity of these  isotopes  has 
limited  the  usefulness of directly  detected NMR studies of cisplatin  in  physio- 
logical  fluids.  However,  by the use of inverse 'H-{ 15N} NMR methods, it is 
now  possible to follow the aqueous  solution  chemistry of cisplatin  in  body flu- 
ids, at  concentrations close to those of physiological  relevance. 
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1. FREQUENCY 
Shortly  after  the  discovery of the  cytostatic  activity  of  cis-diamminedichloro- 

platinum(II)  (cisplatin) (I) it was  suggested  that  the  mechanism  of  antitumor  ac- 
tivity  of  cisplatin  involves  its  binding  to  DNA  (for  review, see refs. 2-4). In 
addition,  it  was  suggested  that  the  mechanism of antitumor  activity of cisplatin 
might  be  analogous to the  biologic  activity of bifunctional  alkylating  agents 
(such as nitrogen  mustard),  which  also  exhibit  cytostatic  effects (5). As  the  cyto- 
static  effect of di-alkylating  agents  was  generally  accepted  to be associated  with 
their  DNA  interstrand  crosslinking  efficiency,  the  first  hypotheses  on  the  mecha- 
nism  underlying  the  cytotoxicity of cisplatin  in  tumor  cells  were  derived  from its 
ability  to  form  interstrand  crosslinks  in  DNA (6). On  the  basis of this  analogy, 
cisplatin  was  sometimes  incorrectly  called  an  “alkylating  agent.” 

Cisplatin is typically  administered  intravenously.  Extracellular  and  extranu- 
clear fluids contain  relatively  high  concentrations of chlorides,  in  which  cis- 
platin exists in stable,  i.e.,  nonreactive, dichloro form. Cisplatin is activated as 
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it crosses cellular membranes.  During  this  process, the concentration of chlo- 
ride drops  from  approx  0.15 M to approx 4 mM, producing  the  kinetically  more 
reactive  monoaqua  and  diaqua  species (7). 

When  a  solution of freshly  dissolved  cisplatin is added  to  linear.  high- 
molecular-mass  DNA, the drug  loses one chloride  ligand  and  preferentially 
forms on DNA a  monofunctional  adduct  at  guanine  residues  [at the N(7)  atom]. 
The next step involves  hydrolysis of the  second chloride ion  and closure of 
monofunctional  adducts  to  bifunctional  lesions.  A  typical  experiment,  in  which 
DNA adducts of cisplatin  were  analyzed after a  16-h  reaction  in  a  cell-free 
medium at rb = 0.002 (rb is the number of platinum  atoms  fixed  per  nucleotide) 
showed  that  the  major  adducts are 1,Zintrastrand crosslinks  between  purine 
residues  (approx 90%). The minor  adducts  were  interstrand  crosslinks,  1,3-in- 
trastrand  adducts,  and  monofunctional  adducts.  Recent  results  showed that in- 
terstrand crosslinks represented 5-10%  of the bound cisplatin (8-10). 
However,  it  was  shown  more  recently (11) that in negatively  supercoiled DNA 
of the plasmid  pSP73  the  frequency of interstrand  crosslinks  was  noticeably 
higher  than  in  the  corresponding  relaxed or linearized forms and  increased  with 
growing  negative  supercoiling.  For  instance,  at  low  levels  of  platination  of the 
naturally  supercoiled  plasmid  DNA (rb approx lo4), the frequency of inter- 
strand  crosslinks  was  approx  30% of all  platinum  adducts,  i.e.,  considerably 
higher  than  in linear DNA. 

Contradictory  data  have  been  published on DNA  interstrand  crosslinking  by 
cisplatin  in  different cell lines  treated  with  this  drug.  Whereas  numerous  stud- 
ies have  reported the correlation  between  interstrand  crosslinking  and the cy- 
totoxicity of cisplatin (12-15), others have  not (16,17). 

2. SEQUENCE  PREFERENCE 
The mechanism by  which  interstrand  crosslinks  formed  by  cisplatin  in  DNA 

elicit their  biologic  responses  remains  unclear. To shed  light  on  this  question, 
these  interstrand  lesions  have  been  intensively  analyzed,  although to a lesser 
extent  than  the  more  frequent  DNA  intrastrand  adducts  formed by cisplatin  be- 
tween  neighboring  base  residues. 

An important step in this analysis is to identify the sites in  DNA  at  which 
cisplatin forms interstrand adducts. Initial studies employing in particular 
chromatographic analysis of  DNA modified  by cisplatin in cell-free media, 
which  was  subsequently  hydrolyzed to monomeric  nucleosides or various 
products containing cisplatin, revealed  that  DNA interstrand crosslinks of cis- 
platin  occurred  predominantly  between  N(7) atoms of guanine residues in  op- 
posite strands (18,19). This conclusion  was further corroborated  by the 
observation that in the reaction  of the synthetic double-helical  polydeoxyri- 
bonucleotide  complex poly(dG-dC)-poly(dG-dC) (in  which  in each guanine 
strand alternates regularly  with cytosine) with cispiatin, interstrand crosslinks 
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were  only  formed  between guanine residues in neighboring  base  pairs (20). 
This result,  however, did not  allow  us to distinguish whether the crosslink was 
preferentially oriented in the 3’+3’ or 5’4’ direction, i.e., in the 5’-CG or 5’- 
GC  sequences. The distance between the leaving (reactive)  groups  in cisplatin 
is approx 0.3 nm, so that two neighboring guanine residues on the opposite 
strands, either in 5’-CG or 5’-GC sequences, are the most  likely sites on  DNA 
for interstrand crosslinking by cisplatin (21). Manipulation of three-dimen- 
sional  molecular models inferred that the 5’-CG sequence should be more  ca- 
pable of matching  the interstrand crosslinking by cisplatin (19,22). This 
finding was surprising since the distance between  two  N(7) atoms of guanine 
residues in the 5’-CG sequence is larger (0.9 nm)  than  in the 5’-GC sequence 
(0.7  nm) (23). 

A  convincing  conclusion  about  the  bases  preferentially  involved  in the in- 
terstrand  crosslinks  formed by cisplatin  under  physiologic  conditions  (in  a cell- 
free medium)  was  obtained  with the aid  of  transcriptional  footprinting  of the 
platinum  adducts  on  DNA.  Recent  work  has  shown  that  the  in  vitro RNA  syn- 
thesis  by  bacterial  RNA  polymerases on DNA  templates  containing  several 
types of bifunctional  adducts of platinum  complexes  can be prematurely  ter- 
minated  at the site or in the proximity of adducts (IO,%). The resulting RNA 
transcripts are separated  using  high-resolution  sequencing  gels,  and  quantifica- 
tion of blocked  transcripts is performed  by  conventional  autoradiography or by 
a  phosphorimaging  technique.  Importantly,  monofunctional  DNA  adducts of 
cisplatin  and  several other platinum(II)  complexes {for instance,  those of 
chlorodiethylenetriamineplatinum(II) chloride, [PtCl(NH3)3]CI, or the trans 
isomer of cisplatin (transplatin)) are incapable of terminating RNA synthesis 
(10,24). This  assay  was  applied  to  a  restriction  fragment (212 base  pairs)  mod- 
ified  by  cisplatin,  which  contained  only  interstrand  adducts. This was  achieved 
by  treatment of the  cisplatin-modified  fragment  with  sodium  cyanide  at  slightly 
alkaline  pH.  It  was  shown  that  at  pH 8.3 and  37°C  treatment  with  NaCN  could 
remove  approx 90% of intrastrand  crosslinks  and  monofunctional  adducts 
formed by cisplatin  in  double-helical  DNA,  whereas  interstrand  crosslinks 
were  more  stable  under  these  conditions.  (Only  approx 15% of all interstrand 
adducts  were  removed.)  Transcriptional  footprinting  using this template  re- 
vealed that cisplatin-interstrand  crosslinks  were  formed  in linear DNA  between 
two guanine  residues,  preferentially  in the 5’-GC sequence. This finding  was 
further confirmed  by  assays  employing  dimethyl  sulphate  and  formic  acid as 
chemical  probes of platinum  binding  to  N(7)  atoms of adenine and  guanine 
residues in DNA. 

Interstrand  crosslinks of cisplatin  can be formed  in  negatively  supercoiled  DNA 
with  a  higher  frequency  than in linear  DNA (11) (see above). However,  the  topol- 
ogy of  DNA  does  not  affect only the amount of interstrand  crosslinks. 
Transcriptional  footprinting of interstrand  crosslinks  formed  by  cisplatin  in  nega- 
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Fig. 1. Structure of C~S-(NH~)~P~:[~(C~C~T~C~G*~C~T~C~T~C~~).~(G~,A~~G~~A~~ 
G * ~ ~ C ~ ~ G ~ ~ A ~ ~ G I ~ G ~ ~ ) I ,  where G: and  G;"S  are  guanine residues on opposite strands of 
DNA crosslinked by cisplatin at  the N7 position. Stereoviews of the atomic model. 
(A) View  showing  the  minor  groove  and  the  bound  platinum  residue. (B) View  after  a 90' 
rotation  around a  vertical axis. Reproduced  with  permission  from re$ 32. 

tively  supercoiled DNA revealed  that  these  lesions  were  formed  at  both 5"GC and 
5'-CG  sequences,  which  was  in  contrast  to  linear DNA (11). Thus, DNA topology 
also  controls  sequence  preferences  of  cisplatin  to  form this type of DNA adduct. 

Interestingly,  interstrand  crosslinks  between  guanine  and  cytosine  residues 
were  formed by cisplatin in the synthetic polydeoxyribonucleotide  complex 
poly(dG).poly(dC).  In  this  double-helical DNA, one strand  contains  only  gua- 
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nine  residues,  whereas the other  strand  contains  cytosine  residues (25). This 
type of interstrand  crosslink  was  also  formed in a  short  oligodeoxyribonu- 
cleotide  duplex (20 base  pairs)  at its central sequence 5’-TCGT/S’-ACGA 
(Vrana et al.,  unpublished  results).  However,  this  interstrand adduct of cisplatin 
was  formed  only very  slowly (t1+48 h  at 37”C), which  was  consistent  with the 
inability  to detect crosslinks of this  type  in  natural linear DNA  randomly  mod- 
ified by cisplatin  at 37°C (22). 

3. STRUCTURE 
In  B-DNA the distance between the N(7) atoms of the opposite guanine 

residues  in the 5’-GC sequence  [i.e.,  between the sites  at  which  cisplatin  pref- 
erentially forms interstrand  crosslinks (see above)] are separated by  0.7  nm.  On 
the other hand, the crosslinking  reaction  by  cisplatin  requires  a  distance of 
DNA binding sites of about  0.3  nm (26,27). It is therefore  evident  that DNA in- 
terstrand  crosslinking  by  cisplatin  requires  a  distortion of the canonical  B-DNA 
conformation. 

A  double-stranded oligodeoxyribonucleotide (22 base  pairs)  containing  a  sin- 
gle  interstrand  crosslink of cisplatin  within  the  central  sequence 5’-TGCT/5’- 
AGCA  was  analyzed  by  using  gel  electrophoresis,  chemical  probes  of  DNA 
conformation,  and  molecular  modeling (28). The electrophoretic  mobility of 
multimers  obtained  by  ligation  of  crosslinked  oligonucleotide  duplexes  was 
anomalously  slow. It was  concluded  that  the  interstrand  adducts  at  GC  sites  bent 
DNA  more  than  the  1,2-G,G  intrastrand  adduct.  Chemical  probing  by  hydrox- 
ylamine  showed  that  cytosine  residues  complementary  to the platinated  guanines 
were  largely  exposed  to  the  solvent,  whereas  the  flanking  adenines  and  thymines 
were  not  reactive  with  diethyl  pyrocarbonate  and  osmium  tetroxide,  respectively. 
These  results  indicated  that  the  distortion  induced  by  the  crosslink  formation  was 
localized  at  the  platinated GCKG base  pairs  and  no  local  denaturation  took  place 
in the  vicinity of the  platination  site.  These  conclusions  were  corroborated  by 
molecular  mechanics  modeling,  which  yielded  two  different  lowest  energy  struc- 
tures.  Both  structures  were  similar to B-DNA  on  the 3’ and 5’ sites of the  adduct 
and  exhibited  a  lack of stacking  interactions  of  the  cytosine  residues  comple- 
mentary  to  platinated  guanines.  The two structures  differed by the magnitude  of 
bending  at  the  platinated  site  toward  the  major  groove;  the  bending  angles  were 
24” and 57”, respectively. The ben’ding angle of the  latter  model  corresponded 
well  with  the  angle  determined  from  the  gel  electrophoresis  experiment. 

Another  study (29) was  performed  by  using  gel  electrophoresis  of  ligated 
oligodeoxyribonucleotides that  differed  in the central  platinated  sequences (5’- 
TGCT/S’-AGCT,  S-AGCT/S’-AGCT,  and  5’-CGCT/S’-AGCG). The results of 
this study  were  interpreted  to  mean  that  the  interstrand  crosslink  formed  by  cis- 
platin in the GC/GC  sequences  induced  bending of the  duplex  axis  at the plati- 
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nated site by approximately 45" and unwinding by 79", the distortion being in- 
dependent of the flanking base residues. It should be noted, however, that the 
unwinding was not compatible with the simple model based on the N(7)-Pt- 
N(7) bond localized in the major groove, which would rather lead to over- 
winding of the DNA double helix at the platination site (30). 

A novel solution structure of the cisplatin-induced interstrand crosslink of 
DNA was proposed on the basis of 'H nuclear magnetic resonance measure- 
ments (NMR) in two laboratories nearly simultaneously (30,31). The experi- 
ments were carried out with short duplexes, deoxyribonucleotide decamers 
[ (5'- C ATAG * CTATG)? (30) or 5'- CCTC G * CTCTC/5'- GAGAG * C G AGG 
(31)], which were treated with an aqueous solution of cisplatin to obtain a sin- 
gle interstrand crosslink between two central opposite guanine residues (de- 
noted in the sequences by asterisks). Even though the central sequences of the 
two duplexes were different, the general features of the solution structures were 
in a good agreement. 

The NMR data were used to assign the imino and nonexchangeable protons. 
Several irregularities in the crosslinked base pairs and their immediate neigh- 
bor pairs indicated that the structure of the central region of the duplex had fea- 
tures not present in B-DNA. Evidence was obtained that the crosslinked 
deoxyriboguanosine residues were 'not paired with hydrogen bonds to the com- 
plementary deoxyribocytidines, which were located outside the duplex and not 
stacked with other aromatic rings. All other base residues were paired. 
Furthermore, the spectra indicated an unusual glycosidic angle for the 
crosslinked deoxyriboguanosines and a close proximity between the platinated 
guanine and the flanking neighbor base pair. 

Solution structures were calculated and refined by molecular dynamics and 
energy minimization (30). The refined structures corresponded closely to the 
features derived from the NMR spectra. The two crosslinked guanines adopted 
a head-to-tail arrangement and were stacked with flanking neighbor base pairs. 
An entirely unforseen feature was that the cis-diammineplatinum(l1) bridge 
resided in the minor groove, and not in the major groove as reported earlier 
(28). Also surprising was the finding that the double helix was locally reversed 
to a left-handed, Z-DNA-like form. The change of the helix sense and the ex- 
trusion of deoxyribocytidine residues (complementary to the platinated de- 
oxyriboguanosine residues) from the duplex resulted in the helix unwinding by 
approximately 80" [precisely by 87", as determined by Huang et al. (30), or 
76", as determined by Paquet et al. (31)] relative to B-DNA. This angle is in a 
good agreement with the value deduced from electrophoretic measurements 
(29). It was demonstrated by an electrophoretic retardation technique that the 
helix axis was bent at the crosslinked site toward the minor groove (30). The 
bending angle determined by Huang et al. (30) (20") was smaller than that re- 
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ported by Paquet et al. (31) or determined by electrophoresis measurements 
(29) (40" and 45", respectively). 

The crosslinking reaction of cisplatin requires that the N(7) atoms of gua- 
nines in opposite strands be brought closer to a distance that is less than half 
that in B-DNA. Both spin relaxation measurements and molecular dynamic 
calculations demonstrated that in solution at room temperature the glycosidic 
angle in B-DNA could vary within * 28". It has been suggested that such re- 
stricted diffusion around the glycosidic angle induces large coupled motions of 
the backbone and deoxyribose conformation that can bring the bases closer 
(31). 

Quite recently, the crystal structure of a double-stranded DNA decamer 
containing a single interstrand crosslink of cisplatin formed between opposite 
guanine residues in the 5'-GC sequence was solved (Figure 1) (32). 47" for 
double-helix bending towards the minor groove and 70" for unwinding were 
found. The major conformational distortions were located at the level of the 
adduct and did not extend over the flanking nucleotide residues. The platinum 
residue protruded in the minor groove of the DNA duplex and the N7 atoms 
of the crosslinked guanine residues localized initially in the major groove of 
B-DNA mooved in the minor groove. The minor groove was enlarged to A.0 
nm and the planar character of the platinum coordination remained preserved. 
The structure also exhibited a network of ordered water molecules forming a 
cage which surrounded the platinum atom and the crosslinked guanine 
residues. 

4. ISOMERIZATION 
i 

A local distortion of the canonical conformation of DNA due to the forma- 
tion of interstrand crosslinks by cisplatin can occur because the DNA confor- 
mation is dynamic. Double-helical DNA exists in solution in various transient 
and distorted conformations, which differ in the extent of, for instance, base 
pair opening, the duplex unwinding, and the bending of the duplex axis 
(32~1,b). In addition, accessibility of the binding sites, conformation of the du- 
plex (its geometry), nucleotide sequence, electrostatic potential, flexibility, and 
the formation of transient reactive species can affect the DNA binding mode of 
cisplatin, but each to a different extent. Interestingly, the reactivity of the 
monofunctional adduct of cisplatin (which is formed in the first step of biden- 
tate binding of cisplatin to DNA) to close to bifunctional adducts in double- 
helical DNA was sequence dependent (33). The half-times of closure of the 
monofunctional adduct of cisplatin at guanine residues were 14 and 3 h if this 
adduct was formed in the sequence 5'-TGCT and 5'-AGCT, respectively. In 
both cases, only the interstrand crosslinks were formed. This is particularly in- 
teresting for the sequence 5'-AGCT, since the monofunctional adduct at the 
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guanine  residue  reacted  preferentially  with the guanine  residue  in  the  opposite 
strand  and  not  with the neighboring  adenine  residue  on the 5’ site of the same 
strand  to  form one of the major  adducts of cisplatin, 1,ZAG-intrastrand 
crosslink.  In  addition, it was  shown  using  an  assay  based  on the DNA cleavage 
by  exonuclease I11 that in  a  double-helical DNA fragment (49 base  pairs)  ran- 
domly  modified  by  cisplatin  the drug formed  in the sequence 5’-CGCGGG an 
unexpected  interstrand  crosslink,  rather  than the expected  intrastrand adduct at 
a  GG site (34). These  results  have  indicated  that  in  some  sequences of double- 
helical DNA, in which  cisplatin  could  form  both  a 1,Zintrastrand adduct  be- 
tween  purine  residues  and  an  interstrand  adduct  between  opposite  guanine 
residues in the neighboring  base  pairs,  cisplatin  preferentially forms the inter- 
strand  crosslink. 

Another  example of the higher  stability  of  an  interstrand  adduct  in  compar- 
ison  with the. 1 ,Zintrastrand adduct of cisplatin is the isomerization of a  1,2- 
G,G-intrastrand  crosslink  in  double-helical DNA into  a  more  stable  interstrand 
crosslink. This isomerization  was  observed  in  several DNA duplexes. It was 
shown  recently (35) that  the  adjacent guanine bases  in  the 1,Zintrastrand 
crosslink  formed  by  cisplatin  in  double-helical  DNA  were  rolled  toward one 
another  by 49” and  that one possible  consequence of this  roll is the strain in- 
duced  in the Pt-N(7)  bonds,  which  may labilize the platinum-guanine  linkages. 
NMR analysis of the  short oligodeoxyribonucleotide duplex (8 base  pairs) 
whose  upper  strand,  CCTG*G*TCC,  contained  a single intrastrand  adduct  of 
cisplatin  at  the central GG  sequence  (designated  in the sequence by asterisks) 
clearly  revealed  transformation of intrastrand  to  interstrand  adduct,  which  was 
promoted  by the presence of the nucleophilic chloride ion  in the medium (36). 
The new crosslink  was  formed  between 5’G* and the 5’ terminal guanine 
residue of the  complementary strand; (Fig. 2). 

In the initially  formed 1,Zintrastrand crosslinked  structure,  N(7) of the 5’ 
terminal guanine residue of  the  complementary  strand  was 0.12 nm  away from 
the platinum  atom,  but  there  was  probably  enough  flexibility at the end  of the 
duplex  to facilitate the intramolecular  isomerization. The finding  that  1,2-in- 
trastrand  adducts of cisplatin  can isomerize to  interstrand  crosslinks  was  rein- 
forced by investigation of the  palindromic dodecamer 5’-d(GACCATATG*G*TC) 
containing  a  1 ,Zintrastrand crosslink  between  guanine  residues  (designated in 
the sequence by asterisks).  Using NMR analysis (37), it was  observed  that  dur- 
ing  incubation of this platinated  oligonucleotide  various  reactions  took  place 
and one resulted  in  the  formation of the  crosslinks  between guanine residues 
belonging  to  two  duplexes.  Another  example of this  transformation  was its in- 
duction  by  irradiation  with 300-350 nm  of light. Short restriction  fragments 
(123 or 82 base  pairs)  were  modified  by cisplatin, irradiated  with 300-350  nm 
of  light,  and  analyzed  by  gel  electrophoresis  under  denaturing  conditions (38). 
This analysis revealed a considerably increased amount of interstrand 
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Fig. 2. Example of the isomerization of a  1,2-GG-intrastrand  adduct of cisplatin  into an in- 
terstrand cross-link (36). 

crosslinks in  comparison  with control, nonirradiated  platinated  samples. 
Similarly,  irradiation of a short oligodeoxyribonucleotide duplex (15 base 
pairs)  containing a single 1,2-GG-intrastrand  crosslink of cisplatin  in the cen- 
ter  resulted  in  interstrand  crosslinked  DNA. It was  suggested (38) that,  starting 
with a 1,2-GG-intrastrand  adduct  in  double-helical  DNA,  irradiation  with 300 
nm  of light  resulted  in  photodissociation of one  of the purine  ligands,  produc- 
ing a reactive intermediate in which the vacant site was  filled  with a more la- 
bile  ligand,  presumably a water  molecule. This labile ligand  could  be  displaced 
by a nucleobase in the opposite DNA strand,  producing a DNA  interstrand 
crosslink.  Another  likely  pathway  would  involve  photosubstitution of one of 
the  ammine  ligands of cisplatin, a possibility  supported by the observation that 
DNA containing a [Pt(NH3)3]2'  adduct also formed  interstrand  crosslinks  upon 
irradiation. 

It was also shown recently (39) that in short oligodeoxyribonucleotide du- 
plexes (10 and 20 base pairs) containing a central sequence AGCGA/TCGCT 
the interstrand crosslink formed by cisplatin between guanine residues in the 
opposite strands in the 5'-GC sequence was labile at 37°C and rearranged 
into an intrastrand crosslink (Fig. 3). Importantly, this isomerization took 
place considerably less readily in the longer duplex. (tIl2 values  were 29 h 
and 5 d for the isomerization in the short and  long oligonucleotide duplexes, 
respectively.) We extended these studies to the oligonucleotide duplex, con- 
taining a single interstrand crosslink of cisplatin formed in the same central 
sequence, incorporated by ligation approximately into the center of a lin- 
earized plasmid  DNA (2464 base pairs). We found (Brabec et al.,  unpub- 
lished results) that the interstrand crosslink was stable at 37°C for at least 2 
weeks  without  any sign of decrease of the amount of interstrand crosslinked 
molecules. In addition, we prepared a sample of linearized plasmid DNA 
(2464 base pairs) that was randomly modified  by cisplatin so that approxi- 
mately 50% of the DNA molecules contained one interstrand crosslink. This 
sample was incubated for 2 weeks  at  37"C,  but the amount of interstrand 
crosslinked molecules, detected using gel electrophoresis under denaturing 
conditions, remained unchanged. Thus, the rearrangement of interstrand 
crosslinks into intrastrand adducts in  DNA  modified  by cisplatin is specific 
only for some short oligonucleotide duplexes and should not be generalized 
to natural, high-molecular-mass DNA. The effect of isomerization observed 
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Fig. 3. Rearrangement of the  interstrand crosslink of cisplatin  into intrastrand  adduct  in 
short oligonucleotide duplexes (39). 

in  very short oligonucleotide duplexes was consistent with the labile Pt- 
N(7)(guanine) coordination bond  involved in the interstrand crosslink of cis- 
platin. If this bond  was ruptured in the case of  an interstrand crosslinked short 
duplex, a monofunctional adduct was formed, which might considerably de- 
crease the melting temperature of the short duplex, particularly if the base 
residue on the 5’ side of the guanine monoadduct was a pyrimidine base 
(4042). In this way the strands in a very short duplex separate, and the in- 
terstrand crosslink could  not  be reformed. Then it was not surprising that the 
transient monofunctional adduct closed into the intrastrand crosslink if the 
neighboring base on the 5’ side of the platinated gunanine was adenine or 
guanine. Thus, the isomerization of interstrand crosslinks of cisplatin into in- 
trastrand crosslinks appears to be not only specific for very short oligonu- 
cleotide duplexes but  probably also sequence dependent. 

In  the  past,  the  stability  of the cisplatin  intrastrand  and  interstrand adducts 
was  not  systematically  studied. It is well  known  that the Pt-N(7)(guanine)  bond 
can  be  reverted  by  stronger  nucleophilic  ligands  such as CN- (24 ,4345) ,  but 
it is still not  entirely  clear  how  stable  this  bond is in  individual  types  of  cis- 
platin  adducts.  In this chapter (see above) we  have  summarized  several  exam- 
ples  of the metastability of  both  intrastrand  and  interstrand crosslinks, although 
understanding the detailed  mechanisms  involved  in  the  processes by  which  the 
Pt-N(7)(guanine)  bond is ruptured  requires further studies. 

The findings  on  the  instability of  DNA adducts of cisplatin  and  their  iso- 
merization  observed  in  vitro  may  have  biologic  implications. It has  been  sug- 
gested (36) that the same reactions, which involve rupture of the 
Pt-N(7)(guanine)  bond,  can  be  promoted  in  vivo by other nucleophilic  biologic 
ligands,  such as sulphhydryl or amine  groups of proteins. In addition, if the Pt- 
N(7)(guanine)  bond is broken  at one place  and  reformed  at  another  place, it 
might also be hypothesized  that the platinum  atom  can  “migrate”  on the DNA 
duplex.  It  can  also  be  speculated  that the rate of  isomerization of  DNA adducts 
of cisplatin  could  be  affected by  DNA conformation or topology,  which  can  be 
locally  changed  during  genetic  processes  involved  in the mechanisms  underly- 
ing the antitumor  activity of the drug. Thus, the  frequency of the  individual 
types of the cisplatin  adducts  could be locally  and  transiently  altered in  DNA 
in the cell nucleus  during  some  phase  (or  phases) of the cell  cycle  and  could  be 
different  from  that  found in DNA randomly  modified in cell-free media. 
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5. RECOGNITION BY SPECIFIC  PROTEINS 
Studies  on the mechanisms  underlying  antitumor  activity of cisplatin  often 

employ  inactive  compounds  such  as,  e.g.,  the trans isomer of cisplatin 
(transplatin). In this approach,  one  searches for differences  between  active  and 
inactive  compounds,  which  may  be  responsible for their  different  pharmacologic 
effects.  DNA  serves as a  template for polymerases  that  copy  the  genetic  code  and 
transcribe it into  messenger  RNA.  Important  results  were  obtained  when  the  ef- 
fect  of  cisplatin  and  transplatin  on  replication  of  chromosomal  DNA  was  exam- 
ined by using  African  green  monkey  CV-1  cells  infected  by  simian  virus 40 
(46).The  results of these  studies  indicated  that:  (1)  equal  numbers of cisplatin  and 
transplatin  lesions  per  nucleotide  residue  produced  the  same  degree  of  inhibition 
of  DNA replication;  (2)  the  cellular  uptake of cisplatin  and  transplatin  was  equal; 
(3) a  time-course  analysis of platinum  binding  to  DNA  in  CV-1  cells  treated  with 
the two platinum  isomers  revealed  that  cisplatin  adducts  continuously  accumu- 
lated on the DNA,  whereas  transplatin  adducts  did  not. On the  basis of these  re- 
sults, it has  been  suggested  that  the  DNA  adducts  formed  by  the  two  isomers  in 
cells  might  be  differentially  processed  and  that  cellular  components,  presumably 
cellular  proteins,  must  exist  that  interact  with  specific  platinum  lesions  on  DNA. 

Gel  mobility  shift  assays  revealed the presence of proteins  in  mammalian 
cellular extracts that bind  specifically  to DNA  modified  by antitumor  cisplatin 
and its direct  analogs,  but  not  by  inactive  transplatin or monofunctional 
chlorodiethylenetriamineplatinum(l1) chloride (47-50). One class of the pro- 
teins,  which  bind  selectively  to  DNA  modified by cisplatin,  was  identified as 
proteins  containing  a  high  mobility  group  (HMG)  domain,  HMG1  and  HMG2 
proteins (51-53). These  proteins  belong to architectural  chromatin  proteins  that 
play  some  kind of structural  role  in the formation of functional  higher  order 
proteinDNA or proteidprotein complexes (54). Other  bacterial  and  mam- 
malian  proteins  were also identified  that  bind  selectively  to  cisplatin  adducts 
(reviewed  recently  in  ref. 5 3 ,  but in most  studies the recognition of platinated 
DNA  by  HMG-domain  proteins  was  investigated. 

Unfortunately,  the initial studies  were  only  aimed  at  recognition  by  these 
proteins of 1,2-  and  1,3-intrastrand  crosslinks  and  monofunctional  adducts,  and 
no attention  was  paid to interstrand  crosslinks of cisplatin.  These  studies  were 
performed  with oligodeoxyribonucleotide probes  containing  defined  and 
unique  platinum  adducts.  It  was  found (48,53) that HMG-domain  proteins 
bound  selectively  to the 1,2-GG or AG adducts of cisplatin,  but  not to the 1,3- 
intrastrand  crosslinks  and  monofunctional  adducts.  At the same  time,  HMG- 
domain  proteins  were  reported  not  to  bind  to  1,3-intrastrand  crosslink  and 
monofunctional  adducts of transplatin (4833). 

Later we extended  these  studies  to DNA interstrand  crosslinks  produced  by 
cisplatin  or  transplatin  by  using oligodeoxyribonucleotide probes  containing 
only  one  type of interstrand  crosslink (the cisplatin  crosslink  between  opposite 
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guanine  residues in the 5’-GC sequence or transplatin  crosslink  between  gua- 
nine  and  complementary  cytosine,  i.e., the crosslinks  located  at the sites  where 
interstrand  adducts of these  platinum  compounds are formed  preferentially) 
(56).  It  was  found  that  mammalian HMGl protein  bound  to the interstrand 
crosslink of cisplatin  with  a  similar  affinity as to the 1,2-GG-intrastrand 
crosslink.  On the other  hand, no binding of the HMGl protein  to  the  probe  con- 
taining  transplatin  interstrand  crosslink  was  noted. 

Another  protein that has  been  tested for its specific  recognition of  DNA in- 
terstrand  adducts of cisplatin  and  transplatin  was  an  enzyme  with  deoxyri- 
bonuclease  activity, T4 endonuclease V11. This  bacteriophage  T4-encoded 
protein  cleaves  branched DNA structures,  most  notably  four-way junctions, 
and is regarded as a  repair  enzyme (57,58). Again,  DNA  recognition  properties 
of this  protein  were  characterized  initially  only  with  respect  to  1,2-GG  or AG 
intrastrand  crosslinks of cisplatin  and  the  1,3-GNG  crosslink of both  cisplatin 
and  transplatin  (58).  It  was  discovered  that T4 endonuclease V11 recognized 
1 ,Zintrastrand crosslinks of cisplatin,  whereas  1,3-intrastrand  crosslinks of 
both  isomers  were  recognized  much  less  efficiently. In later  studies  (56),  we 
used oligodeoxyribonucleotide duplexes (22 base  pairs)  containing  a single, 
site-specific  interstrand  crosslink of cisplatin or transplatin to investigate 
whether DNA interstrand  crosslinked  by either platinum  isomer  was  a  substrate 
for cleavage by T4 endonuclease  VII. It was  shown that the DNA duplex con- 
taining  a single interstrand  crosslink  of  cisplatin  was  precisely  cleaved in both 
strands by  this  DNA-debranching  enzyme  with  an  efficiency  similar to that  ob- 
served  with DNA containing  a single 1,ZGG-intrastrand adduct  or  a  four-way 
junction. In  contrast, the duplex  containing the interstrand  crosslink of clini- 
cally  ineffective  transplatin  was  cleaved  considerably  less  efficiently,  a  prop- 
erty  shared  by  HMG-domain  proteins.  Thus, T4 endonuclease VI1 recognized 
interstrand  crosslinks  of  cisplatin  and  transplatin like HMGl protein. The 
cleavage of branched  DNA  structures is highly  specific in that  the  enzyme 
leaves  two or three nucleotides  to the 3’ side of the point of strand  exchange 
(57).  Interestingly,  both  strands of the duplex  containing  an  interstrand 
crosslink of cisplatin  were  cleaved  at  approximately the same rate,  and  the sites 
of cleavage  by T4 endonuclease VI1  were  positioned  symmetrically to the 
crosslink,  two  nucleotides  on the 3’ side of the platinated  guanine  residues  in 
both  strands (56). This result  was in favor  of  a  symmetric  distortion  induced  in 
both  strands of  DNA  by the interstrand  crosslink  of  cisplatin. Such symmetry 
of conformational  distortions is apparent  from the experiments  describing 
equal  chemical  reactivity of both  opposite  cytosine  residues  in the 5’-GC se- 
quence in which the interstrand  crosslink of cisplatin  was  formed  and  has  been 
confirmed by the structural  model of this lesion  based  on NMR analysis 
(28,30,31). The results  describing  cleavage of interstrand  crosslinked DNA  by 
T4 endonuclease  VII,  in  conjunction  with  the fact that  this  enzyme interacts 
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with  four-way junction DNA, suggest that T4 endonuclease VI1 recognizes 
DNA that is distorted  in  a  particular way, such as DNA that  contains  mutually 
inclined DNA helical  segments. 

It has  been  suggested (52J3J8-60) that  distortions  such as bending  and/or 
unwinding  at the site of platination  induced  in DNA by  platinum  complexes are 
important for the recognition  and  affinity of the platinum-damaged DNA bind- 
ing  proteins. The data so far available  show  no clear correlation  between the 
magnitude of bending  and/or  unwinding  induced  in DNA by the individual 
types of the platinum  adducts  and the resulting  fixation of HMGl or T4 en- 
donuclease VI1 (Table  1). 

On the other  hand,  these data strongly  support the view that the platinum- 
damaged DNA binding  proteins  utilize  kinked,  unwound,  platinated DNA as  a 
basis for recognition  and  binding. The 1,2-intrastrand  adduct of cisplatin  bends 
DNA toward the major  groove (35,61,62-73) whereas the interstrand  crosslink 
of this  drug  bends DNA toward the minor  groove (30-32). The recognition of 
both  these  lesions  by HMGl and T4 endonuclease VI1 implies that the DNA 
bending  at  the  platinated site is recognized by  HMG-domain  proteins or T4 en- 
donuclease VI1 independently of whether it is directed  toward the major or 
minor  groove. An important feature of the interstrand  crosslink of cisplatin is 
that the crosslinked  guanine  residues are moved into the minor  grove  where the 
cis-diammineplatinum(I1) bridge is then  located (30-32). The observation  that 
HMG-domain  proteins  readily  bind to the DNA interstrand  crosslinks of cis- 
platin also implies  that the presence of the cis-diammineplatinum(II) bridge in 
the minor  groove  represents  no  marked sterical hindrance for the  binding of 
these proteins to DNA. This is an  interesting  observation since generally  HMG- 
domain  proteins  bind  to  their  recognition  sequences in the minor  groove. 

The 1,3-GNG-intrastrand  adduct  of  cisplatin is not  recognized by HMGl  or 
T4 endonuclease VI1 even  though the bending  and  unwinding  induced  in DNA 
by this adduct are rather similar to  those  induced  by the 1,2-GG-intrastrand 
adduct  (which is recognized  when  formed in double-helical DNA) (Table  1). 
This suggests  that  there are another  factors  controlling  recognition of platinum 
adducts by the DNA binding  proteins. At present the factors  that  hinder  the 
binding of these  proteins  to the platinum  adducts  capable of bending  and  un- 
winding of DNA are unknown.  Some data on local conformation of DNA 
around the individual  types of platinum adducts (Table  1 ) are  consistent  with 
the  hypothesis  that  the  recognition of DNA bending  and/or  unwinding  induced 
by  these  lesions  might be obscured, if the formation of the platinum-induced 
DNA lesion is accompanied  by  a  local  denaturation  and/or  by  a  lowered  rigid- 
ity  of the duplex  around the adduct. This hypothesis is supported by the fact 
that the HMG-domain  proteins  have  a  considerably  lower  affinity for cisplatin 
adducts  in  flexible,  single-stranded DNA than for the same lesions  in the rigid, 
double-helical DNA (74) and  that  considerably  decreased  levels of binding are 
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observed  when  a  cisplatin-damaged  double-helical DNA substrate  contains  a 
single-strand  break in the phosphodiester  backbone (75). It was  suggested (56) 
that the formation of the complex  between the DNA binding  protein  and  plati- 
nated DNA might  require  contacts or linkages of the  specific  groups  in  both  in- 
teracting  biomacromolecules.  It  cannot be excluded  that  these  contacts o r ,  
linkages  could  be  difficult  to constitute if the specific  groups  in DNA were  con- 
tained  in  denatured  base  pairs or in more flexible segments of DNA. Such 
groups may  have  more  freedom  to  adopt  various  geometries  in  comparison 
with the same  groups in rigid DNA segments.  In other words, the reduced 
rigidity of the DNA duplex  around  the  platinated site could  decrease the prob- 
ability  that  the  groups in DNA capable of  specific  contacts  with  the DNA bind- 
ing  protein occur in  positions  favorable for these  specific  interactions.  Further 
studies are warranted  to  reveal all factors involved  in  the  recognition  of DNA 
adducts of platinum  compounds by DNA binding  proteins. 

The cisplatin-damaged DNA binding  proteins  apparently  occur in nature for 
other purposes  than for specific  recognition of platinum  adducts in DNA, since 
platinum  compounds do not  belong  to  natural  components of our environment. 
The capability of cisplatin-damaged DNA to  bind DNA binding  proteins, 
which  may  have  a  fundamental  relevance  to the antitumor  activity of cisplatin 
and its simple  antitumor  analogs, is probably  a  coincidence  when the formation 
of some  platinum  adducts in double-helical DNA adopts  a  structure that mim- 
ics  the  recognition  signal for these  proteins. 

6. REPAIR 
The mechanism  by  which DNA binding  proteins  might  mediate  cisplatin  cy- 

totoxicity  has  not  yet  been  elucidated,  although  several  models  have  been  pro- 
posed  (76).  For  example,  specific  binding of  HMG-domain  proteins to 
cisplatin-modified DNA could  shield the adducts  from  nucleotide  excision  re- 
pair,  which is one of the many cellular defense mechanisms  involved  in  elimi- 
nation of the toxic  effects of cisplatin (77-79). This type of repair  includes 
removal  of the damaged  base  by  hydrolyzing  phosphodiester  bonds  on  both 
sides of the  lesion. It was  found (80) using  a  reconstituted  system  containing 
highly  purified  nucleotide  excision repair factors  that  1,2-  and  1,3-intrastrand 
crosslinks  were  efficiently  repaired.  Importantly,  this  repair of the  1,2-,  but  not 
1,3-intrastrand  crosslink  was  blocked  upon  addition of  an  HMG-domain  pro- 
tein. This is consistent  with the observation  that  HMG-domain  proteins  bind to 
1,2-  and  not  1,3-intrastrand  crosslinks  and  also  with the “shielding”  model (see 
above). 
An in  vitro  excision  repair  of  a  site-specific  cisplatin  interstrand  crosslink 

was  also  studied (80) using  mammalian  cell-free  extracts  containing HMG- 
domain  proteins  at  the  levels  that  were  not  sufficient  to  block  excision  repair of 
the 1,Zintrastrand adducts.  Repair of the  interstrand  crosslink  formed by cis- 
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platin  between  opposite  guanine  residues  in  the 5°K sequence  was  not  de- 
tected.  Similarly,  in cell strains  derived  from  patients  with  Fanconi’s  anemia  nu- 
cleotide  excision  repair of cisplatin-interstrand  crosslinks was  not  observed 
(81,82), although  nucleotide  excision  repair  can  readily  occur  in  these  cells. 
Fanconi’s  anemia  cells  were  described  as  being  extremely  sensitive  to  crosslink- 
ing  agents so that  their  noticeably  high  sensitivity to cisplatin  was  explained  by 
the  inability of  these  cells  to  repair  cisplatin  interstrand  crosslinks (83). On  the 
other  hand,  repair  of  these  lesions  was  detected  with  the  aid  of  a  repair  synthe- 
sis assay,  which  measured  the  amount  of  new DNA synthesized  after the dam- 
age removal  in  whole  cell  extracts (84). In  this way,  however, the  repair  could 
also  result  from  a  mechanism  different from that of nucleotide  excision. 

The pathways for the repair  of DNA interstrand  crosslinks  of  cisplatin  and 
other  genotoxic agents in  mammalian cells are poorly  defined. DNA inter- 
strand  crosslinks pose a special challenge  to  repair  enzymes  because  they  in- 
volve  both strands of DNA and  therefore  cannot  be  repaired  using the 
information in the complementary  strand for resynthesis. So far most  of the 
studies  have  been  performed  using  bacterial  cells.  Based  on the genetic  and 
biochemical  evidence from bacterial  systems, it is thought that interstrand 
crosslinks are eliminated  from DNA by the combined  actions of excision  repair 
and  recombination  systems.  Recently, the activities  of  various  human cell ex- 
tracts  and  purified  human  excinuclease  on  a  duplex  containing  a  site-specific 
interstrand  crosslink  of  psoralen  have  been  tested (85). It  was  found  that,  in 
contrast  to  monoadducts,  which  were  removed by dual incisions bracketing the 
lesion, the interstrand  crosslink also caused  dual  incisions,  but  both  were 5’ to 
the crosslink in one of the two  strands. The result of this  dual  incision  was  a 
22- to 28-nucleotide-long gap immediately 5’ to the  crosslink. This gap  was 
suggested  to  act as a  recombinogenic  signal  to initiate interstrand  crosslink  re- 
moval.  On  the other hand,  there is also a  recombination-independent  pathway 
capable of repairing  nitrogen  mustard  interstrand  crosslinks,  but  not  psoralen 
interstrand  crosslink (86). It has  been  suggested that not all interstrand 
crosslinks are repaired  comparably,  which  might  have  an  influence  on the rel- 
ative  ability of each one to be repaired and contribute to the cytotoxicity. 
Further  work is required to find  a  mechanism  effective  in the repair of inter- 
strand  crosslinks of cisplatin. 

7. COMPARISON WITH CLINICALLY 
INEFFECTIVE TRANSPLATIN 

Cisplatin  and  transplatin  exhibit  distinctly  different  antitumor  activities  in 
spite of their  very  similar  chemistry. An argument for substantiating the view 
that DNA interstrand  crosslinks of cisplatin are unlikely  candidates of antitu- 
mor  effects  of  this drug was also based on the  observations  that  clinically  inef- 
fective  transplatin does not form a  considerably  lower  amount of interstrand 
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Table 2 
Characteristics of Interstrand  Crosslinks  Formed in DNA by  Cisplatin 

and  Transplatin in Cell-Free  Media 

Cisplatin  Transplatin 

Quantity  after  48  ha 

Rate  of  the 
interstrand  cross- 
linking" 

Bases  preferentially 
involved in the 
interstrand  cross- 
links 

platination 

duplex  at  the site of 
platination 

Some  characteristics 
of  the  helix  distortion 

Bending  at  the site of 

Unwinding  of  the 

Recognition  by  DNA 
binding 

-6% in  linearized  plasmid  -12%  in  linearized  plasmid 

t ln  = 4 hbvc tIl2 > 11 hb 
DNA~~ '  D N A ~  

5'-GC-d 
\ 

-CG-5' 

20-47"  towards  minor 26"  towards  major groovd 

70-87" e 12"f 
groovee 

Pt in  the  minor  groove,  in 
the  platinated  sequence 
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strand  base-base  stackinge 
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approx. 4 bp  around  the 
crosslink,  platinated 
guanosine  in syn confor- 
mation,  duplex  locally 
flexibld 

No 

"Estimated in linearized plasmid (2464 base pairs) in 10 mM NaC104  at  37°C. 
6Brabec  and  Leng, 1993 (10). 
Y r h a  et al.,  1996 (11). 
%emaire  et al.,  1991 (24). 
%ee Table  1  and Sections 3 and 5 of the present article. 
brabec et  al., 1993 (72). 
RRecognition by HMGl and T4 endonuclease VI1 proteins. 

crosslinks in DNA  than cisplatin. The acceptance of this argument  would,  how- 
ever, require us to admit that, for instance, the structural or conformational 
properties of the interstrand crosslinks formed  by cisplatin and  transplatin  in 
DNA are identical. Here  we  summarize the data on cisplatin and  transplatin  in- 
terstrand crosslinks formed  in DNA  in cell-free media  (Table 2) with  the  goal 
of  showing  how  these lesions are structurally different. 

The data in  Table 2 show that there are considerable differences not  only  in 
the base residues preferentially  involved  in the interstrand crosslinks of cis- 
platin  and its trans isomer,  but also in the rate of their formation and confor- 
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mational  alterations  induced  by the two  interstrand  adducts.  Also  importantly, 
the interstrand  crosslinks of cisplatin are recognized by  DNA binding  proteins 
(HMG-domain  proteins  and T4 endonuclease  VII),  whereas  those of transplatin 
are not (see above). Taken  together,  it cannot be excluded that the  different 
clinical effectiveness of cisplatin  and its trans isomer may  also be associated 
with  the  differences in their  DNA  interstrand  crosslinks. 

8. mAL,MARKs 
The interstrand  crosslink  was  the  first  bifunctional  adduct  of  cisplatin  de- 

tected  in  vitro  and  in  vivo  more  than 25 years  ago,  and it was  initially  consid- 
ered the main  lesion  associated  with the antitumor  effect of cisplatin.  However, 
later much  more  attention  was  paid  to the more  frequent  intrastrand  crosslinks 
formed  by  cisplatin  between  neighboring  purine  residues,  but the relative  anti- 
tumor  efficacy of intrastrand  and  interstrand  crosslinks still remains  unknown. 
In the following  text  we  present  several  examples consistent with the hypothe- 
sis and  supporting the view  that  interstrand  crosslinks of cisplatin,  although 
they are not  the  major  adducts,  play  an  important  role  in the mechanisms  un- 
derlying the antitumor  activity of cisplatin, or that at least the possibility of a 
contribution of interstrand  crosslinks  to  these  mechanisms  cannot  be  ruled  out. 

1. Interstrand  crosslinks of cisplatin  strongly  inhibit DNA transcription 
elongation by prokaryotic  and  eukaryotic RNA polymerases (87). 

2. Increased  gene-specific DNA repair  efficiency of interstrand  but  not  in- 
trastrand  crosslinks  of  cisplatin is associated  with  resistance of cells to the drug 

3. Interferon-a significantly  increases  the  sensitivity  to  cisplatin of glioblas- 
toma cells strongly  resistant  to the cytotoxic  effect  of  this  drug.  Importantly, 
interferon-a alone is not  cytotoxic in this  cell line, but  increases  considerably 
the magnitude of cisplatin-induced DNA interstrand  crosslinks (92). 

4.  Antitumor fludarabine nucleoside  and arabinosyl-2-fluoroadenine (effi- 
cient DNA replication  inhibitors)  and  topoisomerase  I inhibitors synergistically 
enhance  cisplatin-induced  cytotoxicity  in  vitro,  and  the  synergism  parallels the 
inhibition of  removal  of cellular cisplatin-induced DNA interstrand  crosslinks 

In  general,  interstrand  crosslinks  formed  by  various  compounds  of  biologic 
significance are more  inhibitory  to  DNA  replication  and  transcription  because 
of the damage  sustained by  both  complementary  strands,  and the resultant se- 
vere  blockages  imposed  on  DNA-dependent  polymerases.  In  addition, inter- 
strand crosslinks are more difficult to repair,  probably requiring both 
nucleotide  excision  and  recombinational  repair,  and  thus  leading  to greater cy- 
totoxicity  than that expected for monoadducts or intrastrand  lesions  (which  can 
be repaired  solely  by  nucleotide  excision). The fact that interstrand  crosslinks 
of cisplatin are more  difficult  to  repair also suggests  that  cytotoxic  effects of 

(88-91). 

(93-95). 
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these  lesions  could  rely less on the recognition  by  and  binding of  DNA bind- 
ing  proteins,  as  they  probably  have to in the case of 1,2-intrastrand  crosslinks. 
In  addition, the importance of  DNA interstrand  crosslinks of cisplatin is rein- 
forced since some  regulatory  sequences  associated  with  proliferation are 
known  to  contain  a  high  number  of GC sequences  at  which  cisplatin just pref- 
erentially forms interstrand  crosslinks. 

Exploring new structural classes of platinum  antitumor  drugs  resulted in the 
discovery of dinuclear  bis(p1atinum)  complexes  with  equivalent  coordination 
spheres,  represented by the general  formula [PtCl(NH3)2]2(H2N-R-NH2)]2+. (R 
is a linear alkane  chain.) To date, the properties of tr~ns-[PtCl(NH~)~l~(H~N- 
R-NH212+ and [c~~-[P~C~(NH~)~]~(H~N-R-NH~]~+ have  been  reported,  includ- 
ing  their  high  activity  in  vitro  and  in  vivo  in  both  murine  and  human  tumor  cell 
lines resistant  to  cisplatin (96-98). Importantly,  these  novel  platinum  drugs, 
structurally  different from cisplatin, exhibit  a  spectrum of antitumor  activity 
different  from  that of cisplatin,  and also the  major  DNA  adducts  formed  by 
these  dinuclear  platinum  compounds are interstrand  crosslinks (99). Moreover, 
these  interstrand  adducts are formed at sites that  differ from those  preferen- 
tially  involved in the interstrand  crosslinking  by  cisplatin, and conformational 
distortions  induced in DNA  by the interstrand  crosslinks of dinuclear  platinum 
compounds are markedly  distinct  from  those  induced  by  interstrand  and  in- 
trastrand  crosslinks of cisplatin (99). 

Furthermore,  in  contrast  to  ineffective  transplatin,  platinum(II)  complexes  of 
the  types truns-[PtC12b] and  trans-[PtC12(NHj)L] (L = planar  N-donor)  ex- 
hibit  greatly  enhanced  cytotoxicity,  including  activity  in  cisplatin-resistant 
tumor cells (100). Interestingly,  formal  substitution of an NH3 ligand in 
transplatin  by  a  planar  base,  such as quinoline,  considerably  enhances  the  in- 
terstrand  crosslinking  efficiency of these  transplatin  derivatives (100,101). The 
interstrand  adduct  formed  by  both truns-[PtC12(NH3)(quinoline)] was  identi- 
fied as a  1,2-GG-interstrand  crosslink  in the sequence 5’-GC, thus  being for- 
mally  equivalent  to that of cisplatin  rather  than  transplatin  (Neplechovh, 
KaSpSirkovh, Brabec,  Bierbach  and  Farrell,  submitted for publication).  This  re- 
sult is unique  and  represents the first  demonstration of alteration  of  a DNA 
binding site of  an inactive  drug into a DNA adduct  characteristic  of  an  active 
drug  by  simple  chemical  modification  of the drug structure. The most  intrigu- 
ing  finding  proved  to be the fact that DNA randomly  platinated  by truns- 
[PtC12(NH3)(quinoline)] is recognized  by  cisplatin-specific  antibodies  that 
exhibit  a strict requirement for 1,2-intrastrand  crosslinked DNA (101). Thus, 
one or several  unique  adducts of the drug  produce  changes in DNA conforma- 
tion  that  efficiently  mimic the most  frequently  formed  cisplatin-DNA  adduct. 

Understanding the formation of  DNA interstrand  crosslinks of different  plat- 
inum  antitumor  compounds is a  challenge,  not  only  from the mechanistic  view, 
but also from the therapeutic  one.  Comprehension of the  physiologic  roles of 



56 Part I / Platinum  Chemistry 

DNA  interstrand  crosslinks of antitumor  platinum  compounds  in  functions of 
tumor cells requires  integration of inorganic  chemistry,  molecular  and cell bi- 
ology  and  pharmacology.  A  coordinated  effort  in  the  research  of  interstrand 
crosslinks  induced  by  genotoxic agents is under  way  to  resolve the remaining 
problems of their  structures, cellular processing,  and  biologic  significance. 
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1. INTRODUCTION 
The  discovery by  Rosenberg  and  co-workers (1,2) of the  induction  of  filamen- 

tous  growth  in  bacteria  cells  by  platinum-amine  complexes  has  been  the  starting 
point of much  work  devoted to  the  chemistry of these  complexes,  their  binding  to 
biomolecules  (particularly  to  DNA),  and  their  biologic  activity.  One  major 
achievement is the  successful  use of cis-diamminedichloroplatinum(II) (cisplatin) 
in  the  treatment of several  human  cancers.  Cisplatin  triggers  cell  death  by  apop- 
tosis,  but  the  complete  mechanism  of  action of the  drug  and  the  development of 
resistance  have  not  yet  been  elucidated (3-5). Cellular  DNA is the  target of cis- 
platin  through  covalent  interaction (6-8). The  lesions  formed  in  the  reaction  be- 
tween DNA  and  cisplatin  have  been  identified  in  vitro  and  in  vivo  (mainly 
intrastrand  and  interstrand  crosslinks), as well  as  the  distortions  they  induce  in  the 
DNA  double  helix (9,10). Recently,  several  studies  have  demonstrated  that  pro- 
teins  that  bend DNA also  interact  specifically  with  cisplatin-modified DNA at 
d(GpG)  and  d(ApG)  sites (11-19). This gives  strong  support  to the hypothesis  that 
the  major  lY2-intrastrand  crosslinks  between  adjacent  purine  nucleotides  play  a 
key  role,  although  one  cannot  discard  the  role of the  interstrand  crosslinks. 
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The systematic  study of platinum  complexes  led  to  empirical  pharmacologic 
structure-activity  relationships (7,8,20). The complexes  must  have  the cis con- 
formation since trans-diamminedichloroplatinum(I1) (transplatin), the 
stereoisomer of cisplatin, is clinically  inefflcient.  For  steric  reasons,  transplatin 
cannot  form  intrastrand  crosslinks  between  adjacent  purine  residues,  which 
could  explain  its  inefficiency.  However,  platinum(1V)  complexes  with trans 
geometry  for  the  leaving  groups  have  antitumor  activity  and are able  to  over- 
come  the  cisplatin  resistance of cancer  cells (21,22). In  transplatin,  substitution 
of N H 3  ligands by heterocyclic  amines (23,24) or  iminoethers (25, 26) produces 
complexes  with  significant  antitumor  activity.  Furthermore, the new  family  of 
bis(platinum(I1))  complexes  with  bridging  diamine  ligands  of  composition 
trans- { [Pt(NH3)2]2(p-NH2(CH2)xNH2}C12 presents  promising  features for clin- 
ical  activity (27). All  these  results  show  that  the  difference  in  geometry  between 
the two  isomers  cannot  be  the  only  explanation for the  clinical  inefficiency of 
transplatin  and  are in agreement  with  the  conclusion  of  a  recent  review (28) on 
the  properties  of  transplatin,  pointing  out  that  a  simple  answer  cannot be given 
to the question:  what  makes  transplantin  different from its isomer? 

Our  purpose  in  this  review is to  describe  another  family  of  compounds  that  bind 
specifically  and  covalently  to  nucleic  acids.  The  bound  compounds  can  interfere 
with  the  cellular  machinery  at  different  levels,  such  as  replication,  transcription,  or 
translation,  and  thus  have  a  potential  use  in  cancer  therapy  by  specifically  modu- 
lating  gene  expression,  eventually  leading  to  cell  death.  These  compounds  are 
transplatin  derivatives  in  which  the  platinum  residue is coordinated  to  four  nitro- 
gen  ligands.  They  are  prepared  by  reacting  transplatin  with  oligonucleotides  con- 
taining  a  GNG triplet (N  being  any nucleotide residue). The resulting 
(G1  ,G3)-intrastrand  crosslinks  are  stable  within  single-stranded  oligonucleotides 
under  physiologic  conditions.  The  pairing  of  the  platinated  oligonucleotides  with 
their  complementary  sequences  within  DNA  or RNA triggers  the  rearrangement 
of the  1,3-intrastrand  crosslinks  into  interstrand  crosslinks (29,30). 

We have  divided  this  review  into  three  main  parts.  In  the  first  part,  we  recall 
some  results on the  reaction  between  DNA  and  transplatin  (nature  of  the  adducts, 
distortions  of  the  double  helix).  In  the  second  part,  we  describe  in  detail  the  pro- 
moted  rearrangement of the  (Gl,G3)-intrastrand  crosslinks  into  interstrand 
crosslinks  by  the  formation  of  a  double  helix. In the  third  part,  we  discuss the po- 
tential  use  of  the  transplatin-modified  oligonucleotides  as  antitumor  drugs. 

2. TRANSPLATIN-MODIFIED  DOUBLE-STRANDED  DNA 

2.1. Nature of the Adducts 
The chemical  properties  of  transplatin  and its covalent  binding  to  DNA 

through  a  solvent-assisted  pathway  have  been the subject  of  several  reviews 
(7,8,20,28,31). The first  DNA  binding step results  in  the  formation of the 
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monofunctional  adducts trun~-[Pt(NH~)~(dG)Cl]+, which  can  react further to 
form  bifunctional  lesions. The nature of the adducts in the in  vitro  reaction  was 
first  identified by nuclear  magnetic  resonance (NMR) and  atomic  absorption 
after  high-performance  liquid  chromatography  (HPLC)  separation of the  enzy- 
matic  digestion of the transplatin-modified DNA (32,33). The closure of the 
monofunctional  adducts  into  bifunctional  adducts is slow  (being  only 80% 
complete  in 48 h). The crosslinks are between  G  and C (50%), G  and  G  (40%), 
and  G  and  A (lo%), some of them  corresponding  to  interstrand  crosslinks. 
Quite different  results  were  obtained  in  another  study (34), the kinetics of clo- 
sure being  followed by  Ig5Pt  NMR. The monofunctional  adduct closure is fast 
(tl12 = 3.1 h),  with  formation  of 1,3- and  longer  range  intrastrand  crosslinks. 

However, the very  existence of intrastrand  crosslinks  has  been  questioned. 
T4 DNA polymerase,  acting as a 3’+ 5’ exonuclease, is able  to digest com- 
pletely  a  platinated DNA restriction  fragment  whereas, in the same experimen- 
tal  conditions,  model  studies  have  shown  that  the  enzyme is stopped by 
(Gl,G3)- and  (C 1 ,G4)-intrastrand  crosslinks (35). 

Another  piece  of  evidence  against  the  formation  of  intrastrand  crosslinks is to 
be  found  in  the RNA polymerase  mapping  experiments  reported  here. T7 and 
SP6 RNA  polymerases  were  used  previously  to  reveal  adducts  in  cisplatin-  and 
transplatin-modified  DNAs (36,37). We  have  repeated the  mapping  experiment 
on a DNA  restriction  fragment  platinated  at  a  low rb (molar  ratio  bound  platinum 
per  nucleotide).  After  24  h of reaction  between  transplatin  and  DNA,  the  frag- 
ments  with  and  without  interstrand  crosslinks  were  separated  by  electrophoresis 
on  agarose  gel  under  denaturing  conditions.  (Those  containing  interstrand 
crosslinks  had  a  slower  migrating  rate  than  those  without  interstrand  crosslinks). 
The two  kinds  of  fragments  were  transcribed  and  their  products  analyzed  by  gel 
electrophoresis.  As  shown  in  Fig. 1, the  sample  without  any  interstrand  crosslink 
(lane  labeled  intra) is fully  transcribed,  whereas  the  sample  containing  interstrand 
crosslinks  (lane  inter)  generates  a  population  of  RNA  fragments  of  defined  sizes. 
For  comparison,  the  results  obtained  with  cisplatin-modified  DNA  are  shown. 
[The  main  stops  correspond  to  intrastrand  crosslinks  at  d(GG)  and  d(AG)  sites.] 

Several  conclusions can be  drawn  from  these  mapping  experiments  and  pre- 
viously  reported  experiments (37,38). First is that the formation  of  intrastrand 
crosslinks, if it occurs, is a  rare  event.  Second is that  the closure of monofunc- 
tional tran~-[Pt(NH~)~(dG)Cl]+ adducts leads essentially to interstrand 
crosslinks. To react  with the complementary C residue,  the  monofunctional 
tr~ns-[Pt(NH~)~(dG)Cl]+adduct, initially  in the anti  conformation  and  paired 
with the C  residue,  has  to rotate around its glycosidic  bond, as schematically 
represented  in  Fig. 2. A  third  conclusion is that the rate  of closure of the  mono- 
functional  adducts  into  interstrand  crosslinks is slow (tlIz in the range 20-40 h). 
This is notably  slower  than the rate of closure of  most  of the cisplatin  mono- 
functional  adducts. 
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Fig. 1. Inhibition of RNA  synthesis on transplatin- or cisplatin-modified  DNA  restriction 
fragments. The formula of transplatin is given  on  the  top  (left) of the  figure. The mapping 
of the  adducts  was  done on the  platinated (NdeVHpaI) restriction  fragments  with  conver- 
gent T7 and SP6 promoters.  Either  strand  can be used  as  a  template  for RNA synthesis  in 
vitro (bottom, lefr). Right:  Autoradiogram of a 6% polyacrylamide/7 M urea  sequence  gel 
showing  inhibition of RNA  synthesis  by T7 RNA  polymerase on cisplatin- or transplatin- 
modified DNA at rb = 0.005. Lanes  intra  and  inter  are  for  transplatin-modified  DNAs, 
which do not  contain or contain  interstrand  crosslinks. 

In  summary,  in  the  reaction  between  transplatin  and  double-stranded DNA, 
monofunctional adducts are formed that slowly  evolve into interstrand 
crosslinks  and  not  into  intrastrand  crosslinks. It is likely  that  the  discrepancy  in 
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Fig. 2. Representation of the  interstrand crosslink  formed  in  the  reaction  between 
transplatin  and  double-stranded DNA. The monofunctional tr~ns-[Pt(NH~)~(dG)Cl]+ 
adduct,  initially  paired  with  the  complementary  C  residue,  rotates  around  the glycosidic 
bond  from  anti to syn conformation,  which allows its  reaction  with  the  complementary  C 
residue. 

the literature  on  the  nature of the adducts  originates  from  a  too  high  level of 
platination of the  samples.  A  recent  study (39) based  on  model  systems  has 
shown  that  the  closure of the monofunctional tran~-[Pt(NH~)~(dG)Cl]+ adducts 
results in the  formation of interstrand  crosslinks  between  complementary G and 
C residues  but  eventually  to  other  lesions  (intrastrand  and  interstrand  crosslinks) 
if other  adducts are near the reacting  species. An interstrand  crosslink  between 
G and  A  residues  separated by 4-5 base  pairs  was  even  detected. 

2.2. Distortion of the DNA Double  Helix 
by the Interstrand Crosslinks 

The conformational changes induced in the double helix by the transplatin 
interstrand crosslinks have been characterized by several techniques. 
Qualitative  data  at the nucleotide  level  were  obtained by  means  of  chemical 
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probes  such  as  diethyl  pyrocarbonate,  chloroacetaldehyde,  and  osmium  tetrox- 
ide. The rates of reaction of these  chemical  compounds  with  nucleotide 
residues  are  strongly  dependent  on  the structure of  DNA.  Moreover,  subse- 
quent  to  the  specific  modifications, the residues are sensitive  to  cleavage by 
piperidine,  and  hence  the  generated  fragments  can  be  resolved  as  a  ladder of 
bands  on  a  denaturing  gel (40,41). The local  distortion due to the interstrand 
crosslink  spreads  over  4  base  pairs  without  unpairing  of the bases  adjacent to 
the crosslink (38). 

From the comparative  study (38) of the electrophoretic  mobility of multi- 
mers of double-stranded  oligonucleotides of various  lengths (19-22 base 
pairs),  containing or not  a single interstrand  crosslink,  the  extent of unwinding 
and  bending of the double  helix  was  calculated  according  to the procedure  de- 
scribed for other platinated  oligonucleotides (42). The interstrand  crosslink  un- 
winds  DNA  by  about 12" and  bends its axis by about 26". Molecular  modeling 
calculations  support the hypothesis that the platinated G residue is in the syn 
conformation  and that the  double  helix is bent  toward the DNA minor  groove. 

These findings are in agreement  with  a  recent  two-dimensional  (2D) NMR 
study (43) of a  double-stranded  dodecamer  containing  a single interstrand 
crosslink, although  the  values of the bending  and  unwinding of the  double  helix 
are smaller  (14"  and  approx  4",  respectively)  than  those  deduced  from  the  elec- 
trophoretic  mobility  experiments.  They  confirm  that the platinated G residue is 
in the syn  conformation  and  that the bases  adjacent  to the crosslink are paired. 
They  show that the two N H 3  molecules  of  platinum residue are on either side 
of the  plane of the  crosslinked  bases  and  push  away the adjacent  paired  bases 
along the axis of the double  helix  (Fig. 3). 

This model  could  explain  the  slow  closure  of  the  monofunctional  adduct  into 
an  interstrand  crosslink. Two events  (rotation of the  platinated  G  residue  from  the 
anti  to  syn  conformation,  vertical  displacement  of  the  adjacent  base  pairs)  have  to 
occur  concomitantly  in  order  to  locate  the  platinum  residue  near  the  N3  of  the  cy- 
tosine  residue.  One  expects  the  rate of the  interstrand  crosslinking  reaction  to  be 
sensitive  to  local  conformational  modifications  of  the DNA double  helix. This can 
be achieved  by  several  ways.  An  extreme  way  is to  replace  the  monofunctional 
truns-[Pt(NH3),(dG)Cl]+  adduct  by  the  monofunctional  truns-[Pt(NH3)2(dC)CI]+ 
adduct.  It is likely  that  the  monofunctional  truns-[Pt(NH3),(dC)C1]+  adduct is in- 
serted  into  the  double  helix  and is no  longer  paired  with  the  complementary  G 
residue.  The  unpairing of the (G.trun~-[Pt(NH~)~(dC)Cl]+) base  pair  facilitates  the 
anti-syn  rotation  of  the G  residue.  Indeed,  the  closure  of  monofunctional truns- 
[Pt(NH3)2(dC)Cl]'  adduct  into  an  interstrand  crosslink is relatively  fast (tin = 
2-3 h) (44). For  both tr~ns-[Pt(NH~)~(dG)Cl]+ and  trans-Ipt(NH3)2(dC)Cl]+ 
adducts,  the  formation of  an aqua  species is assumed.  However,  one  cannot  ex- 
clude  a  direct  reaction  of  the  chloro  species,  especially if the  monofunctional 
tr~ns-[Pt(NH~)~(dC)Cl]+ adduct is inserted  into  the  DNA. 
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Fig. 3. Transplatin  interstrand crosslink.  View  derived from 2D NMR data of the double- 
stranded oligonucleotide d(CTCTCG*AGTCTC).d(GAGACTC*GAGAG) containing a 
single transplatin  interstrand crosslink  (the  platinated  residues  are  indicated  by *.) 

Another way  of modifying DNA locally is to  change the chemical nature of 
the nonleaving  groups of the platinum  residues.  Compared  with  transplatin, 
trans-[PtC12(NH3)(quinoline)] forms  more  interstrand  crosslinks  and the reac- 
tion is faster (t1,2 = 5 h) (45), whereas  [PtC12{HN=C(OMe)Me)2]  and trans- 
[PtC12{HN=C(OEt)Me)2] (4648)  form fewer  interstrand  crosslinks  and the 
reaction is slower. 

2.3. Comparison Between Cisplatin 
and Transplatin Interstrand Crosslinks 

In  the  reaction  between  DNA  and  cisplatin,  interstrand  crosslinks  are  prefer- 
entially  formed  between the two  G  residues  at the d(GpC).d(GpC)  sites (36,49). 
The distortions  induced  in the DNA duplexes  by the interstrand  crosslinks  have 
been  characterized by  several  techniques (5031). The two  C  residues  comple- 
mentary to the  crosslinked G residues are largely  exposed  to  the  solvent,  and  the 
conformational  changes  occur  only  at  the  level  of the adducts. The double  helix 
is unwound (79"), and its axis is bent (45"). 2D NMR studies (52,53) of two 
DNA  duplexes  containing  a  single  interstrand  crosslink  but  differing  in  their  se- 
quences  confirm the previous  conclusions  but  also  reveal  unexpected  results. 
The two  C  residues  complementary to the  crosslinked  G  residues are no  longer 
paired  and are extruded  from  the  double  helix.  This  extrusion  allows  a  rotation 



70 Part I / Platinum  Chemistry 

A 

3' 

Fig. 4. Cisplatin interstrand crosslink. Top: Cisplatin  crosslinked  to the two G residues as 
in the  interstrand crosslink. Bottom:  Schematic  representation,  deduced  from 2D NMR 
data, of the  relative  location of the nucleotides surrounding  the crosslinked G*(5) and G*(6) 
on the opposite strands of the duplex d(CCTCG*CTCTC).d(GAGAG*CGAGG) containing 
a single interstrand crosslink.  The  double arrows indicate unusual NOE cross-peaks. 
(Reproduced  with  permission  from  ref. 53). 

of 180" of the platinated G residues,  which  brings the crosslinked  N7  into the 
minor  groove of the double  helix.  (In  B-DNA,  the  N7  of  the G residues are in 
the major  groove.) The reorganization of the  duplex  leads  to a permutation  of 
the  relative  positions  of the two  crosslinked G with  their  sugars  pointing in a  di- 
rection  opposite  to  that of the  sugars of the same strand  (Fig. 4). At the level  of 
the crosslink, the phosphodiester  backbone  forms  a  kind of chicane, the double 
helix is unwound,  and  its  axis is bent  toward  the  minor  groove. 

One of the two platinated  duplexes  studied by  NMR has  been  crystallized. 
The crystals are of  very  good  quality,  and  the  electron  density  map  at  1.7 8, is 
directly interpretable at the atomic  level (54). The global  distortions of the crys- 
tallographic  and NMR models are qualitatively  in  good  agreement.  In  addition, 
the crystallographic  model  shows  that the conformational  rearrangement  of  the 
platinated  duplex originates essentially  from  changes in the values  of the three 
backbone angles P--05' , P--03', and C5'--C4' belonging to the 
crosslinked  residues. The exposure of the complementary C residues arises 
mainly  from  a  change  of  about 80" of the C3"-03' angle value. The other 
residues are in a  B-like form. The model also shows  a  network  of  ordered  water 
molecules  surrounding the crosslink (Fig. 5). Two water  molecules are located 
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Fig. 5. Representation of the  water molecules ( 0 )  surrounding  the  cisplatin  interstrand 
crosslink derived  from  the  X-ray  structure of the  platinated oligonucleotide 
d(CCTCG*CTCTC).d(GAGAG*CGAGG). 

on either side of the  square plane of the platinum residue at about 3.6 8, from 
the platinum  along its quaternary  axis. These two  water  molecules,  seven other 
water  molecules, the two N H 3  groups of platinum,  and the 0 6  of the 
crosslinked  G  residues form a  well-defined cage embeding the platinum 
residue. The cage is linked by other water  molecules to the phosphate  groups 
of the crosslinked  G  residues  and  participates  in the widening of the minor 
groove  (from 4-6 8, in B-DNA to  more  than 10 8, in the platinated DNA). 

These  ordered  water  molecules  could  explain,  at  least  in  part,  the  relative  in- 
stability of the  interstrand  crosslinks. The bonds  between  platinum  and  the N7 of 
G residues are spontaneously  cleaved  with  essentially  one  cleavage  per 
crosslinked  duplex  in  either of  both DNA strands (tin for  the  cleavage  reaction is 
about 29 h) (55). The  cleavage  generates  monofunctional  adducts,  which  can fur- 
ther  react  and  form  intrastrand  and  interstrand  crosslinks. The highly  distorted 
conformation  allows the formation of intrastrand  crosslinks,  whereas  they  are  not 
formed  during  the  closure  of ci~-[pt(NH~)~(dG)Cl]’ within  the  same  double- 
stranded  oligonucleotide  in  a  B-like  form.  It is proposed  that  the  instability  of  the 
interstrand  crosslinks is due  to  a  destabilization of the G-Pt bond  by  one  of the  two 
water  molecules  in  apical  position  with  respect  to  the  square  plane  of  the  platinum. 

The rate of closure of the monofunctional  adduct into an  interstrand 
crosslink  depends  on the sequence of the oligonucleotides,  but it can be almost 
as fast as the closure of the monofunctional adduct into  an  intrastrand  crosslink 
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at the d(GpG)  site. The successive steps of the interstrand  crosslinking  reaction 
are not  yet  known,  but it is tempting  to  speculate  that the water  molecules  play 
a  major role as driving forces during the dramatic  conformational  changes of 
the double  helix.  More  generally, the results on the ordered  water  molecules 
around the interstrand  crosslinks  show  that it  is important to know  more  about 
the hydration of  DNA for the understanding of the reaction of platination  and 
the plasticity of  DNA. 

3. TRANSPLATIN-MODIFIED-SINGLESTRANDED DNA 
3.1. Nature of the Adducts 

The adducts  formed  in the reaction  between  transplatin  and  single-stranded 
DNA differ  notably  from  those  formed  with  double-stranded DNA. Although 
the G  residues are the preferred sites, several other sites are available. 
[Cisplatin  and  transplatin  bind to the four mononucleotides  but  with  different 
affnity, GMP > AMP > CMP > > UMP (%).I Moreover,  the  flexibility  of sin- 
gle-stranded DNA  makes  possible  contacts  between  residues  located far away 
along the chain. The closure of the monofunctional  adducts  leads to the for- 
mation  of  intrastrand  crosslinks  between  two Gs (60%), between  G  and  A 
(35%),  and  between  G  and C (5%) (32,33). Preferential  transplatin  binding to 
G  residues  within  single-stranded  oligonucleotides is obtained  by  carrying out 
the reaction of platination  at  acidic  pH (the pKs  of  AMP  and CMP are 3.7 and 
4.2, respectively) (37,57). However,  unexpected  platination  can  happen  with  C- 
rich  oligonucleotides.  At  acidic  pH,  the  C-rich  oligonucleotides  adopt the i- 
form.  It is a  four-stranded structure built by head-to-tail  intercalation of two 
duplexes  with  C+.C  base  pairs (58). With  oligonucleotides  containing  the  right 
stretches of C  residues, the i-DNA  can  be  formed  by the assembly of four 
oligonucleotides, of two  folded  oligonucleotides or by the folding of  a single 
oligonucleotide. This structure, first observed  with the oligonucleotide  d(TCC- 
CCC), is also  adopted  by less regular  sequences  such as d(SmCCTTTACC), 
d(SmCCTTTCCTTTACCTTTCC), and sequences containing G residues 
(59,60). The reactivity of the nucleotide  residues  in  the  loops of  i-DNA has  not 
yet  been  studied  in  detail. 

4. REARRANGEMENT OF THE TRANSPLATIN 
(Gl,G3)-INTRASTRAND CROSSLINKS 

4.1. Rearrangement Within Single-Stranded DNA 
It is generally  accepted  that the transplatin  crosslinks, once formed, are sta- 

ble.  However,  two  examples  have  shown  that  rearrangement  of  the 1,3-trans- 
{ F’t(NH3)2[GNG] }-intrastrand crosslink, N  being  any nucleotide residue 
[abbreviated  (G1  ,G3)-intrastrand  crosslinks]  can  occur as schematically  repre- 
sented  in  Fig. 6. 
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Transplatin-modfled  singlestranded  oligonucleotides 

ro-1 - NqG N G - stable (Ni=A,T,G) 

m 
-NqGNGC- stable 

r o l  r - o l  
-CGNG- I -CGNG- 

L, 

Transplatin-moditied  double-stranded  oligonucleotides 

rn 
-N2G N G N3- - - N2C N’C N’3- 

ro-1 - NzG N G N3- “ N 2 G  N G N3- 

- N’2 A T  N’3- -N) i T N’3- 
- 

Fig. 6. Rearrangement of the  transplatin (Gl,G3)-intrastrand  crosslink  within single- 
stranded or double-stranded oligonucleotides. N’,, N’2,  and  N’3  are nucleotide  residues 
complementary to the  residues N,, N2 and N3, respectively . 

First, we will  consider the case dealing with the (Gl,G3)-intrastrand 
crosslink  within a single-stranded oligonucleotide (57,6I). As long  as the 5’- 
residue adjacent  to the crosslink is not a C, the crosslink is stable. If it is a C, 
the metal  migrates from the 5’ G to the 5’ C residue,  and an equilibrium  be- 
tween the two  isomers, (Gl,G3)- and (Cl,G4)-intrastrand crosslinks, is at- 
tained. The rate of the reaction  depends on temperature (tl,2 approx  38 h at 
37°C)  but  not  on  the  nature of the salt (NaCl or NaC104). This independence 
of the salt nature is not  in  favor of  an intermediate step involving a n  aqua 
species  during the linkage isomerization  reaction. 

4.2. Rearrangement Within Double-Stranded DNA 
The pairing of the single-stranded oligonucleotides containing a 1,3- 

trans- { Pt(NH3)2[GNG]}-intrastrand crosslink with their complementary 
strands has two consequences: on the one hand, the rearrangement of the 
(Gl,G3)-intrastrand crosslink into  the (Cl,G4)-intrastrand crosslink is 
blocked; on the other hand, the  (Gl,G3)-intrastrand crosslink rearranges 
into an interstrand crosslink whatever the nature of the nucleotide residue 
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adjacent to the intrastrand crosslink on its 5’ side (Fig. 6). This linkage 
isomerization reaction is triggered by the formation of the double helix 
(29,  30). 

Initially,  platinated  DNA.DNA  duplexes  were  studied. The interstrand 
crosslink  was  formed  between the 5’ G of the former intrastrand  crosslink  and 
its complementary C. It is identical  to the interstrand  crosslink in the reaction 
between  transplatin  and  double-stranded DNA.  However, the rate of the inter- 
strand  crosslinking  reaction (tlIZ in the range 3-12 h) is faster  than that corre- 
sponding  to the closure of the monofunctional  trans-[Pt(NH&(dG)Cl]+  adduct 
within  double-stranded DNA and is not  slowed  down in the  presence of  NaCl. 
Thus, one can exclude the cleavage of the Pt-3’ G  bond  with  formation  of  a 
monofunctional  adduct  during the rearrangement of the intrastrand  crosslink.  A 
direct nucleophilic attack of the Pt-3’  G  bond  by the C  complementary  to the 
5’ G is proposed. 

Although  the NMR or crystal structure of a  duplex  containing  a single 
(Gl,G3)-intrastrand crosslink  has still to be determined,  molecular  mechanics 
modeling indicates that the  C  residue  has the appropriate  location  and  orienta- 
tion  to attack the Pt-3’ G  bond.  Molecular  modeling (62) is also in  agreement 
with the bending (45”) and the unwinding (26”) of the double  helix,  as  deduced 
from gel  electrophoresis  experiments,  and,  with  the  accessibility of 4-5 base 
pairs (the three  base  pairs  at the level of to the adduct  and  the 5’ base  pair  ad- 
jacent to the adduct) to chemical  probes (63). 

4.3. Kinetics of the Rearrangement 
A  study  of  various  kinds of platinated  duplexes  has  been  undertaken to prove 

the unusual  mechanism of the linkage  isomerization  reaction  and also to  deter- 
mine  whether  the rate of the reaction  could be increased  to be compatible  with 
biologic  applications (30,35,64,65). 

At the level of the (Gl,G3)-intrastrand crosslink,  the  sugars, the phosphate 
groups,  and the intervening  base  between the two  crosslinked  G do not  inter- 
fere directly  in the reaction. The replacement of either the intervening  nucleo- 
side by  a propylene link, or the phosphate groups by uncharged 
methylphosphonate  groups, or the deoxyribose by a  2’-O-Me-ribose  has a 
minor  effect on the rate of the  rearrangement.  On the other  hand,  cleavage of 
the phosphodiester  backbone  between the crosslinked  G  greatly  decreases the 
rate, which  shows the importance of the strains imposed by the platinated 
macrocycle. Some strains are also imposed  by the double  helix since the rate 
of the reaction is very  slow  when the (Gl,G3)-intrastrand crosslink is located 
at the 3’- or 5’-end  of the platinated  oligonucleotide. 

In  addition  to  the  strains,  assumed  to be not  very  different  whatever the 
shape (A-like or B-like),  the double helix  interferes  with  the  relative  positions 
of the attacking  C  residue  and the platinum  residue.  About  a  20-fold  decrease 
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of the rate occurs  when the deoxystrand  complementary  to the platinated  strand 
is replaced by a rib0 strand. 

A  dramatic increase of the rate is obtained  by  replacing the triplet CN’ C 
complementary to the intrastrand  crosslink by the doublet 5‘-TA or 5’-UA. The 
interstrand  crosslink is formed  between the N7  of the 5‘ G and the N1  of the A. 
The rearrangement is complete in a  few  minutes  in the hybrids  between the 
platinated  2”O-Me-ribo  strand  and the RNA strand.  No  rearrangement  occurs 
if  5’-TA or 5’-UA is replaced by  5’-AT or 5’-UA, which stresses the  importance 
of the location of the attacking  base. 

In  summary, the binding of  an oligonucleotide  containing  a (Gl,G3)- 
intrastrand  crosslink  to its complementary  sequence  triggers the rearrangement 
of the intrastrand  crosslink  into  an  interstrand  crosslink. The rearrangement  can 
be  done in a  few  minutes  at 37”C, even  in the presence  of NaC1,  by the right 
choice of the targeted  sequence. This reaction  allows  specific  and  irreversible 
linkage of a  platinated  oligonucleotide  to its target. 

5. OLIGONUCLEOTIDES AND MODULATION 
OF  GENE EXPRESSION 

It is well  established that oligonucleotides  can  form  duplexes  with  single- 
stranded RNA and DNA through  Watson-Crick  hybridization or triplexes  with 
double-stranded RNA or DNA through  Hoogsteen  and  reverse  Hoogsteen  hy- 
bridization.  Many  studies  have  recently  been  undertaken to demonstrate  that  in 
vivo  oligonucleotides  bind to their  complementary  sequences  in mRNA or 
DNA  and  subsequently  act on the cell  machinery [the so-called  antisense  and 
antigene  strategies (66-68)]. In  principle,  these  strategies  should  make it pos- 
sible to  target one given  gene  and  thus to affect  selectively  “sick” cells (69-71). 

Our  purpose is to  present  briefly the potential  interest of oligonucleotides 
containing  a (Gl,G3)-intrastrand crosslink  in the context of the antisense  and 
antigene  strategies. We will limit ourselves  to the binding of these  platinated 
oligonucleotides  to  single-stranded  nucleic  acids. The rearrangement of the 
(Gl,G3)-intrastrand crosslinks does not  seem  to be promoted  in  triplexes. 
Although it is possible  to link oligonucleotides  containing  a  monofunctional 
tr~ns-[Pt(NH~)~(dG)Cl]+ or tr~ns-[F’t(NH~)~(dC)Cl]+ adduct  specifically  and 
irreversibly  to  their  complementary  sequences  within  single-stranded or 
double-stranded  DNA (72,73), this  will  not be discussed  here. 

5.1. Accessibility of the Target to Oligonucleotides 
Assuming that the oligonucleotides  have  reached the cytoplasm or the nu- 

cleus,  they  have first to bind their targets  and  then  exert  their  activity. The tar- 
get  must be accessible  to the oligonucleotides.  Concerning  mRNA,  even if it is 
a  single-stranded  molecule, it folds on itself in a  complex way  with  formation 
of  several  stem-loops  with further interactions between these stem-loops.  In 
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eukaryotic cells, the site of  synthesis of mRNA is in the nucleus,  whereas the 
translation of  mRNA into protein  occurs in the cytoplasm.  During all the steps 
from  synthesis  up to translation, mRNA undergoes  several  transformations  and 
interacts with  proteins. The prediction of the accessibility of the target is still 
approximate,  but  improvements are done in the determination of the 3D struc- 
ture of  RNA  and  of the regions  interacting  with  proteins (747.5). 

In the nucleus, DNA is in  a  compact  B-form,  interacting  with  histones  and 
other proteins.  Binding  sites for oligonucleotides  become  available  when the 
double  helix is transiently  open  during  transcription  and  replication.  Another 
potential  binding site is the single-stranded 3’-end  of the G-rich  strand  of 
telomeric  DNA.  In fact, the state of this 3’-end is still under  debate.  In  vitro, 
G-rich  oligonucleotides  form  tetraplexes by association of four oligonu- 
cleotides  or,  of two folded oligonucleotides, or by folding of one  oligonu- 
cleotide  with  Hoogsteen  pairing  between four G  (the  so-called  G-quartet) (76). 
Whatever its structure in vivo,  during  DNA  replication the telomeric 3’-end  be- 
comes  accessible to the ribonucleoprotein  telomerase,  a  telomere-specific  re- 
verse  transcriptase,  which restores the integrity  of DNA (77). 

5.2. Inhibition of Cell Machinery by Oligonucleotides 
The mechanism  of  action  of the oligonucleotides  depends on the target. We 

consider first the case of  mRNA. 
Once  bound  to  RNA, the oligonucleotides  lead to inhibition  of  translation or 

RNA metabolism by  two  general  mechanisms,  which are either degradation of 
the targeted  mRNA  through  an  RNase  H-mediated  cleavage or steric blocking 
of the cellular machinery (71). 

RNase H presents  two  major  advantages (78). It is an  ubiquitous  protein, 
and, after RNase  H-mediated  cleavage of the mRNA, the oligonucleotide is 
available  to  bind  to  another RNA molecule.  However, this mechanism  presents 
two drawbacks.  RNase  H is less active  but  still  active on hybrids  containing 
mismatches,  leading to a  possible loss in the specificity of the oligonucleotides. 
Activation of RNase  H  implies the use of oligodeoxyribonucleotides, which are 
highly  sensitive  to the action of nucleases  present in the cells.  There are ways 
to  minimize  these  drawbacks  such as chemical  modifications  of  the  phosphate 
groups  (for  example,  phosphorothioate  and  phosphorodithioate) or of the  bases 
( for example, C-5 propynyl  pyridine  instead  of C) (79, 80). 

Steric blocking  has  been less exploited (81,821. Although some experi- 
ments are very promising, such as the restoration of correct splicing of  thal- 
assemic  human  P-globin  mRNA in mammalian cells (831, the steric blocking 
presents  a  major constraint. The oligonucleotide-RNA hybrids have to be sta- 
ble  enough  to  avoid dissociation by the cellular machinery.  When directed to 
the coding  region, antisense oligonucleotides are dissociated from their target 
by translating  ribosomes (82). A  major advantage of the steric blocking is that 
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chemically modified oligonucleotides can be used; these make  them resistant 
to nucleases, increase their affinity for their targets, and stabilize the corre- 
sponding hybrids.  However, the so-called second generation of oligonu- 
cleotides as peptide nucleic acids (84) and N3’+P5’ phosphoramidate 
oligonucleotides (85,86), which fulfil these conditions, are still displaced  by 
translating  ribosomes (87). 

When the target is DNA, the oligonucleotides  act  by steric blocking  and as 
previously,  the cellular machinery can displace the oligonucleotides (88). 

To avoid  the  displacement,  a  possibility is to  crosslink  the  oligonucleotides  to 
the  targets. This has  been  achieved  by  tethering  a  photocrosslinking  or  a  chemical 
crosslinking  (generally  an  alkylating  electrophile)  reagent  to  the  oligonucleotides 
(89). Irradiation of the  samples is not  easy  to  do  in  vivo,  and  the  chemical  reac- 
tions  are  often  nonspecific  and  slow.  The  use of the  oligonucleotides  containing 
an  (G1  ,G3)-intrastrand  crosslink  presents  several  advantages  for  irreversible  and 
specific  crosslinkage of the  oligonucleotides to their  targets. 

5.3. Eflcacy of the Platinated Oligonucleotides 
Up  to  now, the efficacy of the oligonucleotides  containing  a (Gl,G3)- 

intrastrand  crosslink  has  been  assayed by targeting  mRNA. 
The specificity of the crosslinking  reaction  has  been  shown  by  mixing 

capped  Ha-ras mRNA (820 residues)  with  a  complementary  platinated  oligo- 
2’-O-Me-nucleotide  (17-mer),  named Rasl(Pt) (30).  After  incubation of the 
mixture, the location  of the oligonucleotide  was  revealed  by  primer  extension 
with AMV reverse  transcriptase. The polymerization  reaction  was  stopped  at 
the level of the oligonucleotide,  and no other stops  were  detected. This demon- 
strates that the platinated  oligonucleotide is crosslinked  at the expected  loca- 
tion  and is not  displaced  by the enzyme. 

The specificity of the crosslinked  reaction  was further tested  by  looking at 
the  efficiency of the  crosslinked  oligonucleotides  in inhibiting protein  synthe- 
sis in a  cell-free  system (30). Capped  Ha-ras  mRNA  and  the  platinated  oligonu- 
cleotide Rasl (Pt) were  mixed,  and after 10 min  incubation,  amino  acids  and 
rabbit  reticulocyte lysate were  added. The products of the reaction  were  ana- 
lyzed  by  gel  electrophoresis.  As  shown  in  Fig. 7, the platinated oligonucleotide 
is able to  inhibit  Ha-ras mRNA translation  completely. 

The specificity  and  efficacy of the  platinated  oligonucleotides  have also 
been  confirmed by  in vitro  translation of vesicular  stomatitis  virus  mRNA.  In 
the absence of oligonucleotide, the three  major  viral  proteins are synthesized, 
whereas  in the presence of the appropriate  platinated  oligonucleotide,  only the 
synthesis of one of the three  proteins (87) is inhibited. 

The specific  and  irreversible  binding of the platinated  oligonucleotides to 
their  targets  occurs in complex  medium,  as  shown  by the binding of Rasl(Pt) 
to  Ha-ras  mRNA in HBLlOOras 1 cells (30). It is known  that the selective de- 
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Fig. 7. In  vitro inhibition of capped  Ha-ras mRNA  translation by the oligo-2’-O-methylnu- 
cleotide Ras 1 (Pt) containing  a single (G 1 ,G3)-intrastrand crosslink. 

pletion of Ha-ras  proteins  in HBLlOOras 1 cells leads  to  inhibition of cell divi- 
sion. It has  been  verified that the treatment  of  these cells by the platinated 
oligonucleotide Rasl (Pt)  induces a dose-dependent  inhibition  of  cell  prolifera- 
tion in the range 0-4 pM. 

6. SUMMARY AND PERSPECTIVES 
In  their  reaction  with  DNA,  both  cisplatin  and  transplatin form monofunc- 

tional  adducts  at  approximately  the same rate. The cisplatin  monofunctional 
adducts  close  into  intrastrand crosslinks, essentially  at the d(GpG)  and  then 
d(ApG) sites, whereas the transplatin  adducts  close  mainly  into  interstrand 
crosslinks at  complementary (G.C) base  pairs. The rate of closure is faster by 
at  least one order of magnitude for cisplatin  than for transplatin  monofunc- 
tional  adducts.  Transplatin  interstrand  crosslinks are found  at  most  but  not all 
of the  (G.C)  base  pairs. This suggests that transplatin,  contrary to cisplatin, 
does not  react  preferentially  at  d(G),  sequences  and/or  that  the closure of 
transplatin  monofunctional  adducts  depends  strongly on the nature of the base 
pairs  flanking the adducts. The long lifetime of transplatin  monofunctional 
adducts  and  their  strong  reactivity  with  sulfur-containing  nucleophiles,  could 
explain  at least in part, the clinical inefficiency  of  transplatin (32,39). This is 
supported  by the facts that  transplatin  monofunctional  adducts  react  with  glu- 
tathione  much faster than  cisplatin  monofunctional  adducts (32,34) and  that de- 
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pletion of glutathione  increases the sensitivity of ovarian  carcinoma cells to 
transplatin  but  not  to  cisplatin (90,91). 

Do these results  mean that a  platinum  complex  has to form bifunctional  le- 
sions to  be  an  antitumor  drug? This is generally  accepted  because  platinum 
complexes  that  bind  monofunctionally  to  DNA,  such as [R(NH3)3C1]+  and 
chlorodiethylenetriammineplatinum(I1) chloride, are inactive.  However, some 
platinum  complexes do not  seem to obey this rule. 

Trisubstituted  complexes of general formula ~is-[Pt(NH~)~(Am)Cll"+ where 
Am is an  heterocyclic  amine  such  as  pyridine,  pyrimidine, ellipticine, etc., 
react  with  DNA  and form monofunctional  adducts. Some of these  trisubstituted 
platinum@) complexes are active  against  a  number  of  murine  and  human cell 
lines (92). Whether  this  activity is related  essentially to the monofunctional cis- 
[Pt(NH,),(Am)(G)]"+'  adducts andor to the transformation of these  mono- 
functional adducts into  the monofunctional cis-[Pt(NH3),(dG)(H20)l2+ 
adducts,  and  eventually  into  bifunctional  crosslinks, is still under  study (64). 

Another  fascinating  field  concerns the antitumor  activity  exhibited  by 
transplatin  derivatives in which the NH3  groups are substituted by iminoether. 
The transplatin-iminoether  complexes  react  preferentially  with G residues  in 
double-stranded DNA and form monofunctional  adducts (4648). These mono- 
functional adducts evolve  slowly  into  interstrand  crosslinks,  even  more  slowly 
than  transplatin  monofunctional  adducts.  Moreover, the former are more  resis- 
tant to the action of thiourea  than the latter,  probably for steric reasons.  It is 
tempting to speculate that bifunctional  lesions are not  involved in the antitumor 
activity of the transplatin-iminoether  complexes,  unlike  cisplatin.  In cells, the 
long-lived  transplatin-iminoether  monofunctional  adducts are expected  to be 
hardly  reactive  with  small  sulfur-containing  compounds for steric reasons. 
Nevertheless,  they are good  candidates for crosslinking  proteins  that  interact 
with DNA along its major  groove,  eventually distort it,  and,  have  a  relatively 
long  dwelltime. The DNA-protein  crosslinks  could  be  responsible for the cyto- 
toxicity of the transplatin-iminoether  complexes. Such a  scheme  has  been al- 
ready  proposed for some  cisplatin  derivatives (93). The trans configuration 
seems  more  favorable for a  crosslinking  reaction  with  proteins  than  the cis con- 
figuration.  Experiments are in  progress to test this hypothesis. 

The  studies  on  single-stranded  nucleic  acids  containing  a  transplatin (Gl,G3)- 
intrastrand  crosslink  lead us to  consider  these  platinated  oligonucleotides  as new 
derivatives  with  distinct  structure-activity  relationships. The platinum  residue is 
coordinated  to  four  nitrogen  ligands.  The  platinated  oligonucleotides are prepared 
by  reacting  transplatin  with  the  appropriate  single-stranded  oligonucleotides.  The 
resulting  (Gl,G3)-intrastrand  crosslinks  are  inert  under  normal  conditions. 
However,  the  pairing  of  the  platinated  oligonucleotides  with  their  complementary 
sequences  within  nucleic  acids  triggers  the  rearrangement of the (Gl,G3)- 
intrastrand  crosslinks  into  interstrand  crosslinks.  Conditions  have  been  established 
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in  which the  rate  of  the  crosslinking  reaction is relatively  fast (tin in  the  range of 
a  few  minutes).  The  specificity  of  the  reaction  has  been  proved  in  cell-free  and  cell 
systems. The crosslinked  oligonucleotides  are  able  to  stop  the  cell  machinery  at 
different  levels  and  to  inhibit  cell  growth. The platinated  oligonucleotides  can  reg- 
ulate  gene  expression  and  thus  can  be  considered  potential  antitumor  drugs. 

Several  problems are encountered  when the platinated  oligonucleotides are 
tested  in  cells. The targeted  sequence  must be accessible to the  oligonucleotide, 
long  enough to form a  stable  double-helix,  and  contain  preferentially  a 5’-TA 
or 5’-UA doublet. It should  not  be  a  C-rich  sequence.  In  addition  to the GNG 
triplet, the presence of several  G  in the oligonucleotides  decreases  the  yield  of 
the platination  reaction  at  the  GNG  triplet.  Furthermore,  relatively  large  quan- 
tities of the platinated  oligonucleotides are necessary for in  vivo  assays. It is 
clear  that the automated  solid-phase synthesis of site-specifically  platinated 
oligonucleotides (9495) will  be  highly  useful in this  field.  A  major  hurdle  in 
the antisense  and  antigene  approaches is the poor  passage  of the oligonu- 
cleotides through  biologic  barriers  and  thus  their low concentrations in the ap- 
propriate intracellular compartments. Physical association to various 
compounds  including cationic lipids improve the cellular uptake  of the 
oligonucleotides (96,971. It  should  be  mentioned  that  several  control  experi- 
ments  have to be done to  prove that the  oligonucleotides are effective as anti- 
sense or antigene  agents. 

Since the pioneering  work of Zamecnick and Stephenson (98) on the inhibi- 
tion of Rous  sarcoma  virus  replication  by  oligonucleotides,  numerous  studies 
have  been  devoted  to the development of oligonucleotides  as  therapeutic  drugs. 
An ever  increasing  body of information  strengthens the potential of oligonu- 
cleotides for modulating  gene  expression. There are already  promising  results 
showing that the oligonucleotides are effective  against  viral  and  cancer  targets 
both  in  vivo  and  in  vitro,  and  human clinical trials are in  progress.  Surprisingly, 
several  therapeutic  oligonucleotides  display greater potency  in  animal  than  in 
cell culture.  All  these  studies  have  greatly  contributed to our knowledge of 
oligonucleotides  (and  nucleic acids) and  their  behavior in cell-free  and  cell  sys- 
tems, as well as to the larger  use of oligonucleotides  in  biotechnology. 
Although  many  problems  remain  to be solved,  this  new class of  drug  offers  an 
attractive  possibility for various  diseases. 
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1. INTRODUCTION 
Accumulation of a  drug is the  net  effect  of  drug  influx  and  efflux.  Since the 

first  reports of accumulation  defects  in  cells  with  acquired  resistance  to  cisplatin 
( I ) ,  much  effort  has  been  directed  toward  defining  the  mechanisms  by  which 
cisplatin  enters  and  leaves  cells.  These  mechanisms  have  been  difficult  to  pin- 
point.  Several  reviews of the literature  on  cisplatin  accumulation  have  been  pre- 
viously  published that document  the  evidence  supporting either passive 
diffusion  or  carrier-mediated  transport as the  dominant  mechanism of cisplatin 
influx (1-5). A  definitive  case for carrier-mediated  transport  cannot  be  made 
since  accumulation is not  saturable  nor  inhibitable  with  structural  analogs 
(6-11). Likewise,  studies  demonstrating  directly  that  intact  resistant  cells  have 
enhanced  efflux,  presumably  via a carrier, are scarce.  Conversely,  a  wide  vari- 
ety  of  physiologic  conditions  and  pharmacologic  treatments  modulate  cisplatin 
accumulation,  which  suggests  that  a  regulatable  carrier or channel is an  impor- 
tant  determinant of cisplatin  entry  into  cells.  For  example,  accumulation is par- 
tially  Na+dependent  and  can  be  altered  by  adenosine  triphosphate  (ATP) 
depletion,  cyclic  adenosine  monophosphate  (CAMP)  elevation,  protein  kinase C 
agonists,  osmotic  strength,  pH,  membrane  polarization,  calmodulin  antagonists, 

This article  is  not  an  official  Food  and Drug Administration  (FDA)  guidance or pol- 
icy  statement. No official  support  or  endorsement by the  FDA  is  intended or should  be 
inferred. 
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or rus expression  (6,10,12-19). The prevalence  of  defective  accumulation  phe- 
notypes in cisplatin-resistant  cells  (1,2,20-22)  underscores the need  to  under- 
stand  more  fully  how  cisplatin  enters  cells  and  how  such a phenotype is 
acquired.  Such  knowledge  will  potentially  allow  rational  pharmacologic  ap- 
proaches  that  enhance  antitumor  efficacy,  reverse  accumulation-mediated  ac- 
quired  resistance,  and  reduce  toxicity  to  normal  tissues.  This  chapter  will  not 
revisit the many studies on cisplatin  accumulation  that  have  been  thoroughly  re- 
viewed  previously,  but  will focus on the recent  literature,  which  offers new  in- 
sights  into how cisplatin  does or does  not  accumulate  in  cells,  and how certain 
processes  differ  in  resistant  cells. 

2. MEMBRANE CARRIERS AND CHANNELS 
All known  membrane  proteins  that  enable  the  movement of ions,  small 

solutes,  metabolites, or xenobiotics  across  lipid  bilayers  do so by  forming  a  pas- 
sageway  through  the  membrane.  Those  proteins  that  form  a  relatively  rigid, 
water-filled  pore are termed  channels.  Channels  can be viewed as sieves  that 
allow  movement  of  substrates  based  on  how  well  they  fit  the  specificity  “rules” 
for the  channel.  Channels  can be gated,  meaning  that  substrate  movement  can  be 
controlled  by  such  mechanisms  as  tethered  particles  that  block  a  face  of the pore 
or a  membrane  potential  that  might  cause  the  channel  to  twist  into  a  narrower 
configuration.  Carrier  proteins  also  form  passageways  through  membranes,  but 
they  differ  from  channels  in  that  they  undergo  a  conformational  change  during 
transport  of  the  substrate(s). The binding  site  for  the  substrate  in  a  carrier  can  be 
viewed as being  alternately  exposed  to  the  extracellular  and  the  intracellular  sides 
of the  membrane.  Carriers  can  equilibrate  the  concentration  of  a  substrate be- 
tween  two  faces of a  membrane  (facilitated  diffusion) or generate  a  concentration 
gradient of the  substrate  (active  transport).  Active  transport of a  substrate  requires 
energy  either  from  direct ATP hydrolysis  or  by  coupling  to the concentration  gra- 
dient of a  cotransported  substrate,  e.g.,  the  sodium  gradient  generated  by  the  Na”, 
K+-adenosine  triphosphatase.  Channels  can  pass  106-107  molecules  per  second 
across  the  membrane  (turnover  number),  whereas  carriers  can  only  move 
102-104  molecules  (or  atoms) of their  substrate  per  second,  presumably  due  to 
the  temporal  limitations  imposed  by  conformational  changes. 

2.1. Sodium  and Potassium Adenosine Triphosphatase 
Andrews et al.  (12,16)  first  reported  changes in Na+,K+-ATPase  in  cisplatin- 

resistant  cells,  and this observation  has  been  confirmed  in  other  cell  types. 
Ouabain is a  highly  specific  inhibitor  of  Na+,K+-ATPase.  Cisplatin-resistant PC- 
14 non-small  cell  lung  cancer  cells  have  altered  ouabain  sensitivity,  ouabain 
binding  to  whole  cells,  and  ability  of  ouabain  to  inhibit  cisplatin  accumulation 
(23). The ability  of  ouabain  to  inhibit  cisplatin  accumulation  (relative  to the par- 
ent  cell  lines)  was  also  diminished  in  cisplatin-resistant  IGROV-l(CDDP)  and 
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41M  human  ovarian  carcinoma  cells  (24,25).  Changes in Na+,K+-ATPase are 
also  suspected in mouse  lymphoma  cells  with  accumulation  defects  (26,27)  and 
have  been  found  in  resistant,  accumulation-defective  A2780  human  ovarian  car- 
cinoma  cells  (16).  Bando et al.  (28)  have  shown  that  Na+,K+-ATPase  activity 
correlated  with  cisplatin  accumulation  in  a  panel  of  non-small  cell  lung  carci- 
noma  cell  lines,  but  not in small  cell  lung  carcinoma  cell  lines.  When the 
Na+,K+-ATPase  in  non-small  cell  lung  carcinoma  cell  lines  was  inactivated  by 
incubation  with  sorbitol,  cisplatin  accumulation  was  decreased,  and  the  cells  be- 
came  resistant  to  cisplatin  (29).  Cisplatin-resistant,  accumulation-defective 
PC-9  non-small  cell  lung  cancer  cells  had  decreased  Na+,K+-ATPase  activity as 
measured  by *%b' influx  (30).  A  thromboxane  A2  receptor  antagonist  sensi- 
tized  both  the  cisplatin-sensitive  and  -resistant  PC-9  cells  to  cisplatin,  increased 
cisplatin  accumulation,  and  enhanced  Na+,K+-ATPase  activity  (30). The mech- 
anistic  relationship of the change  in  Na+,K+-ATPase  activity  to  cisplatin  accu- 
mulation  was  uncertain (30). The association  between  Na+,K+-ATPase  activity 
and  clinical  cisplatin  resistance  has  been  demonstrated by  Tokuchi et al.  (31). 
These  investigators  showed  that 201T1+ retention  in  patients'  small  cell  lung  tu- 
mors  correlated  with  response  to  cisplatin  chemotherapy.  In  a  small  cell  lung 
cancer  cell line, they  showed  that  the  Na+,K+-ATPase  inhibitor  ouabain  re- 
stricted  thallium  accumulation  and  decreased  cisplatin  cytotoxicity. The impli- 
cation is that 201T1+ accumulation  in  tumor  tissue is a  marker for Na+,K+-ATPase 
activity,  which  modulates  cisplatin  accumulation  and  hence  sensitivity. 

There  appears  to  be  a  growing,  strong  association  between the Na+,K"- 
ATPase  and cisplatin  accumulation,  but  it is unclear how these  transport  activi- 
ties are linked.  Na+,K+-  ATPase  maintains the sodium  gradient  across  cell 
membranes,  and  numerous  carriers  are  coupled  to  this  gradient  (32).  Cisplatin 
accumulation is partially  Na+  dependent  in  2008  cells,  but  the  altered  Na+,K+- 
ATPase  in  resistant  cells  did  not  lead  to  a  change  in the Na+  gradient  (12). 
Cisplatin  (up to 4.4 mM) cannot  inhibit K" transport  through the Na+,K+- 
ATPase,  nor  does  acute  stimulation  of  Na+,K+-ATPase  activity  with  monensin 
alter  cisplatin  accumulation, so it  is  unlikely  that  cisplatin  enters cells directly 
through  Na+,K+-ATPase (16). Na+,K+-ATPase is known  to be affected  by  both 
the  lipid  environment  and  the  underlying  cytoskeleton  (33,34).  It is possible  that 
the  changes  noted  in  Na+,K+-ATPase  in  resistant  cells are a  result of pleiotropic 
membrane  changes  that  affect the Na+,K+-ATPase  and  cisplatin  accumulation 
independently.  Nonetheless,  this  would  not  explain  why  ouabain  inhibition of 
Na+,K+-ATPase  can  decrease  cisplatin  accumulation  in  many  cell  lines. 

2.2. Folate Carriers 
Cisplatin-resistant cells are often  cross-resistant  to  methotrexate.  Bhushan et 

al.  (35)  reported  that  cisplatin-resistant L1210 cells  with  accumulation  defects 
were  cross-resistant  to  methotrexate  and  had  decreased  methotrexate  transport. 
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The decreased  methotrexate  transport  was  associated  with  decreased  phospho- 
rylation of a  66-kDa  membrane  protein (35,36). Shen et al. (37-39) examined 
accumulation defects in BEL  7404-CP20  human  liver  carcinoma  cells  that  had 
been  selected for cisplatin  resistance. These cells were  selected  by  chronic  ex- 
posure  to  cisplatin,  were  34-  to 11 1-fold  resistant by growth  inhibition  assay, 
and  had  a  14-fold  reduction in cisplatin  accumulation (37,38). These investiga- 
tors also demonstrated  that  these cells were  cross-resistant  to  methotrexate,  had 
reduced  accumulation of [3H]methotrexate,  and  had  dramatically  reduced  ex- 
pression of the folate binding  protein  (FBP),  which is a  carrier  that  mediates 
methotrexate  transport.  Nonetheless,  cisplatin  did  not  compete for methotrex- 
ate  accumulation in these cells, and  BEL 7404 cells  with  reduced  expression of 
FBP after  selection  in  methotrexate are not  cross-resistant  to  cisplatin (39). 
Reductions in FBP levels  were also noted  in  cisplatin-resistant IGROV-1  ovar- 
ian  carcinoma cells with  accumulation defects (40). Transfection of  SKOV3, 
CHO,  or  NIW3T3 cells with the FBP  cDNA  did  not  increase  sensitivity  to  cis- 
platin (40). These  data  indicate that FBP does not  mediate  cisplatin  accumula- 
tion or resistance. The alterations in methotrexate transport in 
cisplatin-resistant cells are probably the result of changes  in  dozens of genes 
elicited as a  general  response  to  this  cytotoxin  and are not  causally  responsible 
for defective  cisplatin  accumulation (4143). 

2.3. ATP Binding Cassette (ABC)  Dansporters 
2.3.1. MDR-1 

Cisplatin  has  never  been  shown to be  a  substrate for the MDR-I gene prod- 
uct, the P-glycoprotein. Cells overexpressing the MDR-I gene and cross- 
resistant  to  a  broad  range of natural  products are not  cross-resistant  to  cisplatin. 
Cisplatin-resistant cells with  accumulation  defects do not  have  increased MDR- 
I expression.  P-glycoprotein does not  participate  in the cellular accumulation 
of cisplatin  and is not  responsible for the  cisplatin  accumulation  defect  in  re- 
sistant  cells. 

2.3.2. MRP-1 
Unlike  MDR-  1, MRP- 1  can  transport  a  variety of organic  conjugates  includ- 

ing glutathione-S-conjugates, glucuronides,  and  sulfated  conjugates (44,45). 
Cells  overexpressing MFW- 1  following  selection  with  natural  product  drugs are 
not  cross-resistant to cisplatin (44). Similarly,  HeLa  cells  overexpressing  MRP- 
1  following  stable  transfection  with the MRP-I gene do not  have  a  cisplatin- 
resistant  phenotype (46,47). In  general,  cells  with  acquired  cisplatin  resistance 
in  vitro  do  not  overexpress  MRP-1 (48,49). MRP-1  expression in  unselected  cell 
lines  does  not  correlate  with  cisplatin  sensitivity (50). ATP depletion  in  sensitive 
and  resistant  2008  human  ovarian  carcinoma  cells  expressing  MRP-1  led  to  de- 
creased  cisplatin  accumulation,  the  opposite  expected if  MRP-1  was  contribut- 
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ing in any  way to  net  cisplatin  accumulation (6,12,48). Bone  marrow-derived 
mast  cells  from  knockout  mice  missing  the M p l  gene  were  less  sensitive  to  cis- 
platin,  rather  than  more  sensitive, as would  be  expected  if Mrpl participated  in 
cisplatin  efflux (51). These  data  show  quite  convincingly  that  MRP-1  does  not 
confer  cisplatin  resistance  and does not  participate  in  cisplatin  accumulation. 

2.3.3. cMOAT (MRP-2) 
The canalicular  multispecific  organic  anion  transporter (cMOAT) is known  to 

export  glutathione  conjugates  from  cells  and is mainly  expressed in the  canalic- 
ular  membrane  of  hepatocytes (48,52). cMOAT  levels  have  been  found  to  be  el- 
evated  in  a  number of cell  lines  with  acquired  resistance  to  cisplatin (48,52,53). 
Koike et al. (54) have  shown  that  downregulation  of  cMOAT  with  a  phos- 
phorothioate  antisense  oligonucleotide  against cMOAT  mRNA  reverses the 
cisplatin-resistant  phenotype  in  HepG2  hepatoma  cells.  However, ATP depletion 
in cisplatin-resistant  C13*  human  ovarian  carcinoma  cells  expressing  higher 
levels  of  cMOAT  than sensitive  2008  parent  cells  led  to  decreased  cisplatin  ac- 
cumulation, the opposite  expected  if  cMOAT  was  functioning  as  an  efflux  pump 
in  the  net  cisplatin  accumulation (6,12,48). If  cMOAT exports  cisplatin  conju- 
gates or mediates  cotransport of cisplatin  with  glutathione,  then it is not  clear 
why  cisplatin is not  excreted  in  the  bile  since  (1)  the  hepatocyte  canalicular 
membrane is the primary  site of cMOAT expression;  (2)  the  liver  has  very  high 
levels  of  glutathione; (3) the liver  accumulates  high  levels  of  platinum,  lagging 
close  behind  the  kidney (55,56); and (4) a  high  percentage of the  intracellular 
platinum  in  rat  liver  cells is in the form of a  glutathione  complex  within  1  h of 
drug  administration (57). Nonetheless,  less  than  1% of the administered  dose of 
cisplatin is excreted  in  the  bile  of  mice,  rats, or humans (58-60). The antisense 
experiment  provides  strong  evidence  that cMOAT expression  confers  cisplatin 
resistance (54), but the  evidence  that cMOAT participates  in  cisplatin  accumu- 
lation is weak.  Perhaps  cMOAT  confers  cisplatin  resistance  by  exporting  an  or- 
ganic  anion,  e.g.,  a  glutathione  conjugate  such as LTC4, that  mediates  a step in 
the apoptotic  cascade (49,61,62). Enhanced  efflux  of  such  a  hypothetical  sig- 
naling  molecule  could  blunt  apoptosis  and  decrease  the  cytotoxicity of cisplatin. 

2.3.4. OI?IER ABC TRANSP~RTERS 
Whereas  MDR- 1 and MFW- 1 play no role in cisplatin  accumulation  and the 

role of  cMOAT is uncertain, the possibility exists that other as yet  unidentified 
MRP transporter  genes are indeed  involved (63). However,  Kool et al. (48,52) 
showed  no  obvious  correlation  of MRP-3, MRP-4, or MRP-5 expression  with 
cisplatin  resistance  in  a  panel of cell  lines. ATP depletion  would be expected to 
increase cisplatin  accumulation if  an  ATP-dependent  efflux  pump  was  a  major 
contributor  to the overall  accumulation.  However,  both  increases  and  decreases 
in accumulation  have  been  reported  in  various  cell  types  in  response  to ATP de- 
pletion (6,24,25,64,65). 
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A key assumption  in  proposing  that  an  MRP-like ABC transporter  mediates 
resistance by exporting  cisplatin-glutathione  conjugates is that the conjugate is 
cytotoxic. The cell would appear to  gain no survival  benefit  by  exporting  non- 
cytotoxic forms of the drug. The cisplatin-glutathione  conjugate is generally 
believed  to  be  a  noncytotoxic  form  of the drug  because the nucleophilicity of 
the glutathione sulfur prevents  covalent  attachment  of the platinum  complex to 
DNA.  Ishikawa  and  Ali-Osman (66) have  presented data that challenges  this 
belief  by  showing  that the cisplatin-glutathione  complex  inhibits  protein  syn- 
thesis  in  a  cell-free  system.  A  concentration of  190p.M  was  needed  to inhibit 
synthesis by 50%, however,  and  this  seems  too  high  to be pharmacologically 
relevant,  especially if this  complex is eff-iciently removed  from  the  cytoplasm 
by  an  MRP  transporter  (66). 

Another  problem  in  proposing  MRP-like  transporters as the explanation for 
defective  cisplatin  accumulation is that,  unless the rate law for cisplatin  reac- 
tions  does not  apply  within the intracellular  milieu,  kinetic  arguments do not 
favor the presence  of  any  significant  quantities  of  cisplatin-glutathione  conju- 
gates  within  seconds  (or  hours)  of  cisplatin  exposure  when  accumulation  defects 
can  already  be  detected  (7,22,67).  Ishikawa  and  Ali-Osman (66) reported  that 
up  to 60% of the cytoplasmic  platinum  in L1210 cells  was  in the form of the 
cisplatin-glutathione  complex.  This is much  higher  than  reported by others  and 
it is possible  that  the  extraction  method  used by these  investigators  artifactually 
generated  the  cisplatin-glutathione  complex (6,68). However,  it is possible  that 
complexation is not  required  and  that  glutathione is cotransported  with  cisplatin 
by a  putative  MRP-related  protein  that  recognizes  cisplatin,  as  has  been  pro- 
posed for drugs  that are substrates for MRP-1 (44). Depletion  of  glutathione  lev- 
els  with  buthionine  sulfoximine  increases the accumulation of drugs  that  are 
substrates for MW-1 (69,701.  Nonetheless,  glutathione  depletion  has  not  been 
demonstrated  to  affect  cisplatin  accumulation,  and  this  hypothesis  does  not  ap- 
pear  to  be  tenable  (71,72).  Finally,  the  accumulation  defect  in  resistant  cells  can 
usually  be  accounted for by reductions  in  influx  (30,38,73,74).  Direct  measure- 
ments of platinum  efflux  in  intact  cisplatin-loaded  cells  have  rarely  been  pro- 
vided  to  support  claims for increased  efflux by specific  transporters. 

2.4. Arsenical Thansporters 
Naredi et al. (7475) reported  that  two  pairs  of  cisplatin-sensitive  and  -resis- 

tant human  ovarian  carcinoma cell lines and two pairs of  human  head  and  neck 
squamous  carcinoma  cell  lines  were  cross-resistant  to  antimony  potassium  tar- 
trate  and  sodium  arsenite.  These cells had  reduced  accumulation  of the cis- 
platin  analog  [3H]DEP  and of 73As03, neither  of  which  was due to  enhanced 
efflux.  When 2008 cells were  selected for resistance  to  antimony  potassium  tar- 
trate,  the  derived subline was  cross-resistant  to  cisplatin  and  arsenite  and  had 
defective  accumulation of  both  [3H]DEP  and 73As03. These data suggest  that 
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cisplatin, arsenite,  and  trivalent  antimony  share  a  common  influx  pathway. 
Cisplatin-resistant  BEL  7404-CP20  human  hepatoma  and  KB-CP20  human 
cervical  carcinoma cells were  examined for their  arsenical  cross-resistance  and 
accumulation  (39). The BEL  7404-CP20 cells had  much  reduced  cisplatin 
accumulation (38). These  cisplatin-resistant cells were  approx  20-fold  cross- 
resistant  to  trivalent arsenite and  pentavalent  arsenate  and  had  reduced  accu- 
mulation of both  ionic forms (39).  Data  were  presented  indicating that the 
phosphate carrier system  was  probably the transporter that mediated  arsenate 
influx,  but  that  it  was  not  involved  in  arsenite  influx  (39).  Expression  of  plasma 
membrane  binding  proteins  highly  specific for arsenite (M,  48 and  230  kDa) 
and  arsenate (Mr 190 ma) ,  respectively,  were  reduced in the resistant  cells. An 
Mr-36-kDa arsenite binding  protein  was  increased  in  resistant  cells.  Cisplatin 
could not  compete  with the arsenicals for binding  to  these  proteins (39). 

Although  members of the  ABC  transporter  family are known  to  mediate the 
efflux of arsenite  and  antimonite  in  bacteria  and  protozoa,  nothing is known 
about the mechanism of influx of these  trivalent  metals.  MRP-1  overexpression 
can confer  resistance  to arsenite and  antimonite (47). A single carrier protein 
may exist for cisplatin,  antimonite,  and  arsenite,  which  explains the observed 
accumulation defects and  metalloid  cross-resistance  patterns as reported by 
Naredi et al. (74) and Shen et al. (39). However,  a  nonspecific  regulatory  re- 
sponse to selection  in these metals  that causes a  broad  downregulation of a  va- 
riety of membrane  transport  systems  or  a change in the passive  permeability of 
the plasma  membrane  cannot be ruled out as  the  explanation for these  findings. 

2.5. Gated Channels 
Gately  and  Howell (3) proposed  that  cisplatin enters cells partly  by  passive 

diffusion  and  partly  by  a  gated  channel. It is thus  worth  considering the di- 
mensions of the channel  needed  to  accommodate  cisplatin.  A  space-filling 
model of the cisplatin square planar  complex  indicates  that the orthogonal  di- 
mensions are approximately 4.0~6.9~6.8 8, (Fig. 1). The smallest  opening that 
could  accommodate  cisplatin entering edge-on  would  be  a  4.0x6.8 8, rectan- 
gular pore, or a  circular  pore of 8 8. diameter  (cross-sectional  area of  27-50 
A2). The internal  pore  dimensions of  many channels are known  (Table 1). 
These data show  that  if  cisplatin enters through  a  gated  channel,  then the chan- 
nel  must  have  a  pore size larger  than many well-described  channels  known to 
reside in the plasma  membrane. 

2.6. Water Channels 
The recently  discovered  aquaporins are a  family of highly  conserved  chan- 

nels that mediate  rapid  water  transport  across  plasma  membranes (82-84). 
Aquaporins are homotetramers  that  form  an  aggregate  in the plasma  membrane 
with four functionally  independent  pores (83). They are widely  distributed 
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Fig. 1. Space-filling model of cisplatin. The molecule is shown edge-on from  either  the 
edge with  two  ammines (left side) or the edge with an ammine  and a  chloro  ligand  (right 
side). The  dimensions  were  calculated  with Insight11 version 95.0 (Molecular  Simulations, 
San Diego, CA) and  were  provided courtesy of Dr.  James  Weaver  (Center for Drug 
Evaluation  and Research, FDA). 

throughout  mammalian  tissues;  aquaporin-1 is particularly  abundant  in the 
renal  proximal  tubule (82-84). The kidney  accumulates  more  platinum  than 
any other tissue,  and the proximal  tubule is the primary site of cisplatin  kidney 
damage (55,56). Aquaporin  activity  can  be  modulated  by  a  variety of factors  in- 
cluding  protein kinase A,  which  when  activated  can cause a  redistribution of 
aquaporin from intracellular  vesicles  to the plasma  membrane (85,86). Some of 
the properties of aquaporins are thus  consistent  with  what is known  about  cis- 
platin  accumulation  (protein  kinase  A  sensitive,  nonsaturable,  osmotically  sen- 
sitive).  Nonetheless,  aquaporin-1 is highly  selective for water  (it  excludes  urea 
and  ions),  and the internal  diameter of the  aquaporin-1  pore is estimated to be 
less  than 3 A. Aquaporin-1 is thus  too  small  to  serve as a  channel for cisplatin 
influx  (Table l), but  a  recent  report  on the cloning  and  characterization of a 
new  aquaporin gene product,  AQP9,  suggests  that other members of this  fam- 
ily  could  form  a channel large  enough  to  accommodate  cisplatin (87). The 
AQP9  gene  product  allows the movement  of  urea,  adenine,  uracil,  glycerol, 
sorbitol,  and  mannitol  across  oocyte  membranes,  but  excludes ions, amino 
acids,  cyclic  sugars,  and  monocarboxylates (87). The molecular  radii of some 
of the compounds  that  readily  permeate AQP9 are greater than  that of cisplatin. 
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Table 1 
Inner  Diameters of Pores in Various Channels 

Cross-sectional 
Ion  diametera  Inner  diameter  area 

( 4  ( 4  (A2) Ref: 

K+channel  2.66 3 20 76 
Na+channel 1.90 3 x 5  16 77, p. 79 
Ca2+channel 1.98 6 77, p. 359 
nAChRb - 6-7 40 77, p. 243 
Aquaporin-  1 - 3 78,  79 
Amphotericin B - 4-10 80, 81 
Gramicidin - 4 13 77, p.  306 

~~~ ~ 

'Ion  diameters  are  Pauling  radii from Hille  (ref. 77, p. 276). 
bNicotinic  acetylcholine  receptor. 

AQP9 appears  to  be  a  promiscuous,  neutral solute pore  that  could also accom- 
modate  cisplatin.  Exploration of the possible  role of aquaporins in cisplatin  ac- 
cumulation  need  to be undertaken. 

2.7. Miscellaneous Eflects 
Laurencot et al. (88) showed  that inhibitors of the Na+/H+antiporter  and 

HCO3-/C1- exchanger  had no effect on cisplatin  accumulation in EMT6  mouse 
mammary  carcinoma  cells.  Verapamil,  which  inhibits the calcium  channel, 
does  not  affect  cisplatin  accumulation (89,90). 

3. MECHANISMS INDEPENDENT OF PROTEINACEOUS 
CARRIERSANDCHANNEL 

3.1. Passive Permeability 
3.1.1. PASSIVE DIFFUSION 

Marverti  and  Andrews (91) demonstrated  that  cisplatin  accumulation  could 
be modulated  by the isoflavone  genistein  in 2008 human  ovarian  carcinoma 
cells.  Changes  were  also  induced  in the accumulation of mannitol that exactly 
mimicked  modulations of cisplatin  accumulation.  Mannitol is not  a  substrate 
for any  known  hexose carrier and is believed  to enter cells solely  by  passive  dif- 
fusion, perhaps  through  aqueous  pores rather than  diffusion  through the lipid 
bilayer (87,92,93). The molecular  dimensions of mannitol are 7.4x8.1x11.9 8, 
(32), which is slightly  larger  than the dimensions of cisplatin  (Fig. 1). Genistein 
did  not  modulate the accumulation of cisplatin or mannitol in the resistant 
C13* subline that  has  an  accumulation  defect. These data  support the hypoth- 
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esis that  cisplatin enters cells by  passive  diffusion  and  that the changes in ac- 
cumulation  mediated  by  agonists  and  antagonists of serineheonine protein 
kinases  and  tyrosine  kinases do so by modulating the passive  permeability 
properties  of the plasma  membrane. 

Similar to the results  with  genistein, the polycationic  amine  spermine  in- 
creased  both  cisplatin  accumulation  and  mannitol  accumulation (94). Unlike 
genistein,  however, the modulation  was  similar  in  both 2008 parent  cells  and 
resistant  C13*  cells. The good  correlation  of  the  effects  on  cisplatin  and  man- 
nitol  accumulation suggests that the spermine  effect is due to  modulation  of the 
plasma  membrane  permeability. The effect  was  specific to spermine;  spermi- 
dine did  not alter cisplatin or mannitol  accumulation.  Polyamines  can  bind 
electrostatically  to  phospholipids,  and it has  been  speculated  that  spermine 
could  specifically bridge phospholipid  domains  with other domains or integral 
proteins (94). Conceivably  this  could  change  the  rigidity of the plasma  mem- 
brane  in  ways that alter  the  passive  diffusion of cisplatin  through the mem- 
brane. 

In  solution,  cisplatin exists as an  equilibrium of parent drug and  various 
aquated species (95). It has  been  assumed that the species entering cells is the 
parent dichloro form.  Nonetheless,  any  of  the  aquated  forms  could  be the pre- 
dominant  form  undergoing  influx. Since in  the  presence of extracellular chlo- 
ride  concentrations  these  aquated  species are present  at  relatively  low  levels, 
the inability  to  demonstrate  saturation  of  cisplatin  accumulation  might be ex- 
plained  by the inability  ever to raise the concentration  of the transported 
aquated  species  anywhere close to the K,,, for transport. This hypothesis  might 
also explain  why  carboplatin is accumulated  much  less  effectively  than  cis- 
platin despite its higher  lipid  solubility,  i.e.,  carboplatin  aquates  much  slower 
than  cisplatin  and there is much less aquated  species  present  in  solution. This 
might also explain  why structural analogs  cannot  compete for cisplatin  accu- 
mulation,  i.e.,  an aqua ligand  could be critical for recognition  by  a carrier pro- 
tein. The role  of the form of cisplatin  in the accumulation  has  therefore  been 
investigated. Jennenvein and  Andrews (96) showed  that  changing the aquation 
state in  the  extracellular  medium  had no impact on  platinum  accumulation  up 
to 100 pA4 cisplatin,  but  that  DNA  platination  was  increased.  Zheng et al. (64) 
also demonstrated no affect of aquation state on  cisplatin  accumulation  up  to 
100 @I; however,  they  showed  that  at  concentrations  above 100 pA4, three 
times  more  platinum  was  associated  with cells exposed  to  aquated  cisplatin 
than  to  cisplatin. The appearance of this differential as the concentration  was 
raised  could  be the result of membrane  damage  produced by the more  reactive 
aquated  forms.  Accumulation at 1  h  was  not  saturable  up  to  1.6 mM for either 
native or aquated  cisplatin. The energy  dependence for accumulation  was  sim- 
ilar for native  and  aquated  cisplatin. These investigators  also  showed that the 
temperature  dependence (elo) for accumulation of aquated  cisplatin  was  dif- 
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ferent from  that of native  cisplatin, 2.5 vs 1.6, respectively.  However,  both Qlos 
were in a  range  appropriate for diffusion  either  through the lipid  membrane or 
through  a  channel  as  opposed  to  a  carrier-mediated  process.  These  studies  add 
support  to  the  hypothesis that carrier proteins are not  involved  in  cisplatin  ac- 
cumulation. 

3.1.2. MEMBRANE FLUIDITY 
Cisplatin-resistant 2008 cells  have the same membrane  fluidity as sensitive 

cells, as measured by fluorescence  polarization, despite changes  in  the  cellular 
phospholipid  composition (97). In addition,  no  changes in membrane  fluidity 
have  been  detected  in  these cells using  electron  paramagnetic  resonance  and 
the lipid-soluble  spin  label  probe  5-doxylstearic  acid (P.A.  Andrews  and  A. 
Aszalos,  unpublished  observations).  However,  preliminary  reports  show  that 
several  cisplatin-resistant cells with  accumulation  defects,  including  the  resis- 
tant  2008 cells, have  increased  membrane  rigidity  compared  with the parent 
cell lines when the cells were  analyzed  by  pressure  tuning  infrared  spec- 
troscopy (98-100). Clearly,  more  work is needed to investigate  whether  the 
passive  permeability  (as  measured  by the accumulation of marker  molecules) 
or the fluidity of plasma  membranes (as measured by the behavior of interro- 
gating  probes)  can  consistently  account for accumulation defects in cisplatin- 
resistant  cells. 

3.1.3. MEMBRANE STRUCTURE 
By studying  infrared  spectra of dimyristoylphosphatidylserine model  mem- 

branes as a  function of pressure,  Taylor et al. (101) showed that cisplatin  and 
aquated  cisplatin  interact  with  the serine carboxylate  head  group of this  phos- 
pholipid. The binding  increased the distance  between  the  acyl  chains,  led  to 
more  vibrational  motion,  and  increased the pressure  needed  to stop these  mo- 
tions. No effect of cisplatin  was  found  on the methylene  stretching  modes of 
the acyl  chains,  implying that cisplatin does not  easily  diffuse into membranes 
containing  phosphatidylserine (101). Nonetheless,  a  preliminary  report  using 
this infrared  method  shows  that  cisplatin does enter the  lipid  bilayer of cell 
membranes (100). The reported  changes in lipid  composition in some  cisplatin- 
resistant  cells,  including  a  slight  increase  in  phosphatidylserine,  may  thus  have 
an  important  impact  on the ability of cisplatin to diffuse  through  the  membrane 
(97). 

The composition of the plasma  membrane is known  to  affect  membrane flu- 
idity  and  permeability (102). Consistent  alterations in the composition of the 
lipid  bilayer  that  might  account for an accumulation  defect  have  not  been  re- 
ported  in  cisplatin-resistant  cells.  Mann et al. (97) found  that  resistant 
2008DDP cells had  increased  amounts  of  phosphatidylcholine  and  phos- 
phatidylethanolamine.  A  change  in  cholesterol  content  was  not  observed  in 
these  two-fold  resistant 2008DDP cells,  but  after  they  were  selected for higher 
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levels of resistance  Caffrey et al. (103) claimed in a  preliminary  report  that  the 
resulting C13* cells had  much  lower  cholesterol  content. The differential  affect 
of amphotericin B on  cisplatin  accumulation  in  some  resistant cells compared 
with  parent cells, as described  below in Section  3.2.1,  also  strongly  suggests 
that these  resistant cells have changes in  their  cholesterol  content (104-106). 

3.2. Pore Inducers and Detergents 
3.2.1. AMPHOTERICIN B 

Amphotericin  B  can  increase  cisplatin  accumulation  and  partially  reverse 
cisplatin  resistance.  Morikage et al. (104,107) reported  that  amphotericin B se- 
lectively  reversed the accumulation  defect in some  resistant  non-small  cell  lung 
cancer  cells,  but  equally  increased  cisplatin  accumulation in other sensitive  and 
resistant  cell  pairs.  In  a  panel  of  11  lung  cancer  cell  lines, the effect  of 10 
pg/mL amphotericin B on  cisplatin  accumulation  correlated  directly  with  their 
intrinsic cisplatin  resistance (104). In  human  larynx  carcinoma  cells,  resistant 
cells with  an  accumulation  defect  were  sensitized  to  cisplatin  cytotoxicity  by 
amphotericin B, but  the  parent  HEp2 cells were  not  affected  up  to 40 pg/mL 
amphotericin  B (105). The affect  on  cisplatin  accumulation  was  not  determined 
by  these  investigators.  Amphotericin B has  also  been  shown  to  increase  cis- 
platin  accumulation  and  cytotoxicity in sensitive  and  resistant  human  ovarian 
carcinoma  and  malignant  mesothelioma cell lines in vitro (108,109). Sharp et 
al. (106) showed  that 5-15 pg/mL amphotericin B enhanced  cisplatin  accumu- 
lation  and  cytotoxicity  only  in  resistant cells (41McisR6,  HX62)  with  accumu- 
lation  defects.  In the parent  41M  cells  the  effect  was  diminished  and  in  the CHI 
pair  the  effect  was  absent.  Amphotericin  B (5 pg/mL)  enhanced  cisplatin  cyto- 
toxicity  in six human  medullary  thyroid  carcinoma  cell  lines (110). Kojima et 
al. (111) demonstrated  that  amphotericin B and  cisplatin  were  synergistically 
cytotoxic  against  human  ovarian  carcinoma cells in  vitro  and that amphotericin 
B  increased  cisplatin  accumulation  in  these  cells.  Liang  and  Bian (112) re- 
ported  that  amphotericin  B  treatment  raised  cisplatin  accumulation  and  in- 
creased  Pt-DNA  adducts  in  resistant  SKOV3  cells.  These  studies  show  that 
amphotericin B modulates the cellular pharmacology of cisplatin in a  variety 
of cell  types. The effect  can  be  substantially  greater  in  some  cisplatin-resistant 
cells compared  with the sensitive  parent  cells. 

Investigations  exploring  the  potential of amphotericin  B for enhancing  cis- 
platin  efficacy  in  vivo  have  been  reported.  Kojima et al. (111) showed  that  si- 
multaneous  treatment  with  ip  amphotericin  B  and  cisplatin  administered  on 
d  3, 5, 7, and 9 after  ip  inoculation  with  HRA  human  ovarian  carcinoma cells 
significantly  prolonged the survival of the athymic  mice.  Furthermore,  they 
demonstrated  that ip amphotericin  B at doses 21.0 mgkg increased  platinum 
accumulation  in the tumor  tissue  following  a  2-h ip exposure  to  cisplatin. No 
changes  in  hematology or serum  chemistry  (including  blood  urea  nitrogen  and 
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creatinine)  were  noted  in the mice  following  a  cisplatin  plus  amphotericin  B 
treatment.  However, since the 2.0-mg/kg ip cisplatin  dose  alone  was  too  low  to 
cause any  changes in these  parameters, it is difficult  to  conclude that ampho- 
tericin  B  will  not  enhance  cisplatin  toxicity  in  vivo. Sharp et al. (106) have 
commented  that  amphotericin  B  enhanced  cisplatin-induced  nephrotoxicity  as 
detected  microscopically.  Therefore,  instead of using  cisplatin,  these  investiga- 
tors  determined  the  ability of ip  amphotericin  B (20 mgkg) to  enhance  the  an- 
titumor  activity of ip carboplatin (80 mgkg) against HW62 human  ovarian 
carcinoma cell xenografts  when  both  drugs  were  administered on an  every 
7 dx4 schedule.  Unfortunately,  no  significant  effect  was  observed for the com- 
bination  over  carboplatin or amphotericin  B  alone.  Bergstrom et al. (113) 
treated rats harboring  intracerebral  glioma  implants  with ip cisplatin (5 mgkg) 
and  amphotericin  B (5 mg/kg). This treatment  caused  an  increase  in  Pt-DNA 
adducts in the  kidney  but  not the tumor,  extensive  kidney  damage,  and  death 
within  a  few days (113). Assem et al. (81) reported  that, as with other cell  lines, 
amphotericin  B  increased  cisplatin  accumulation  and  cytotoxicity in human  HT 
29 colon  carcinoma  cells.  However,  when  HT 29 cells in  vitro  were  exposed  to 
cisplatin  added to serum  obtained from patients 1 h after an  iv  infusion  of  am- 
photericin  B (thus containing 4-7 pg/mL amphotericin  B), no enhancement  of 
accumulation  was  observed. These studies indicate that  amphotericin  B  con- 
centrations  high  enough  to  modulate  cisplatin  accumulation  in  vitro,  approx 
15 pg/mL, cannot  be  achieved  using  tolerable doses in  vivo.  Together  these  re- 
ports  appear  to  limit  hope for the clinical testing  of cisplatidamphotericin B 
combinations to intracavitary or regional  chemotherapy in which  tumors  can be 
exposed  to  high  concentrations  of  amphotericin  B  while  limiting  systemic  ex- 
posure. 

Amphotericin  B is a  macrolide  antifungal  that  binds to sterols in  membranes 
and forms nonspecific 4-10 8, barrel-shaped  pores (80,81). Pore formation 
leads to dissipation  of the K" gradient, collapse of the membrane  potential,  and 
cell death.  Binding  affinity of amphotericin  B  to  ergosterol is eightfold  higher 
than to cholesterol (114). Since fungi use  ergosterol  whereas  mammalian cells 
use cholesterol in their  membranes,  amphotericin  B is thus  more  cytotoxic  to 
fungi (80,81,114). The mechanism  by  which  amphotericin  B  enhances  cis- 
platin  accumulation is probably the formation of nonspecific  pores that accel- 
erate the  entry of cisplatin  into  cells. It can be  demonstrated  that  amphotericin 
B  enhances the accumulation of the passive  permeability  marker  mannitol in a 
concentration-dependent  manner that exactly  mimics the effects  on  cisplatin 
accumulation  in 2008 and C13* human  ovarian  carcinoma cells (P.A.  Andrews, 
unpublished  data). The variability of the effect in different cell lines is proba- 
bly due to  differences in the amphotericin  B  binding  to  cholesterol  in the 
plasma  membrane,  e.g.,  as  a  result of differences  in  cholesterol  content. 
Amphotericin  B  had  a  much  smaller  effect on the accumulation  and  cytotoxic- 
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ity of carboplatin,  oxaliplatin,  and  JM216 (81,104,106,109). These platinum 
agents are all larger  than  cisplatin  and  may  not  be  able to enter the pore  formed 
by  amphotericin B and  cholesterol as readily as cisplatin. 

3.2.2. DIGITONIN 
Another  compound  that  permeabilizes  membranes  in  proportion to the cho- 

lesterol  content is digitonin.  Jekunen et al. (115) reported  that  digitonin  can  in- 
crease the accumulation of the cisplatin analog DEP  in  both  cisplatin-sensitive 
and  -resistant  2008  cells. The effect  was greater in  cisplatin-sensitive cells at  20 
pA4 digitonin,  but  was  equivalent  in  sensitive  and  resistant  cells  at 40 pA4 digi- 
tonin. The increased  accumulation  led  directly to increased DNA platination. 
To explore the clinical potential  of  this  approach, LindnCr et al. (116) coad- 
ministered  digitonin  with  carboplatin  intraarterially  and  reported the effect  on 
a  syngeneic  rat  hepatoma  inoculated  into the central  lobe of rat  livers.  One  hour 
after  treatment,  digitonin  enhanced  carboplatin  accumulation  sixfold  into  the 
tumor  but  had  no  effect  on  platinum content in the liver  parenchyma.  This  in- 
creased  accumulation  caused  a  dramatic  affect on tumor size 7 d  after  a 
5-mgkg dose  of  carboplatin.  No  enhancement in carboplatin  toxicity  was 
noted. This study  demonstrates  that  modulation of the passive  permeability of 
platinum  drugs is a feasible therapeutic  approach  in  vivo. 

3.3. Pinocytosis and Endocytosis 
Many  aspects  of  cisplatin  accumulation are consistent  with  fluid-phase 

pinocytosis,  e.g.,  accumulation is energy  dependent,  temperature  dependent, 
nonsaturable,  and  modulated by signal  transduction  pathways (2,117-120). In 
addition, the accumulation of a  compound  that enters cells by fluid-phase 
pinocytosis  would  not  be  inhibited by structural  analogs. The hypothesis  that 
pinocytosis  plays a prominent  role  in  cisplatin  accumulation  was  explored in 
2008 human  ovarian  carcinoma cells using  Lucifer  yellow as a  marker of fluid- 
phase  pinocytosis (91). No  difference in Lucifer  yellow  accumulation  was 
found  between  2008  and C13* cells.  Although  genistein  stimulated  cisplatin 
accumulation,  it  had  no effect on pinocytosis in 2008  cells (91). Furthermore, 
the amount  of  fluid  engulfed as measured  by  Lucifer  yellow  could  only  account 
for 1-296  of the total  platinum  accumulated  during  a  cisplatin  exposure.  Fluid- 
.phase pinocytosis  thus  appears to play  a  negligible role in the accumulation of 
cisplatin. 

Similar to pinocytosis, the accumulation of cisplatin exhibits many fea- 
tures consistent with receptor-mediated endocytosis ( M E ) .  RME could con- 
tribute to cisplatin accumulation as a result of the internalization of  medium 
entrapped during endosome formation. A preliminary report on the impor- 
tance of  RME  in mediating cisplatin accumulation in 2008 human  ovarian 
carcinoma cells has appeared (121). RME triggered by  low-density lipopro- 
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tein (LDL) binding to its receptor(s) was assessed by the accumulation of 
LDL fluorescently labeled with DiI and  was not saturable for up to 6 h in 
either 2008 or cisplatin-resistant C13* cells. RME  of  DiI-LDL  was  over  30% 
greater in the C13* cells that have  a cisplatin accumulation defect. 
Upregulation of the LDL receptor followed by exposure to 10% fetal bovine 
serum to stimulate endocytosis did not alter cisplatin accumulation in  2008 
cells. These data indicate that RME neither contributes significantly to cis- 
platin accumulation in 2008 cells nor explains the accumulation defect in 
C13* cells. Binding of cisplatin to a2-macroglobin (a2M) did not change 
a2M internalization via RME after binding to the “low-density lipoprotein 
receptor-related protein” (122). Nonetheless, subsequent rounds of  RME 
were greatly reduced after internalization of the cisplatin-modified a2M. 
Such an effect does not explain the cisplatin accumulation defect that can be 
detected 30 s after cisplatin exposure‘ (7). 

4. UNCERTAIN MECHANISMS 

4.1. Terbium Binding Proteins 
Terbium (Tb3’3 is a  phosphorescent  lanthanide  metal that behaves  very  sim- 

ilarly  to  calcium in biologic  systems.  Terbium can influence the accumulation 
of cisplatin  in  2008  human  ovarian  carcinoma cells and  MDA-MD-23  1  human 
breast  carcinoma cells (89,123). Terbium  increased  cisplatin  accumulation  in 
parent,  resistant,  and  revertant cells, but the effect  was greater in the resistant 
and  partially  revertant  cells,  which  have  an  accumulation  defect (123). The cis- 
platin  accumulation  defect  was  completely  reversed  at  100 pit4 terbium  in the 
C13* cells. The number  of  terbium  binding sites was  significantly  greater on 
the C13* cells compared  with the parent  cells.  Terbium also increased  accu- 
mulation  in  sensitive  and  resistant  MDA-MD-231  human  breast  cancer  cells 
(89). Unlike  2008 cells, the percent  enhancement  was  similar  in the parent  and 
two  resistant  sublines,  but the resistant cells did not  have  an  accumulation de- 
fect under  the  conditions of the experiment.  Also in contrast to the 2008  cells, 
one of the resistant  sublines  had  significantly  fewer  terbium  binding sites while 
the other subline  had the same number as the parent  cells. The identity of the 
terbium  binding site that is altered in the resistant cells and  that  modulates  ac- 
cumulation is not  known,  nor is the underlying  mechanism. 

4.2. Cytoskeletal Alterations 
Numerous  studies  have  identified  changes in cytoskeletal  proteins  in  cis- 

platin-resistant  cells  that  could  possibly be associated  with the cisplatin  accu- 
mulation  defects.  Resistant  2008 cells express  less  P-tubulin,  have  enhanced 
formation of microtubule  bundles,  and are hypersensitive  to the microtubule 
stabilizing  agent  paclitaxel (124). These ‘microtubule  changes may contribute 
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to the cisplatin  accumulation  defect in these  cells.  In  a  separate  study,  these 
same  resistant 2008 cells were found to have  five- to sixfold  lower  levels of 
cytokeratin-18  protein  and  mRNA,  but no change in cytokeratin-8  expression 
(125). Transfection  of the full-length  cytokeratin-18 gene into the resistant 
C13* cells partially  reversed the resistant  phenotype  in  isolated  clones. 
Unfortunately,  determinations of cisplatin  accumulation  were  not  made in the 
clones, so an association of cytokeratin  expression  with  accumulation  could  not 
be made.  Marked  reductions  of  cytokeratin-14  have  been  found in resistant 
PClO human  lung  squamous-carcinoma cells (126). These cells have  a cis- 
platin  accumulation  defect  relative to the parent  PClO cells (126). It is also 
known  that  cisplatin  exposure can alter a  number  of  cytoskeletal  proteins 
(127-130). Components of the cytoskeleton  can  bind to membrane  proteins 
(131). This interaction of the plasma  membrane  with the cytoskeleton  plays  a 
regulatory role in the activity of numerous  transporters,  e.g.,  Na+,K+-ATPase, 
Na+  channels, the C1-/HC03-  exchanger,  and  H+-ATPase (131). In  addition to 
directly  modulating  membrane  transporters, the underlying structure of the cy- 
toskeleton  might also affect  the  rigidity  of the membrane as well as the  passive 
permeability of the  lipid  bilayer  to  small  solutes (34,132). The cytoskeleton  can 
be modified  by  a  variety  of  signal  transduction  pathways  (e.g.,  protein  kinase 
C),  energy  disruptions,  osmotic/ionic  perturbations,  and  mechanical  distur- 
bances (131). It is therefore possible that the cytoskeleton  plays  a central role 
in mediating  many  of the modulations of cisplatin  accumulation  observed by 
these  manipulations  and  that the end  result is a  nonspecific  change in mem- 
brane  permeability. 

5. SUMMARY 
Many studies have  documented the kinetics of cisplatin influx, efflux,  and 

net accumulation.  Many reports have also described the effects of (1) agonists 
and antagonists of various signaling pathways (protein kinase  A,  protein ki- 
nase C, tyrosine kinases, RAS); (2) ATP depletion; (3)  various physiologic 
manipulations (pH, osmotic strength, ion concentrations); (4) membrane  mod- 
ifications (pore inducers, detergents, lipids); and ( 5 )  agonists and antagonists 
of known  carrier-mediated transport systems.  From all this work one truth 
stands out: classic kinetic evidence supporting the hypothesis that cisplatin in- 
flux or efflux is carrier mediated  has  never  been found. Such evidence  would 
include saturation, competition from structural analogs, or trans stimulation. 
In the absence of such  evidence, one must assume that the best working  hy- 
pothesis is that cisplatin enters cells by  diffusion, either directly through the 
lipid bilayer, or through  water-filled channels, or through  both  pathways  with 
similar rates. The accumulation  of cisplatin is very  slow. The accumulation 
can be estimated to be 103-104 molecules/s/cell when cells are exposed to 
0.1-1.0 mM cisplatin. In contrast, the turnover  number for many channels is 



Chapter 4 I Cisplatin  Accumulation 105 

106-107 molecules/s/channel. Thus, it appears reasonable to hypothesize that 
cisplatin enters cells primarily by passive diffusion through the lipoidal re- 
gions of the membrane. The variety of pharmacologic  and physiologic ma- 
nipulations that modulate cisplatin accumulation probably either directly or 
indirectly affect the passive  permeability  and  rigidity of the plasma  mem- 
brane. Such effects could be transduced  through  effects  of the cytoskeleton, 
membrane lipids, or integral membrane proteins. More studies testing the cor- 
relation of the passive  permeability of the plasma  membrane  with cisplatin ac- 
cumulation are needed. 

The mechanistic basis for defective  accumulation in cisplatin-resistant cells 
has  not  yet  been  clearly  defined. Most resistant cells have  decreased  accumu- 
lation as a  result of decreased  influx.  Studies  demonstrating  directly that intact 
resistant cells have  enhanced  efflux are scarce. The evidence  that some cis- 
platin-resistant cells have  enhanced  efflux is based  mostly on indirect  evidence, 
e.g., that ATP depletion causes increased  accumulation.  However, ATP deple- 
tion  could  reasonably be expected to affect  a  variety of physiologic  functions, 
e.g., the cytoskeleton,  which  could  affect the passive  permeability  of the 
plasma  membrane. The idea that accumulation defects are due  to the enhanced 
activity of export  pumps  that  remove  biotransformation  products,  such  as  a 
cisplatin-glutathione  conjugate, is difficult  to accept based on chemical  kinetic 
grounds  and  what is already  known  about the cellular pharmacology  and  phar- 
macokinetic of cisplatin  in  mammals. Studies examining the membrane  com- 
position,  membrane  fluidity,  and  permeability to passively  diffusing  solutes in 
resistant cells vs  sensitive cells are few. The differential  effects of amphotericin 
B on  cisplatin  accumulation in many  resistant cells send  a  strong  signal  that 
these cells have  changes  in  their  cholesterol  content.  Clearly,  more  work is 
needed in this  area  to  establish  whether changes in  membrane structure and 
permeability  can  account for cisplatin  accumulation  defects. 

The variety  of  changes  reported in various carriers in the membranes of re- 
sistant cells (Na+,K+-ATPase, folate binding  proteins,  arsenical  transporters, 
cMOAT) are most  likely the result of a  generalized  response  to  cytotoxic  dam- 
age and are not  specifically  involved  in  cisplatin  transport  (although  they  could 
play  a  functional role in  resistance).  Whether  this  pleiotropic  affect is due to  an 
alteration  in  a  central  signaling  pathway (4143) or to  changes in multiple  reg- 
ulatory  pathways is not  known. 
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1. INTRODUCTION 
Ovarian cancer represents  a  relatively  chemosensitive  solid  tumor,  with  re- 

sponsiveness to a  range of agents  including  platinum  compounds ( I ) .  However, 
the overall  outcome for patients  remains  unsatisfactory,  with the emergence of 
drug resistance  being  a  major factor in  treatment  failure (2). I t  is generally  ac- 
cepted  that DNA is a crucial target for many  clinically  important  anticancer 
drugs,  including  cisplatin (3). Inability  to couple DNA damage to  a  signal 
transduction  pathway  leading to cell death or biochemical  defects  in the path- 
way  have  been  shown  to  lead  to  resistance  of  tumor cell models  to  many  widely 
used  anticancer  drugs (45). Thus tumors  could  acquire  resistance at clinically 
achievable drug doses  because  of either tolerance of  DNA damage or failure of 
tumor cells to  transduce the damage  signal to an  apoptotic  response. 

Resistance  mechanisms  operating  after  induction of  DNA damage are not 
the only  mechanisms  involved in intrinsic or acquired  resistance  to  cytotoxic 
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anticancer  drugs.  Experimental data show  that cells can  acquire  resistance  in 
vitro by, for example,  alterations  in drug uptake  and  metabolism  affecting the 
amount of drug reaching the DNA (for reviews, see refs. 6 and 7). 
Nevertheless,  what  remains  unclear is the relative  importance  of  drug  delivery 
vs  cellular  responses  to  DNA  damage  on the clinical response to chemotherapy. 
A  recent clinical trial  in  advanced  ovarian  cancer  has  shown  a  survival  benefit 
for an  increased dose of  cisplatin (100 mg/m2  vs 50 mg/m2),  which,  although 
clearly  evident  at 2 years, is markedly  reduced  at  longer  times (8). One inter- 
pretation of this would be that  delivering  more drug eradicates  a  higher  pro- 
portion of tumor cells at the time of initial therapy,  but that relapse  will  occur 
irrespective of dose, due to  drug-resistant cells that survived the initial  therapy. 
Drug  resistance that is independent of drug  delivery  could  be due to  inability 
to engage cell death after DNA  damage.  Indeed,  studies  using  cell  lines  se- 
lected  in  vitro for resistance  to  cisplatin  show that even  under  conditions in 
which  equivalent  levels of initial DNA damage are induced,  i.e.,  equivalent  lev- 
els of drug  delivery  to  DNA, the resistant  lines fail to  undergo  apoptosis (9). 

2. MISMATCH REPAIR AND DRUG RESISTANCE 
Mismatch  repair (MMR) plays  an  important  role  in  maintaining  the  integrity 

of the  genome  and  in  repairing  mispaired  bases  in  DNA (10). In addition,  ex- 
pression of  MMR proteins is now  associated  with  sensitivity of mammalian  cells 
to an ever  increasing  range  of  DNA-damaging  agents (II), and  loss of M M R  has 
been  correlated  with  reduced  ability of certain  tumor  cells  to  undergo  drug-in- 
duced  apoptosis (9). Thus,  loss of  expression  of  MMR  proteins is correlated  with 
resistance, or tolerance,  to  methylating  agents,  6-thioguanineY  cisplatin  (and  car- 
boplatin),  doxorubicin,  etoposide,  and  ionizing  radiation (9,1245). Clearly, 
many  of  these  agents  are  clinically  important  in  the  treatment  of  cancer. 
Inactivation  of M M R  genes  in  mice  causes  cellular  resistance  to  methylating 
agent  and  cisplatin (16,17). Restoration of MMR activity  by  chromosome  trans- 
fer into  MMR-defective  human  tumors  leads  to  increased  sensitivity  to  a  range 
of drugs (13). These  observations  argue  against  resistance  being  due  to  increased 
mutation  rates  at  other  drug  resistance  genes  and  support  a  direct  involvement of 
M M R  proteins  in  sensitivity  to  DNA  damage. The absence  of MMR in  human 
ovarian  tumor  models  correlates  with  loss of p53-dependent  apoptosis (9) and  re- 
duced G2 arrest (15) in  response  to  cisplatin,  although  how  MMR-generated  sig- 
nals  lead  to  apoptosis is unclear.  In  MMR-deficient  colon  and  endometrial  tumor 
models,  cisplatin  activates JNK (c-Jun  NH2-terminal  kinase)  and  the  c-Ab1  non- 
receptor  tyrosine  kinase  less  efficiently  than  MMR-proficient  cells (18). 

The most  clearly  understood  function of MMR is its role  in the correction of 
mismatches  occurring  during  DNA  replication or DNA  recombination  (Fig. 1) 
(10). Mutations  in MMR genes  occur in the cancer  susceptibility  syndrome 
hereditary  nonpolyposis  colorectal  carcinoma (HNF'CC) (19-21), which  results 
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Fig. 1. Model of human  mismatch  repair. MutSa  (a heterodimer of hMSH2  and hMSH6) 
and  MutSP (a heterodimer of hMSH2  and  hMSH3)  recognize  short  insertions of bases,  but 
G/T mismatches  appear to  be primarily  recognized by MutSa.  The  hMSH2-hMSH6 com- 
plex  binds  mismatched  nucleotides  in  the  ADP-bound  form  and  not  in  the ATP-bound form. 
ATP hydrolysis  has  not  yet  been  shown to be  necessary  for  MutSb  binding. The  hMLHl 
protein  forms  a  complex  with  hPMS2  referred  to  as MutLa.  It has  been  proposed  that  the 
binding of MutS  homologs to mismatched  DNA  allows  recruitment of MutLa, which  then 
allows  mismatch  repair  to  proceed.  Studies so far  implicate  pol6  and  possibly pole, as well 
as PCNA in  the  repair  DNA  synthesis  step of mismatch  repair. 
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in  a  predisposition  to  colorectal  carcinoma as well as a  number  of other tumors, 
including  adenocarcinomas of the endometrium,  stomach,  and  ovary (22). 
Mutations  in the MMR  genes hMLHl, hMSH2,  hPMS2, and hPMSl have  all 
been  found  to be associated  with  HNPCC,  with the vast  majority  of  mutations 
being seen in either hMLHl or hMSH2 (23). Transgenic  mice  with  genetic  in- 
activation  of MMR genes  have  confirmed the tumor  susceptibility  associated 
with defects in Mlhl, Msh2, and Pms2 (24), although  no  tumor  susceptibility 
was  observed  in Pmsl knockouts (25). One of the striking features of the re- 
sulting  MMR-defective  tumors is their  greatly  increased  rates of mutation  at 
microsatellite  sequences,  known  as  microsatellite  instability  (MIN+) (26). For 
many tumor  types the MIN+  phenotype  has also been  detected  in  sporadically 
occurring  disease (27). For  example, in ovarian  cancer  about  15% of sporadic 
tumors  exhibit  the MIN+ phenotype. This suggests that these  tumors are also 
MMR-defective;  however,  mutations  of  MMR  genes  have  only  been  observed 
at  low  frequency  in  MIN+  sporadic  tumors (28). Recent  evidence  suggests  that 
methylation of the promoter of  MMR genes  may  play  an  important  role in tran- 
scriptional  silencing of  MMR genes either during  acquisition of drug resistance 
(29) or  during  tumorogenesis (30). 

In  mammalian  cells  MMR  proteins exist primarily as heterodimeric  proteins 
(Fig.  1). Thus hMSH2  protein  associates  with  hMSH3  and  hMSH6. These 
complexes are referred to  as  MutSa  (hMSH2kMSH6) and MutSP 
(hMSH2kMSH3). Both  complexes recognize short  insertions of bases,  but 
G/T mismatches  appear  to  be  primarily  recognized  by MutSa (31). Adenine 
nucleotide  binding  and  hydrolysis  by MutSa have  been  suggested  to  act  as  a 
molecular  switch  that  determines the timing of downstream MMR events (32). 
Thus the hMSH2-hMSH6  complex is ON (binds  mismatched  nucleotides)  in 
the  adenosine  diphosphate  (ADP)-bound  form  and OFF in  the  adenosine 
triphosphate  (ATP)-bound  form.  A  central  role for the adenine  nucleotide  bind- 
ing domain is consistent with the ATP-dependent  translocation  model  of  MMR 
proposed  by  Modrich  and  colleagues (33). 

The MutL  homologs  also  form  heterodimers;  thus the hMLHl protein forms 
a  complex  with  hPMS2  referred to as MutLa (Fig. 1). Defects  in either MutL 
homolog  leads  to loss of  mismatch  correction  at or prior  to the excision  stage 
of repair (34). It  has  therefore  been  proposed  that  MutS  homologs  binding  to 
mismatched DNA allows  recruitment of MutL  homologs,  which  then  allows 
MMR to  proceed. How this occurs is unclear. 

3. HOW DOES  MMR  COUPLE TO APOITOSIS 
AND LOSS OF MMR LEAD TO DRUG RESISTANCE? 

3.1. Model I :  Futile Repair Cycles 
The role of mismatch  repair  in drug resistance  was  first  identified  in  the 

alkylation  tolerance  phenotype  observed in cells  selected for resistance  to 
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monofunctional  alkylating  agents  such as MNNG  and  MNU (35) (Fig.  2A). 
The concept of “tolerance” is one in  which the damaged  base is not  removed 
from the DNA  but  appears  unable  to induce cytotoxic  effects (12). Agents  that 
methylate  DNA,  such as MNNG  and  MNU, are mutagenic  and  cytotoxic due 
to the formation of 06-methylguanine. Under  normal  circumstances  this  lesion 
is directly  repaired  by the enzyme MGMT. Functional loss of this enzyme, 
most  commonly  by  epigenetic  silencing,  results in cellular hypersensitivity  to 
killing  and  mutagenesis by such  agents (36). Resistance  (or  tolerance)  to 
methylating  agents  can,  however, occur due to  inactivation of MMR (37,38). 
Although the association  between defective.MMR and  tolerance to certain 
methylating  agents is clear, the mechanism  underlying  this  phenomenon  re- 
mains  undefined. It has  been  proposed  that  these  methylated  bases are not  a 
block  to  replication,  but  instead the DNA polymerase  inserts the best  fitting 
base  into  the  nascent  strand opposite the modified  guanine. It has  been  shown 
that O6MeG.  T  introduces  the  least  structural  distortion  to the DNA (39). In the 
absence of efficient  methyltransferase  function,  this  mismatched 06MeG- T 
base  pair is recognized by the MMR  pathway as abnormal.  Repair  synthesis, 
which  occurs  in  the  newly  synthesized  strand opposite 06MeG, is doomed  to 
failure owing to the inability to find  a  good  complementary  match for the 
methylated  base. It is proposed that repeated, futile attempts  to  repair  this  mis- 
match  eventually  result in cell death, perhaps  by the generation of strand  breaks 
(12). Tolerance  would  therefore arise when the MMR  system  could  no  longer 
initiate these  aborted  attempts  at  repair. 

3.2. Model 2: MMR-Dependent Replication Stalling 
The observation  that loss of  MMR correlated  with  acquisition of resistance 

to  cisplatin  opened  up  a  much  wider  examination of the role of  MMR  in  drug 
resistance  beyond  monofunctional  methylating agents (9). Loss of  MMR is 
now associated  with  resistance  to  a  diverse  range of  DNA-damaging  agents 
( I I ) ,  and  hence  any  model of resistance  must  take into account  this  wide  vari- 
ety of types of  DNA damage. hMutSa recognizes 1,Zcisplatin crosslinks in a 
duplex DNA  in  which the complementary DNA strand  contains  two  C  residues 
opposite a  1,2-diguanyl  crosslink (40). However,  this is a  relatively  poor  sub- 
strate for hMutSa, and  a  duplex  molecule  in  which the platinated  guanine 
residues are opposite noncomplementary  bases is bound  with  much  greater 
affinity (41). Such structures  can arise in the cell if platinum-damaged DNA 
has  undergone  replication.  Cellular  proliferation,  and  hence  presumably DNA 
replication, is required for induction of apoptosis by cisplatin in sensitive  cell 
types (42). Certain  cisplatin-resistant  human  ovarian cells, which  have lost 
MMR  protein  expression,  appear  able  to  bypass  cisplatin  DNA  intrastrand 
crosslinks  during DNA replication (43). The mechanisms  leading  to  bypass are 
largely  unknown,  but  if loss of  MMR leads to reduced  replication  stalling  and 
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Fig. 2. Models of MMR coupling  to  cell  death. (A) Futile  repair  cycles. 1, In the  presence 
of damage  induced in DNA, the DNA polymerase  inserts  an  incorrect  base  into  the  nascent 
strand; 2, this  is  recognized  by the mismatch  repair pathway, and  repair  synthesis  occurs in 
the  newly  synthesized  strand  opposite  the  lesion; 3, " R ,  however, does  not  remove  the 
initial  damage,  and  repeat  rounds of MMR  cycles  ensue; 4, repeated,  futile  attempts  to re- 
pair this mismatch  result in cell  death,  perhaps by the  generation of strand breaks. (B) 
MMR-dependent  replication  stalling. 1, Damage  induced in  DNA is  recognized by MMR 
proteins; 2, this causes  stalling of the  replication  complex; 3, stalled  complexes  either  di- 
rectly  signal  cell  death,  or  indirectly  signal  death  by  generating DNA strand  breaks  at  the 
stalled  complex. (C) Recombination bypass. 1, Damage  induced in DNA  is  recognized  by 
damage  recognition  proteins; 2, binding of damage  recognition  proteins  induces  stalling of  
the  replication  complex; 3, the  stalled  complexes  can  be  bypassed by DNA strand  exchange 
mechanisms,  leading  to  damage  tolerance; 4, in  the  presence of MMR,  recombination- 
dependent  bypass  is  inhibited,  inducing  cell  death. 

increased  bypass,  then  this  could  lead to resistance  (Fig.  2B).  In  general, 
replicative  bypass  of  1,2-diguanyl  cisplatin  adducts  has  been  considered  ineffi- 
cient; however, the replicative  polymerases 6 and E are indeed able to  bypass 
these  adducts  in  structures that resemble  replication forks, although so far no 
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role for MMR in this process  has  been  demonstrated (44). Thus, one possible 
mechanism of cisplatin  toxicity is that  inability to bypass this lesion in MMR- 
proficient  sensitive cells has  an intrinsic probability of being  lethal or of  gen- 
erating a  signal  that  activates  an  apoptotic  pathway.  A direct corollary of this 
model is that  cisplatin  resistance  may be acquired  by  reducing the probability 
of lethal  events  occurring, or of preapoptotic  signals  being  generated,  during 
replication,  allowing  replication  bypass  and cell survival. 

3.3. Model 3: Modulation of Recombination  Bypass 
Recently  we  have  shown  that Succharomyces  cerevisiue acquire  resistance  to 

cisplatin  and  carboplatin  if MMR genes are inactivated ( 4 4 ~ ) .  Thus,  genetic  in- 
activation  of  MMR  genes (MLHI,  "2,  MSH2,  MSH3,  MSH6, but  not PMSI) 
in  isogenic  strains of S. cerevisiue leads to increased  resistance to the  anticancer 
drugs  cisplatin  and/or  carboplatin,  but  has no effect on W ( C )  sensitivity. 
However,  inactivation  of MLHI, MLH2, or MSH2 has no significant  effect on 
drug  sensitivities  in rad52 mutant  strains. Thus drug  resistance  mediated by loss 
of  MMR appears  to  require  expression of  RAD52,  a  protein  known  to  be  re- 
quired  for  recombination (45). As  already  discussed,  bypass of  DNA lesions 
during DNA replication  has  been  suggested  as  a  mechanism for cisplatin-adduct 
tolerance (43).  We propose  that loss of  MMR proteins  can  lead  to  increased 
RAD52-dependent  recombinational  bypass  of  adducts  (Fig.  2C). The 1,2- 
intrastrand  crosslink  induced  by  cisplatin is poorly  repaired,  either  because it is 
not  recognized  by  NER (46) or  because of inhibition of repair, for instance  by 
damage  recognition  proteins (47). DNA damage  persistence or nonrepaired 
DNA lesions  could  lead  to  a  cytotoxic  signal  being  generated  during DNA  repli- 
cation,  perhaps by stalling of the replication  complex.  Indeed, HMGl has  been 
shown to bind  to  cisplatin  lesions  and  has  been  implicated  in  replication  stalling 
during  in  vitro DNA replication (48). RAD5Zdependent recombinational  by- 
pass  during  replication  would  lead  to  resistance,  whereas  inhibition of this 
process by  MMR  would  lead to  sensitivity. It is known that MMR proteins  can 
inhibit  levels of recombination  in  yeast  and  mammalian  cells (49,50). Therefore 
resistance  may be acquired by loss of  MMR proteins,  reducing  the  probability 
of lethal  signals  being  generated  during  replication by  allowing  increased 
recombination-dependent  bypass  and  cell  survival. 

The experimental  data  discussed  earlier  and  all  three of the  models  discussed 
above  predict  that  MMR is necessary  to  engage  apoptosis  in  response  to  certain 
types of DNA  damage.  However, the signal  pathways  leading  from  MMR  to 
apoptosis are as yet  unclear.  In  MMR-deficient  colon  and  endometrial  tumor 
models,  cisplatin  activates JNK and the c-Ab1 non-receptor  tyrosine  kinase  less 
efficiently  than  MMR-proficient  cells (18). Furthermore,  in  tumor  cell  models 
selected for cisplatin  resistance  in  vitro, loss of  MMR occurs  concomitantly 
with loss of p53  function  and  ability  to  undergo  p53-dependent  apoptosis (9). 
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However,  restoration  of  MMR  activity,  while  restoring  drug  sensitivity, does not 
restore  p53  function (51). Loss  of  MMR  correlates  with  loss  of G2 arrest  in- 
duced  by  certain  drugs (52), although  there is no  evidence  that  the  loss of G2 ar- 
rest  is  functionally  linked  with the loss of  drug-induced  apoptosis. Thus loss of 
MMR  in cells  affects  many  signaling  pathways,  leading  to  important  cellular  re- 
sponses  to DNA damage,  including  apoptosis,  although  the  relative  contribution 
of  any  given  pathway  may  depend on the cell  type  being  examined. 

4. RELEVANCE OF LOSS OF  MMR  FOR  DRUG 
RESISTANCE OF HUMAN TUMORS 

A  MIN+  phenotype  has  been  shown to correlate with  reduced  survival  and 
poor  disease  prognosis  in  breast  cancer (53). Conversely,  MIN+ correlates with 
good  prognosis  in  colon  cancer (54). These differences  may  reflect the differ- 
ent impact  of  a  mutator  phenotype  on  tumor  progression  (in  the case of colon 
cancer)  vs  lack of  MMR on drug sensitivity  (in the case of breast  cancer). 
MIN+  has  been  suggested to occur  in 15-20%  of sporadic  ovarian  tumors,  and 
two  separate  studies  have  raised the possibility that this  may  have  prognostic 
significance,  although  possible  correlations  with  response  to  chemotherapy 
were  not  explored (55,56). We observe  an  increase  in  ovarian  tumors  immuno- 
logically  negative for the hMLHl subunit of the MMR MutLa heterodimer in 
samples  taken  at  second-look  laparotomy after chemotherapy  (36%),  compared 
with  untreated  tumors  (9.5%) (15). Including  recent  unpublished data from our 
laboratory,  we  observe  that 5/50 ovarian  tumors are negative for hMLHl before 
chemotherapy  and 6/15 after  chemotherapy,  which is significantly  different 
0, e 0.01 by  Fisher's  exact test). Together  with the data observed  in cell line 
models (9,14), these  observations  encourage  larger  studies to be done in ovar- 
ian  tumors  correlating M M R  with  response  to  chemotherapy. 

It has  been  shown that tumors  release DNA,  which can be  specifically  de- 
tected  in  plasma  from  patients (57). This provides the possibility of measuring 
genetic  alterations  occurring in tumors  by  taking  a simple blood  sample from 
patients.  Given  that  microsatellite  instability  can be measured by polymerase 
chain  reaction  (PCR)  using  only  small  amounts  of DNA, this opens the excit- 
ing possibility of doing  large-scale  prospective  studies  using  a  noninvasive 
sampling  method to correlate  MIN  status  (and  indeed other genetic changes) 
with  response  to  chemotherapy. 

5. CIRCUMVENTION  OF  DRUG  RESISTANCE 
MEDIATED BY LOSS OF  MMR 

If drug  resistance in ovarian  tumors is occurring due to mechanisms  that 
occur after induction  of DNA damage,  then  approaches  to  circumvent  resis- 
tance  that  focus  on  increasing drug delivery  and  inducing  more  DNA  damage 
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may  not be effective.  Delivering  sufficient  damage  to induce the appropriate 
death  signals is clearly  important. If acquired  resistance,  however, is due to 
mechanisms  abrogating  the  death  response  of the cells to  DNA  damage,  then 
resistance  will  not  be  overcome by strategies  that  increase  intracellular  drug  ac- 
cumulation or levels  of  platinated  DNA  damage. It can,  however, be envisaged 
that platinum  analogs  inducing  different  spectra of  DNA damage  may  be  more 
effective  at  inducing cell death  than  cisplatin  (58,59).  Platinum  analogs  that  in- 
duce apoptosis  by  a  mechanism  that does not require functional MMR  may be 
more  effective in ovarian  tumors  with  defective  MMR. The ideal  would be to 
find  a  drug to which  MMR-defective  tumors are hypersensitive. So far no  such 
agent  has  been  identified,  although it has  been  suggested that the sensitivity  to 
some drugs is not  affected by  MMR status (11). For instance, although  resis- 
tance to cisplatin  and  carboplatin  can  be  mediated by loss of  MMR, the sensi- 
tivity of colon  tumor cells to  the  platinum  analogs  oxaliplatin,  tetraplatin, 
transplatin,  JM335, or JM216  appears  not  to be affected  by  MMR  status (60). 
This needs to be  examined  in  a  wider  variety  of  experimental  models. 

Drugs  that  kill  tumor  cells  by  mechanisms  that  are  p53  independent  may also 
be  effective  in  subsets  of  ovarian  tumor  cells  with  p53  dysfunction.  Indeed,  it  has 
been  shown that taxoids induce apoptosis independently of  p53 (61). 
Furthermore,  ovarian  cell  lines  that  lose  p53  function  induced  by  gene  transfer 
can  acquire  resistance  to  multiple  anticancer  agents,  but  retain  sensitivity  to  taxol 
(62).  Such  transfectants  also  retain  sensitivity  to  camptothecin  and  to  clinically 
usable  analogs  (62,63).  Thus  these  drugs  can  use  a  death-signaling  pathway  that 
utilizes  neither MMR or  p53  and  that is separate  from  cisplatin-induced  death 
pathways.  Taxoids  and  topoisomerase I inhibitors  have  been  reported  to be ef- 
fective in ovarian  tumors  that  recur  after  cisplatin  treatment (64~55). 

Genetic  therapy  approaches  may  provide  a  new  means of targeting  tumors 
with  specific  genetic  defects.  Tumor-specific  expression of suicide gene vec- 
tors  would  be one means  of  killing  tumor cells without  affecting  normal cells 
(66). For  instance, it may be possible  to  design  suicide gene vector  systems  that 
utilize defects in MMR to  deliver  increased  levels of a  suicide gene to tumor 
cells. The ability of MMR-defective cells to tolerate  damage  and  allow DNA 
replication to proceed  could be utilized  to  design  vectors  containing  specific 
types of damage,  such that the suicide gene vector  would replicate and  express 
preferentially  in  MMR-defective  cells,  but  not  normal  cells. An E1B-attenuated 
adenovirus that replicates  preferentially in tumor cells defective  in  p53 (67) has 
preferential  replication  and  prevents  tumor  growth  in  nude  mice of ovarian 
tumor  cells that are cisplatin  resistant,  have  dysfunctional  p53,  and are defec- 
tive  in  MMR (68). 

Inhibitors  of  DNA  repair  have  been  widely  suggested as possible  means of 
sensitizing  resistant  tumors (2~59). Effects of such  inhibitors  on  increasing  sen- 
sitivity of resistant  cell line models  have  been  reported;  however, it should be 
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noted  that  such drugs will  have  pleiotropic  effects  on the cell, including  effects 
on cell cycle progression  and  apoptosis.  Aphidicolin,  an  inhibitor of  DNA poly- 
merase a, 6, and E, has  been  shown  to  inhibit  repair of cisplatin-DNA  adducts 
and  to  potentate the toxicity  of  cisplatin  in  a  human  ovarian  cell line (70). 
Recently we have  been able to  show that this  sensitization is more  marked  in 
ovarian  lines  that are cisplatin  resistant due to loss of  MMR (70a). 

Reversing the loss of  MMR  expression in resistant cells should sensitize tu- 
mors  to  anticancer  drugs  such as cisplatin. We have  recently  shown  that  5-aza- 
cytidine  treatment of cisplatin-resistant  derivatives of ovarian  tumor cells 
resulted  in  decreased  methylation  of the hMLHl promoter,  increased  expres- 
sion of the hMLHl protein,  and  a  corresponding increase in  cisplatin  sensitiv- 
ity (29). Thus  tumors  that  have lost hMLHl expression due to  promoter 
methylation  may be especially  sensitive  to  combined  treatment  with  cisplatin 
and  5-azacytidine. 

6. CONCLUSIONS 
In the last  few  years,  there  has  been  an  explosion  in our understanding  of the 

basic  mechanisms  of MMR  in  human cells and  an  increasing  awareness  of  the 
possible role of  MMR proteins in determining  the  sensitivity of tumor cells to 
a  wide  variety  of  important  chemotherapeutic  drugs. The precise  mechanisms 
through  which loss of  MMR leads  to  drug  resistance  remain  hypothetical.  It is 
also essential  to  evaluate  properly the relevance of  MMR protein  expression  to 
clinical drug  resistance,  both intrinsic and  acquired  resistance. The MIN  status 
of  tumors can be readily  assayed  using  PCR  assays  and  measured  not  only 
from  tumor  biopsies,  but  also  from  serum  samples from patients (57). Such 
noninvasive  means  of  monitoring the molecular  changes in a  tumor  provide the 
exciting  possibility  of  being able to  determine the appropriate  therapy for a 
given  patient  based  on  molecular  genetic  determinants  of  disease  progression. 

Until  recently the main  approach  to  increasing the efficacy of a  given  drug 
and  to  overcoming  resistance  has  been either to synthesize new  analogs or to 
use drugs  that  modulate  the  amount of active  drug  reaching the intracellular 
target.  However,  these  approaches  will  not  overcome cellular biologic  resis- 
tance due to  post-DNA  damage  mechanisms.  As our understanding of the 
mechanisms of cell  death  and  cell cycle arrest  increases,  novel  approaches to 
overcome  resistance  may  become  possible.  Advances in combinatorial  chem- 
istry  and  molecular  approaches  may  allow the identification  of  possible  resis- 
tance  modulation  molecules.  However,  it  has  been  argued  that  one of the 
reasons for the  effectiveness of the clinically  useful  chemotherapeutic drugs 
such as cisplatin is that  certain  tumor  types  undergo  apoptosis  readily  in  re- 
sponse  to DNA damage (71). Resistance  modulators  have  to  sensitize  the  tumor 
cells specifically  without  affecting  normal  cells. If resistance is due to  inhibi- 
tion of apoptosis,  modulators that increase apoptosis in resistant  tumor cells 
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will  have  the  potential  to  maintain the differential of tumor  to  normal  cell  tox- 
icity. This stresses the importance of using  appropriate  well-defined  biologic 
systems for the  identification  of  a  modulator  of  tumor cell resistance. 
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1. INTRODUCTION 
The carrier ligands  of  platinum  anticancer agents appear to play  an  impor- 

tant role in determining  their  efficacy  against  tumors  with  both intrinsic and  ac- 
quired  resistance to cisplatin. Unfortunately,  both  cisplatin  and  carboplatin 
have  cis-diammine carrier ligands,  and  most  cisplatin-resistant  cell  lines  and 
tumors are cross-resistant  to  carboplatin. Thus, there  has  been  considerable  in- 
terest  in the development of platinum  complexes  with  novel carrier ligands as 
a  means of expanding the range of tumors that will  respond to platinum  anti- 
cancer  agents  and  treating  tumors that have  acquired  resistance  to  cisplatin  as 
a  result  of  prior  chemotherapy. The newer  platinum  complexes  oxaliplatin, 
JM216,  and ZD0473  (ZD0473 has  been  formerly  referred  to as JM473 and 
Ah4D473) each  have  different carrier ligands [(truns-R,R)1,2-diaminocyclo- 
hexane for oxaliplatin,  cis-ammine,  cyclohexylamine for JM216,  and  cis- 
ammine,  2-methylpyridine for ZDO4731 than  cisplatin  and  carboplatin.  Each 
of  these  platinum  complexes  appears  to  offer  unique  advantages for chemother- 
apy.  For  example,  oxaliplatin  in  combination  with  fluorouracil  and folinic acid 
appears to  have  efficacy in the treatment of colon  cancer,  which  normally  re- 
sponds  poorly  to  cisplatin-  and  carboplatin-based  chemotherapy (1-3). JM216 
is orally  active  and is effective  in cell lines with  decreased  accumulation of cis- 
platin,  presumably  because of its lipophilicity (4). ZD0473 is designed  to be 
unreactive  with  glutathione  and  is,  therefore,  likely to be effective  in  cell  lines 
with  increased  glutathione  levels (5). However, the driving force for the devel- 
opment of each of these  platinum  complexes is their  potential use in  the  treat- 
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ment of tumors that are resistant to both cisplatin and carboplatin. 
Unfortunately,  although all three  platinum  complexes  offer  promise for the 
treatment of some cisplatin-resistant  tumors, other cisplatin-resistant  tumors 
are cross-resistant to one or more of these  new  drugs.  As  these  and other plat- 
inum  drugs  currently  in  development enter the clinic, it will  become  increas- 
ingly  difficult  to  predict the optimal  platinum-based  chemotherapy for each 
patient.  Therefore, the mechanism(s)  that  determine the carrier ligand  speci- 
ficity of resistance  have  received  a  great deal of attention  in  recent  years. 

2. CARRIER LIGAND  SPECIFICITY OF TUMOR RESPONSE 

2.1. Tolerance of Pt-DNA Adducts 
Major  mechanisms of platinum  resistance  include  decreased  accumulation, 

increased  inactivation by glutathione,  increased  efflux of the platinum  drug or 
the platinum-glutathione  complex,  increased  nucleotide  excision  repair,  and 
decreased  mismatch  repair (6-8). Several of these  mechanisms are discussed in 
other chapters of this  book.  However,  a  number of laboratories  have  shown that 
increased  tolerance of  Pt-DNA adducts (defined  as  an  increase  in the number 
of adducts  required  to  inhibit cell growth) also plays  an  important role in  re- 
sistance (9-12). More importantly,  increased  tolerance of  Pt-DNA  adducts  ap- 
pears  to  play  an  important role in determining the carrier ligand  specificity of 
resistance. 

The carrier ligand  specificity  of  resistance  has  been  most  thoroughly  inves- 
tigated  with  respect to platinum  complexes  with  cis-diammine,  ethylenedi- 
amine  (en),  and  1,2-diaminocyclohexane  (DACH) carrier ligands.  For  example, 
the carrier ligand  specificity of resistance  mechanisms was first  studied  in 
mouse L1210 cell lines  resistant to either cisplatin  and  en-Pt  complexes 
(L1210DDP) or to DACH-Pt  complexes (L1210DACH). These  cell lines were 
characterized  by  decreased drug accumulation,  increased  glutathione  levels,  in- 
creased  repair,  and  increased  tolerance of  Pt-DNA adducts (13). Several  labo- 
ratories  have  demonstrated  a carrier ligand  specificity for platinum drug 
accumulation  in  those cell lines (13-15). However,  this  accounts for only  10% 
of the carrier ligand  specificity of resistance (13). No carrier ligand  specificity 
was  observed  in  those  cell  lines for inactivation of platinum  complexes  by  glu- 
tathione (13), nor  was carrier ligand  specificity  observed for repair of total in- 
trastrand adducts (13), total interstrand crosslinks (16) and interstrand 
crosslinks  in the actively  transcribed DHFR gene (16). However,  an  increased 
tolerance of  Pt-DNA  adducts  was  observed that was  selective for cis- 
diammine-Pt  and  en-Pt adducts in the L1210DDP cell line and for DACH-Pt 
adducts  in the L1210DACH cell line (13). This increased  tolerance of  Pt-DNA 
adducts  appeared  to be the major  determinant of the carrier ligand  specificity 
of  resistance  in  those cell lines (13). 
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Subsequently,  similar  studies  were  performed  in two pairs  of  sensitive  and  cis- 
platin-resistant  human  ovarian  carcinoma  cell  lines  (2008  and  its  cisplatin-resis- 
tant  derivative  C13*  and  A2780  and  its  cisplatin-resistant  derivative A2780DDP) 
and  one  pair  of  sensitive  and  cisplatin-resistant  human  colon  carcinoma  cell  lines 
(HCT8  and  its  cisplatin-resistant  derivative HCT8DDP) (12,17). No  carrier  lig- 
and  specificity  was  observed  for  decreased  accumulation,  increased  efflux,  inacti- 
vation  by  glutathione,  and  increased  repair  activity  in  any  of  the  cisplatin-resistant 
human  carcinoma  cell  lines (12,17). However,  all  three  cisplatin-resistant  cell  lines 
were  significantly  better  able  to  tolerate  cis-diammine-Pt  adducts  than  DACH-Pt 
adducts (12J7). The  carrier  ligand  specificity of resistance  mechanisms  has  been 
less  extensively  studied  for  other  platinum  complexes  such  as  JM216  and 
ZD0473. However,  in  both  cases a  portion  of  their  efficacy  in  cisplatin-resistant 
cell  lines  appears  to  be  due  to  their  ability  to  circumvent  the  increased  tolerance 
of  cis-diammine-Pt  adducts  in  the  cisplatin-resistant  cells (45). 

2.2. Replicative Bypass 
The most  obvious  mechanism for explaining  increased  tolerance of  Pt-DNA 

adducts is an increase in  nucleotide  excision  repair.  However, as described 
above,  nucleotide  excision repair does not appear to  discriminate  between  cis- 
diammine-Pt,  en-Pt,  and  DACH-Pt  adducts (12,13,18,19). Therefore, one needs 
to  consider  other  mechanisms  that  could lead to  increased  tolerance of unre- 
paired  Pt-DNA  adducts.  Postreplication repair is an  important cellular response 
that can lead  to DNA damage  tolerance.  It is best defined  as  replication of dam- 
aged  DNA  without the introduction  of  potentially  lethal  secondary  lesions 
(e.g.,  gaps or discontinuities  in the nascent  DNA) andor repair of those sec- 
ondary  lesions  following  replication (20-22). 

The most  frequent  mechanisms for postreplication  repair  in  mammalian 
cells appear to be translesion  synthesis,  gap filling, and  template  switching  dur- 
ing replication  (Fig.  1) (21,22). Although  recombination  plays  a  major role in 
postreplication  repair  in  bacteria, its contribution to postreplication  repair  in 
mammalian cells appears  to  be  relatively  minor (21). Because the mechanisms 
of postreplication  repair are poorly  defined  in  mammalian  cells, it may  be  in- 
structive  to  consider  what is known  about  postreplication  repair  in  yeast (201, 
especially since Hartwell et al. (23) have  recently  reported that yeast  mutants 
with  defects in postreplication  repair  display  increased  sensitivity  to  cisplatin. 
In  yeast,  the  RAD6 epistasis group,  which is responsible for postreplication  re- 
pair,  can be subdivided into two  processes:  an  error-prone  translesion  synthe- 
sis characterized  by REVI, REV3, and REV7 genes  and  an  error-free  process 
that is thought to involve either template  switching or gap filling and is char- 
acterized by the RADS, RAD9, and RAD18 genes (20). In  yeast  the  error-prone 
translesion  synthesis  appears  to  make  a  modest  contribution  to the tolerance of 
DNA damage  but is responsible for much  of  the  mutagenesis  resulting  from 
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postreplication  repair  of DNA containing  bulky  lesions  (20).  In  contrast, the 
more  complex  error-free  pathway  appears to make  a  more  significant  contribu- 
tion  to  tolerance  of DNA damage  and  essentially no contribution to mutagene- 
sis (20). The relative  contribution of these  pathways  to  DNA  damage  tolerance 
in mammalian cells is unknown.  Although  these  postreplication  repair  path- 
ways  have  been  characterized  primarily  on the basis of response  to  ultraviolet 
(UV) damage,  the data of Hartwell et al.  (23)  suggest  that  they  probably  apply 
to platinum  anticancer  drugs as well. 

The term  postreplication  repair  was  initially  coined  to  describe the process  in 
bacterial  cells  in  which  recombination  following  replication  plays  an  important 
role.  However,  that  terminology  does  not  appear to describe  the  process  accu- 
rately  in  mammalian  cells.  A  great  deal of what  has  been  called  postreplication 
repair  in  mammalian  cells  actually  occurs  during  replication,  rather  than  fol- 
lowing  it.  In  addition,  this  process  does  not  actually  remove  the  primary  lesions 
(e.g.,  the  Pt-DNA  adducts)  from  the  DNA, so it is not  a  repair  pathway  in the 
classical  sense  (21).  For  that  reason the terms  “replicative  bypass” or “bypass 
replication” are often  used  in  a  broad  sense to describe  both the error-prone  and 
error-free  pathways of postreplication  repair in mammalian  cells.  It is in  that 
sense  that we  will  use  the  term  replicative  bypass  in  this  chapter. 

As  discussed  previously,  in  comparing the carrier  ligand  specificity of resis- 
tance  mechanisms,  increased  tolerance  of  Pt-DNA  adducts  was  the  only  resis- 
tance  mechanism  that  consistently  discriminated  between  cis-diammine-Pt  and 
DACH-Pt  adducts  (12,131.  Because  increased  replicative  bypass  (postreplica- 
tion  repair) can lead  to  tolerance of adducts, the specificity of replicative  bypass 
has  been  examined  in  several  of  the  Pt-resistant  cell  lines  described  earlier.  In 
the L1210  cell  lines,  increased  replicative  bypass of en-Pt  adducts  was  observed 
in  the  L1210/DDP  cell line, and  increased  replicative  bypass of  DACH-Pt 
adducts  was  observed  in the L1210DACH cell  line  (24).  In  the  human  ovarian 
carcinoma  cell  lines,  a  4.5-fold  increase  in  bypass  of  cis-diammine-Pt  adducts 
was  observed  in  the  C13*  cell  line  compared  with  2008,  and  a  2.3-fold  increase 
in the A2780DDP cell line compared  with  A2780  (Fig. 2) (17).  This  bypass  ap- 
peared  to  be quite specific for cis-diammine-Pt  DNA  adducts. The C13*  cell 
line showed  only  a  2.1-fold  increase  in  bypass  of  DACH-Pt  adducts  and  no  in- 
crease  in  bypass of W or BPDE  adducts  compared  with the 2008  line  (17).  In 
a  subsequent  study  (25), the A2780/CP, A2780KP70, and  A2780/C30  cell  lines 
have  been  shown  to  have  a 2-6-fold increase  in  bypass of cis-diammine-Pt 
adducts  compared  with A2780, but  no  increase  in  bypass  of DACH-Pt  adducts. 

These  data  suggest  that  replicative  bypass is probably  responsible for much 
of the  carrier  ligand  specificity for tolerance  of  Pt-DNA  adducts  that  had  been  ob- 
served  in  earlier  studies.  Although  these  studies  have  been  performed  in 
detail  only for platinum  complexes  containing the cis-diammine,  en,  and  DACH 
carrier  ligands,  it is likely  that  differences  in  replicative  bypass  explain  a  signifi- 



134 Part I1 / Platinum Biochemistry 

100 
90 
80 
70 
60 
50 

20 

I I I I 

0 10 20 30 40 50 

platinum adductdl d base pairs 

I 
I 

B 

0 

0 

20 " 

10 I I I I 
I 1 I 1 

0 10 20 30  40 50 

platinum adductd105  base pairs 

Fig. 2. Inhibition of chain  elongation  as a function of platinum  adducts/105  base  pairs. 
Inhibition  was  determined  by  sedimentation  profiles  from  steady-state  replication  assays 
(13, and  platinum  adducts  were  determined by atomic  absorption. Values are means f 
SEM (bars)  from  at  least  three  different  experiments. (A) 2008 (0) versus C13* ( 0 ) .  (B) 
A2780 (0) versus A2780DDP ( 0 ) .  (Reproduced  with  permission  from  ref. 17.) 

cant  portion  of  the  carrier  ligand  specificity  of  resistance for other  platinum  com- 
plexes  as  well.  Thus,  it is important  to  understand  the  mechanism(s)  that  impart 
specificity  to  the  replicative  bypass  of R-DNA adducts. It is  obvious  that  the 
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specificity of replicative  bypass  could be determined  by the DNA  polymerases 
and/or  auxiliary  enzymes  responsible  for the bypass of those  lesions.  However, 
recent  studies  have  shown  that  damage  recognition  proteins  that  interfere  with 
bypass  of  Pt-DNA  adducts  may  also  play  an  important  role  in  determining  the 
specificity of replicative  bypass. This has  been  demonstrated  most  clearly  in 
studies  showing  that  mismatch  repair  can  influence  net  replicative  bypass. 

3. SPECIFICITY OF REPLICATIVE BYPASS 

3.1. Mismatch Repair 
As  described  in  Chapter 8, recent  studies  have  demonstrated  that in vitro  se- 

lection of  human  ovarian  carcinoma  cell  lines for cisplatin  resistance  often  re- 
sults  in  loss of  mismatch  repair  activity  (26,27).  In  addition,  mismatch  repair 
defects  due  to  loss of either the hMSH2 or hMSH6  subunits of  the hMutSa 
complex or the hMLH1 or hPMS2  subunits  of  the  hMutL  complex  have  been 
shown to result in increased  cisplatin  resistance  in  cells  with  no  prior  history of 
cisplatin  exposure  (28,29).  Furthermore, the hMutSa complex  and  the  hMSH2 
protein  by  itself  bind  to  cis-diammine-R  adducts  on  the  DNA (30-33). Since  the 
binding  to  cis-diammine-Pt-DNA  adducts  does  not  require  a  sequence  mismatch 
(31), the hMutSa complex can be  considered  to  serve as a  damage  recognition 
protein  complex as well as a  mismatch  recognition  protein  complex. 

This effect of mismatch  repair  activity is quite selective for the carrier lig- 
and of the  platinum  complex.  Whereas  mismatch repair activity  affects  sensi- 
tivity  to  both  cisplatin  and  carboplatin, it does not  affect  sensitivity  to either 
oxaliplatin or JM216  (26,34).  Furthermore, one recent  study  suggests  that  mis- 
match  repair  proteins do not  bind  to  DACH-Pt  adducts (34). The mechanism@) 
responsible for the increased  resistance  to  DNA-damaging  agents  in  mismatch 
repair-defective  cells is not  known.  However, it has  been  postulated  (35)  that 
futile cycles  of  synthesis  past the DNA  lesion,  followed  by  recognition  and re- 
moval  of the newly  synthesized  strand  by  an  active  mismatch  repair  system, 
generate gaps or strand  breaks that induce cell death  (Fig. 3). According  to  this 
“futile cycling”  model, cells could  acquire  resistance to drug  killing  through 
loss of mismatch  repair  activity,  thus  allowing  completion of replication fol- 
lowing  bypass  of  the  lesion. Thus, if this  model  were correct, loss of mismatch 
repair  activity  should be associated  with  increased  net  replicative  bypass  of  Pt- 
DNA  adducts,  and the increased  replicative  bypass  should  display the same 
specificity  as the mismatch  repair  system  appears  to  demonstrate for the  recog- 
nition of  Pt-DNA adducts. 

A  recent  study by  Vaisman et al.  (25)  has  confirmed  these  predictions of the 
“futile cycling”  model. Three sets of  mismatch  repair-proficient  and  -deficient 
cell lines  were  evaluated  with  respect  to the specificity of platinum  resistance 
and  replicative  bypass  (25). The human  colorectal  carcinoma HCTll6 cell line 
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Fig. 3. Futile-cycling  model  for  explaining  the  contribution of mismatch  repair  activity  to 
cisplatin cytotoxicity. DNA replication  past  cisplatin  adducts  results in imperfect  base  pair- 
ing. This  anomaly  is  recognized by the  hMutLlhMutSa  mismatch  repair complex. This re- 
sults in removal of the  newly  synthesized  daughter  strand  while  the  Pt-DNA  adduct in the 
parental  strand  remains  intact.  The  continued  action of these  futile  cycles of translesion 
replication  and  mismatch  repair  results  in  the  formation of gaps  or  strand  breaks,  which 
leads  to  cell  death. A defect in mismatch  repair  would  be  beneficial  to  the  cell,  because 
these  futile  cycles  would  be avoided. (Reproduced with permission  from ref. 25.) 

has  defective hMLHl expression. The HCT116 + chr3 cell line contains a 
transferred  chromosome 3, which  restores hMLHl expression (36). The 
HCTl16MN2 cell line was  selected  from HCTll6 + chr3 for MNNG resis- 
tance and  has lost expression of  hMLH1 from the transferred  chromosome  3 
(36). The DLD-1 cell line has  defective  expression  of  hMSH6,  which is re- 
stored  by the chromosome  2  complement (37). Because the effects  of  hMutSP 
defects on platinum  sensitivity  had  not  been  previously  tested, one cell line 
with  a  defect in hMSH3  was also included in the  study. The HHUA cell line 
has  defective  expression of  both  hMSH3  and  hMSH6. The chromosome 2 com- 
plement of HHUA restores  expression  of  hMSH6,  and  the  chromosome 5 com- 
plement  restores  expression of hMSH3 (38,39). The data obtained  from  these 
cell lines are summarized in Table  1.  Defects in both  hMLH  1  and  hMSH6  re- 
sulted in cisplatin  resistance  and  increased  net  replicative  bypass of cis- 
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Table 1 
Effi of Mismatch  Repair Status on Pt Resistance 

and  Replicative Bypass of Pt-DNA  Adducts 

Fold increase  in 
Fold resistance  replicative  bypass 

Mismatch 
Cell  line  repair  status  CP ox CP ox 
HCTl16+chr3 
HCTll6 

HCT116+chr3 
HCTl16MN2 

HHUA+chrS 
HHUA 

HHUA+chr2 
HHUA 

DLD- 1 + c h 2  
DLD- 1 

WT 1.6  ns 5.5 ns 
-hMLHl 

WT 1.5  ns  3.4  nd 
-hMLHl 

wt/-hMSH6  ns  ns  ns  ns 
-hMSH3/-hMSH6 

wt/-hMSH3 2.4 ns 2.0 ns 
-hMSH3/-hMSH6 

wt 4.8  ns  1.9  nd 
-hMSH6 

”ns, no significant difference; nd,  not done; CP, cisplatin; OX, oxaliplatin. 

diammine-Pt  adducts,  but  had  no  effect on oxaliplatin  resistance or bypass  of 
DACH-Pt  adducts.  In  contrast,  defects  in  hMSH3  had no effect on sensitivity 
to either drug  and  had no effect on the bypass of either adduct. 

These data  support the “futile cycling”  model for explaining the relationship 
between  mismatch  repair  activity  and  sensitivity  to  cisplatin  and  suggest  that 
MutSP  may  not  recognize  Pt-DNA  adducts  with the same aflinity  as MutSa. 
These data  may also help explain some other recent  observations  concerning 
the biologic  consequences of mismatch repair defects.  For  example,  Nehme 
et al. (40) have  reported that the  activation of the JNK  and  c-ab1  signal  trans- 
duction  pathways by cisplatin  requires  an  active  mismatch repair system. The 
mechanism  of this effect is not  presently  known.  However,  according  to the fu- 
tile cycling  model,  an  active  mismatch  repair  system  would  probably  result in 
the formation of persistent  gaps  in the DNA  during  attempts  by the cell to repli- 
cate past  Pt-DNA  adducts.  Such  gaps  could  serve as a  signal for the activation 
of both the JNK  and  c-ab1  signal  transduction  pathways.  In  mismatch  repair  de- 
fective  cell lines, the increased  net  replicative  bypass of  Pt-DNA adducts  would 
result  in  the  formation of fewer  gaps  to  serve as signals for activating  these  and 
other  damage-inducible  pathways. 
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The data of  Vaisman et al. (25) clearly  demonstrate that mismatch  repair  im- 
parts  specificity  to  replicative  bypass of  Pt-DNA adducts. That is, cell  lines 
with  defects  in  the hMutSa or hMutL  components of mismatch  repair  have  in- 
creased  bypass of cis-diammine-Pt-DNA  adducts,  but  not of  DACH-Pt-DNA 
adducts.  However, some cisplatin-resistant  cell lines are not  mismatch  repair 
defective.  For  example,  increased  replicative  bypass that is selective for cis- 
diammine-Pt adducts compared  with  DACH-Pt  adducts  has  been  observed in 
the C13*  human  ovarian  carcinoma cell line (17), and the C13* line does not 
appear to be  defective  in  mismatch repair (26). These data suggest that mech- 
anisms other than  mismatch  repair can also impart  specificity  to  replicative  by- 
pass  in  cisplatin-resistant  cell  lines. Since mismatch  repair  defects are only 
found in 5-15%  of most  human  tumors (41-43), it is essential to understand 
these  other  mechanisms as well. 

3.2. DNA Polymerases 
Because  of  the  complexity  of  replicative  bypass,  the  polymerases  involved 

in replicative  bypass of  Pt-DNA adducts in  human cells are not  known.  Nelson 
et al. (44) have  recently  identified  pol 6, a  heterodimer  of the REV3  and REV7 
gene products, as the polymerase  responsible for error-prone  translesion  syn- 
thesis in yeast. Tho laboratories (45,46) have  subsequently  identified  a  REV3 
homolog  in  human  cells. The hREV3 mRNA does not  appear  to be highly  ex- 
pressed  in  most of the human cancer cell lines  examined  to date (46), but the 
relationship  between  hREV3  mRNA  expression  and  resistance to chemothera- 
peutic  agents  has  not  yet  been  examined.  However,  Gibbs et al. (45) have 
shown  that  expression  of  hREV3  antisense  RNA  in  human cells increases  cy- 
totoxicity  and  decreases  mutagenesis  in  response  to W irradiation. 

Hoffmann et al. (47) have also shown  that  pol p is capable of  displacing  a 
stalled  pol a or pol 6 at the site of a  Pt-DNA adduct and  performing  translesion 
synthesis  in  an  error-prone  manner (48). Thus, pol < and  pol p must  both be 
considered as candidates for error-prone  translesion  synthesis  past  Pt-DNA 
adducts. 

The purified  replicative  enzymes  pol a, pol 6, and  pol E appear to be inca- 
pable of replicating  past  Pt-DNA adducts in  vitro (47,49), even  in the presence 
of  PCNA (47). However,  Torres-Ramos et al. (50) have  recently  used  a  genetic 
approach  to  show that pol 6 is likely  to be involved  in the error-free  pathway of 
replicative  bypass in yeast.  Finally,  Hoffmann et al. (51) have  recently  demon- 
strated  efficient  bypass of  Pt-DNA adducts  in cell extracts  using  a  fork-like 
template. The enzymes  involved  in  this  bypass  have  not  been  characterized,  but 
based on sensitivity to N-ethylmaleimide  and  p21, it was  suggested  that  pol 6 
or pole E may  be  involved. The mechanism of this  bypass  has  also  not  yet  been 
elucidated.  However, the inability of purified  pol a, pol 6, and  pol E to  repli- 
cate past  Pt-DNA adducts on single-stranded  templates  in  vitro  and  the  evi- 
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dence that pol 6 is involved in the error-free  pathway of replicative  bypass  in 
yeast  and  possibly in humans  suggest  that the DNA polymerases  involved in 
normal DNA replication  may  utilize  a  template  switching  mechanism  of 
replicative  bypass. 

Since error-prone  translesion  synthesis  may  be  catalyzed by  pol p, we  have 
used the primer  extension  assay to measure the selectivity  of  bypass  of  a  sin- 
gle Pt-GG  adduct by pol p. At  high  enzyme  concentrations,  the  DACH-Pt  and 
cis-diammine-Pt  adducts  inhibited  translesion  synthesis  by  pol p to  the same 
extent,  whereas the ammine,  cyclohexylamine-Pt  adduct  was  a  much  stronger 
block to chain elongation (Fig. 4). The diethylenetriamine (dien)-Pt 
monoadduct did not  block  chain  elongation  to  any  significant  extent.  However, 
at low  enzyme  concentrations the order of translesion  synthesis  was  dien-Pt > 
DACH-Pt > cis-diammine-Pt > ammine,  cyclohexylamine-Pt  (Vaisman et al., 
Biochemistry,  in  press).  Pol 5 showed the same specificity as low  concentra- 
tions  of  pol p. Thus,  under  physiological  conditions,  pol p and  pol 5 appear  to 
discriminate  between all four adducts  tested. 

3.3. Damage Recognition Proteins 
The mismatch  repair data suggest  that the specificity  of  replicative  bypass 

may also be determined by damage  recognition  proteins  that  bind  to  Pt-DNA 
adducts  and  prevent  replicative  bypass, either by removing the newly  synthe- 
sized DNA (presumably the mechanism of the  mismatch repair complex) or by 
directly  blocking  translesion  synthesis.  As  discussed  in  Chapter 4, a  number  of 
cellular proteins  have  been  shown  to  bind  to  Pt-DNA  adducts  with  high  effi- 
ciency  compared  with  undamaged  DNA (52-63). These  proteins  have  been 
postulated  to increase sensitivity to platinum  compounds  by  blocking  nu- 
cleotide excision  repair of Pt-DNA  adducts (64) may also sequester  those  dam- 
age recognition  proteins that also function as transcription factors and 
preventing  them  from  binding to their  natural  promoter  sequences (56,57). 
However,  Hoffmann et al. (65) have also shown that at least one platinum  dam- 
age recognition  protein, HMGl, is capable of blocking  replication  past  Pt- 
DNA  adducts in vitro. 

Although HMGl has  been  shown  to  bind  to  both  cis-diammine-Pt  and 
DACH-Pt  adducts (66), the relative  affinity  of  this  protein for cis-diammine-Pt, 
DACH-Pt,  and  ammine,  cyclohexylamine-Pt  adducts is not  known  at  present. 
However, there are theoretical  reasons  to  believe that HMGl and other HMG- 
domain  damage  recognition  proteins  may  bind  to  at  least some these  adducts 
with  different  affinities.  Part of the  interaction  of  HMG-domain  proteins  with 
their  target  DNA  involves an insertion of a  portion of their N-terminal  amino 
acid chain into the minor  groove of  DNA,  which is bent in the direction of the 
major  groove (67,68). Both  cis-diammine-Pt  and  DACH-Pt  adducts appear to 
bend the DNA in the direction of the major  groove (69). However,  molecular 
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Fig. 4. Replicative  bypass of platinum-DNA  adducts  by  high  concentrations of pol p. 
(A) The  template  with  a site-specific platinum  adduct  used  in  the  primer extension assay. 
(B) Quantitative  analysis of the time-course  experiments  for  bypass of cis-diammine-Pt, 
DACH-Pt, ammine,  cyclohexylamine-Pt,  and  dien-Pt  adducts  by pol p. The amount of by- 
pass  was  calculated as a  percentage of total  elongated  product. 

modeling data (70) suggest  that  DACH-Pt  adducts alter the conformation of the 
DNA  in  such  a  manner  as to create a  wider  and  shallower  minor  groove  than 
cis-diamine-Pt adducts. These data suggest  that  Pt-DNA  adducts  with  bulky 
carrier ligands  may distort the DNA  to  a  different  extent  than  Pt-DNA adducts 
with  cis-diammine carrier ligands and  that these differences  in  distortion  could 
affect the recognition sites for platinum  damage  recognition  proteins  such as 
HMGl. 

Vaisman et al. (Biochemistry,  in  press)  have  evaluated the ability of HMGl 
to  inhibit  replicative  bypass of cis-diammine-Pt,  DACH-Pt,  and  ammine,  cy- 
clohexylamine-Pt adducts by HIV reverse  transcriptase.  A  forked  DNA  tem- 
plate  very  similar  to one described  by  Hoffmann et al. (51) was  used  because 
it contains the  Pt-DNA  adduct  in  a  double-stranded  region  of  DNA  and  thus 
provides  a  high-affinity  binding site for HMG1.  HIV  reverse  transcriptase  was 
used  because it efficiently  bypasses  Pt-DNA  adducts on a  forked  DNA  tem- 
plate in  vitro (40% bypass of cis-diammine-Pt  adducts in 2 h  at 37" C).  In this 
assay HMGl was  clearly  more  effective  at inhibiting translesion  synthesis  past 
cis-diammine-Pt  adducts  than either DACH-Pt  adducts or ammine,  cyclohexyl- 
amine-Pt  adducts  (Fig. 5). HMGl did not inhibit replication  past  dien-Pt 
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Fig. 5. Effect of HMGl protein  on  replicative  bypass of platinum-DNA  adducts by  HIV-1 
RT. (A) The forked  template  with a site-specific  platinum  adduct  used  in  the  replication 
assay. (B) Quantitative  analysis of the  inhibition of the  replicative  bypass of platinum-DNA 
adducts by Hh4G1 protein.  In  vitro  primer  extension by HIV-I RT was  performed  for 2 h 
following 40 min of incubation of  the  template  with  increasing  amounts of HMGl protein. 
The frequency of translesion  synthesis  was  calculated  as a percent of full-length  DNA 
replicative  product  on  platinated  DNA  compared  with  total  elongated  product.  Replication 
on each  template in the  absence of  HMGl was  assigned to 100%. (Reproduced  from 
Vaisman et al., Biochemistry, in press.) 

monoadducts to a  greater  extent  than for control  (unplatinated)  DNA. These 
data suggest that HMGl can  discriminate  between  Pt-DNA  adducts  with dif- 
ferent carrier ligands  and  that  this  discrimination  results  in  different  degrees of 
inhibition  of  translesion  synthesis  past the corresponding  Pt-DNA  adducts. The 
mechanism of this  effect  has  not  been  determined,  but it is likely  that  binding 
of  platinum  damage  recognition  proteins to Pt-DNA adducts on double- 
stranded DNA acts  as  a  physical  barrier  to  DNA  chain  elongation. If so, these 
data  suggest  a  potential  mechanism for imparting  specificity  to  both  the  error- 
prone  translesion  synthesis  and the error-free  strand  switching  mechanism. 
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HMGl itself  is  a  ubiquitous  protein  and is not  likely  to  be  involved  in  platinum 
resistance.  However,  the  ability  of HMGl to  impart  specificity  to  the  replicative 
bypass of  Pt-DNA  adducts  is  unlikely  to be unique,  since  most of the HMG  do- 
main  proteins  appear  to  interact  with  Pt-DNA  adducts  in  a  similar  manner  as 
HMG1.  Thus,  it is likely  that  other  HMG  domain  proteins  will also prove  to  be  ca- 
pable of imparting  specificity to replicative  bypass of  Pt-DNA adducts. 
Furthermore,  it  is  possible  that  the  specificity  of  other  HMG  domain  proteins for 
binding  to  Pt-DNA  adducts  may be different  from  that of  HMG1.  For  example, 
the  binding of the HMG  domain  transcription  factors  SRY  and  LEF-  1  to  their  nat- 
ural promoter  sequences  has  been  characterized  by  nuclear  magnetic  resonance 
(NMR)  and  molecular  modeling  studies  (67,68).  In  both  cases  the  DNA  was  bent 
in the  direction of the  major  groove.  However,  the  width  of  the  minor  groove  at 
the  site of  SRY binding  was 9.4 A, whereas  the  width  of  the  minor  groove  at  the 
site of LEF-1  binding  was 11 A. Since  the  width of the  minor  groove  appears  to 
be different  for  cis-diammine-Pt  and  DACH-Pt  adducts  (70), it is possible  that 
these  and  other  HMG  domain  proteins  may  differ  in  their  selectivity  for  Pt-DNA 
adducts  with  cis-diammine  and DACH carrier  ligands.  Further  studies  will  be 
needed  to  determine  the  ability  of  the  HMG  domain  proteins  and  other  platinum 
damage  recognition  proteins  to  discriminate  between  platinum  adducts  with  dif- 
ferent  carrier  ligands  and  to  determine  the  biologic  consequences of the  interac- 
tion  of  these  proteins  with  adducts  on  the  DNA.  The  relationship  between 
platinum  damage  recognition  proteins  and  the  response  to  platinum-based 
chemotherapy  is  discussed  in  more  detail  in  Chapter 4. However, it  should  be 
mentioned  that  because  SRY  and  some of the  other  HMG  domain  proteins  display 
tissue-specific  expression,  they  could  be  involved  in  the  intrinsic  differences in the 
response of different  tumor  types  to  platinum-based  chemotherapy. 

In  addition  to the HMG  domain  proteins,  there  are  a  number  of other dam- 
age recognition  proteins that bind  with  high  specificity  to  Pt-DNA  adducts. The 
conformation of the complex formed by the basal transcription factor 
TFIIDA'BP  with its promoter  sequence is similar  to that of the HMG  domain 
transcription  factors (63). However, the TFIIDRBP complex  does  not  appear 
to  discriminate  between  cis-diammine-Pt  and  DACH-Pt  adducts  (71).  Other 
platinum  damage  recognition  proteins  include RPA (59,72), XPA (60),  histone 
H1 (61),  and  human KU autoantigen  (62). The nature  and  specificity of their 
interactions  with  Pt-DNA adducts are  poorly  characterized  at  present. Thus, 
this  appears  to  be  a fertile area for future investigation. 

4. CONCLUSIONS 
As  newer  platinum  complexes  such as oxaliplatin,  JM216,  and ZD0473 

enter the clinic, it will  become  increasingly  important to understand the mech- 
anism(s)  that  lead  to the carrier ligand  specificity of tumor  response  to  plat- 
inum  anticancer agents and  to  develop  assays  capable of predicting  which of 
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these  platinum  drugs is most  likely to be effective in the treatment of individ- 
ual  patients.  Replicative  bypass  (postreplication  repair)  appears to be one 
mechanism of platinum  resistance  that is strongly  dependent on the nature  of 
the carrier ligand.  Furthermore, the mechanism(s)  that  imparts  this carrier lig- 
and  specificity  to  replicative  bypass are becoming  clearer. DNA polymerases 
such as pol p or pol 5 may be responsible for some of the carrier ligand  speci- 
ficity of error-prone  translesion  synthesis.  In  addition,  platinum  damage  recog- 
nition  proteins  such  as HMGl appear to  be  capable of imparting  specificity to 
both  error-prone  translesion  synthesis  and  error-free  replicative  bypass. These 
mechanisms  should  apply  to  both  mismatch  repair-proficient  and  -deficient  tu- 
mors.  Finally, the mismatch  repair  complex  appears  to  represent  an  unique 
mechanism. The mismatch  repair  complex can be  thought  of as a  platinum 
damage  recognition  complex,  but its interaction  with the Pt-DNA  adduct  prob- 
ably  results  in  removal of the newly  synthesized  strand rather than  simply 
forming  a  physical  block  to  chain  elongation. The relative  contributions of 
these  three  mechanisms  to  the carrier ligand  specificity of replicative  bypass  in 
vivo are unknown  at  present.  However,  based  on  current  knowledge, it appears 
likely  that  the  extent  and carrier ligand  specificity of replicative  bypass  may  be 
closely  associated  with  some of the other platinum  resistance  mechanisms 
(e.g.,  mismatch  repair  and  platinum  damage  recognition  proteins)  discussed 
elsewhere in this book. 

As  platinum-based  chemotherapy enters its second 25 years  and  beyond, one 
important  challenge  will  be  to  improve further our understanding of the carrier 
ligand  specificity of tumor  response  and to translate  that  information  effec- 
tively  into the clinic.  Ideally, as our understanding  of the mechanisms  respon- 
sible for the carrier ligand  specificity of the  response  to  platinum drugs 
improves,  it  should  be  possible  to  identify  prognostic  indicators capable of  pre- 
dicting differential  tumor  response to cisplatidcarboplatin, oxaliplatin, JM2 16, 
ZD0473, and future platinum  complexes. Some of the information  obtained  by 
these  and  related  studies is already  being  evaluated  clinically.  For  example, 
mismatch  repair  status is currently  being  evaluated as an  independent  prognos- 
tic  indicator for response to platinum-based  chemotherapy. The data from our 
and  other  laboratories  suggest  that defects in mismatch  repair may predict  bet- 
ter response for oxaliplatin  and  JM216  than for cisplatin  and  carboplatin. The 
identification  of other markers for predicting the carrier ligand  specificity  of 
drug  response  probably  lies further in the  future.  However, in the near  term  this 
remains  an  exciting  and  potentially  significant  area  of  research. 
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1. INTRODUCTION 
Cisplatin is widely  used as a  chemotherapeutic  agent. The molecular  details 

of  how it causes  cells  to die are largely  unknown,  but it is clear that its effec- 
tiveness  varies quite markedly  in  different  tumor  types. Some tumors  such as 
seminoma  are  highly  sensitive,  whereas  others,  such as pancreatic  carcinoma, 
are nearly  completely  resistant  to  tolerated  doses.  A  variety of other tumor 
types, of which  ovarian  cancer  serves  as  a  good  example, are typically  respon- 
sive  initially  but  acquire  resistance  during the course of therapy. Some insight 
into the mechanisms by  which  cisplatin kills cells has  been  .obtained  through 
the identification of factors  that  control  sensitivity  to this drug  and its close 
analog  carboplatin.  Five  biochemical  alterations  have  been  identified  that can 
cause cisplatin  resistance  in  specific  model  systems. These include: (1) de- 
creased  cellular  accumulation of cisplatin; (2) increased  levels of glutathione or 
of glutathione-S-transferase  activity; (3) increased  levels of intracellular  metal- 
lothioneins; (4) enhanced DNA repair;  and (5)  loss of  DNA mismatch repair 
(MMR)  activity (1-5). However, it is likely that several of these  mechanisms 
operate  together  in  most  resistant cells, and  at  present the dominant  mechanism 
accounting for either de novo or clinically  acquired  resistance is unknown. It is 
not  even clear that  there is a single dominant  mechanism  even  within  a  single 
tumor  type. 
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Novel  insights  into the mechanisms  by  which  cisplatin  kills  cells  have  re- 
cently  been  obtained  through  advances  in the field of cell biology.  Elucidation 
of the steps involved in the apoptotic cell  death  pathway,  and  identification  of 
the signal  transduction  pathways  activated  during the cellular injury  response, 
have  made it possible to sketch a crude diagram of some  components of the cel- 
lular machinery  that  must  be  involved.  In  addition, the observation that loss of 
"R causes cells to become resistant to cisplatin  and  carboplatin  has  provided 
molecular  information  on  at least one  pathway  involved  in the cytotoxic  re- 
sponse  that  will  probably  prove  prototypic of other mechanisms. This chapter 
will  review  recent  discoveries  that  have  advanced  understanding  of  how  cis- 
platin  kills cells, with  particular emphasis on the contributions  made  by  stud- 
ies of the  role  of "R in  regulating  cisplatin  sensitivity. 

2. CELLULAR  PHARMACOLOGY 
Cisplatin  in its dichloro form is relatively  stable  and  unreactive  in  high  chlo- 

ride  environments  such as blood  plasma  in  which the chloride concentration is 
>lo0 m M .  The dichloro form enters cells by  mechanisms  that  probably include 
both  mediated  and  passive  diffusion  components (6). In the cytoplasm, the rel- 
atively  low chloride concentration of approximately 4 mM favors  displacement 
of the chlorides by aquation,  yielding a highly  reactive  species  whose ionic 
charge  may  retard exit from the cell. This reactive electrophile can  bind  cova- 
lently to a variety  of  thiols  and  macromolecules.  DNA  appears to be the most 
important,  although  not the exclusive (7), target of cisplatin.  For  example, the 
initial studies of Rosenberg et al. (8,9) showed  that  cisplatin  induced  filamen- 
tous  growth in Escherichia coli while inhibiting cell division,  suggesting  that 
cisplatin  interferes  with DNA replication  without  affecting  normal RNA  and 
protein  synthesis.  Further  evidence for the preeminence of DNA as the most 
important cellular target for cisplatin  comes  from the observation that muta- 
tions  in many  of the genes  whose  products  participate  in the nucleotide  exci- 
sion repair mechanism cause dramatic degrees of hypersensitivity (10). 
Pharmacologic  inhibition of nucleotide excision repair  with fludarabine also 
increases  sensitivity  to  cisplatin (11). 

Cisplatin can form  adducts  with  all  DNA  bases,  but  in  intact  DNA there is 
preferential  binding  to the N7 positions of guanine  and  adenine (12). This may 
be due  to  the  high  nucleophilicity of the  imidazole  ring,  particularly  at the N7 
position (13). The predominant  lesions  produced by cisplatin  and  carboplatin 
DNA are the G-G,  A-G,  and  G-X-G  intrastrand  crosslinks,  and  these  account 
for approximately 60, 15, and  20%  of  the  total  platinum-DNA  adducts,  respec- 
tively (14). These 1,Zintrastrand adducts  produce a local  kinking  and  unwind- 
ing of duplex  DNA,  and  this is thought  to  contribute  importantly to the 
cytotoxic  effect of cisplatin  based  on  the  observation  that the trans isomer 
trans-diamminedichloroplatinum(II), which cannot form 1,2-intrastrand 
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adducts,  exhibits little antitumor  activity. The other, less frequently  observed 
platinum-DNA  adducts  include  monoadducts  and  G-G  interstrand  crosslinks. 
The interstrand  crosslink,  which constitutes less than 5% of the  total  platinum- 
DNA  adducts,  has also been  implicated  in  cisplatin  cytotoxicity as a  result  of 
the obvious  impedance  it  presents  to  DNA  replication  and  transcription 
processes.  Carboplatin  contains  a 1,l-cyclobutanedicarboxylato-leaving group 
and  undergoes  aquation more slowly,  but the structures of the aquated forms of 
cisplatin  and  carboplatin are the same, as are the types of adducts produced in 
DNA. The relative  frequencies of the individual  lesions  observed  in  carbo- 
platin-treated cells are somewhat  different from those of cisplatin. The G-X-G 
intrastrand  adduct is the most  prevalent (40%), followed  by the G-G  (30%)  and 
A-G (15%) intrastrand  adducts,  respectively (15). 

3. SIGNAL  TRANSDUCTION PAWAYS INVOLVED 
IN THE  CISPLATIN-INDUCED  CELLULAR  INJURY  RESPONSE 

The available  evidence is consistent  with the hypothesis  that,  over  the  clini- 
cally  relevant  concentration  range,  cisplatin  kills  most  types  of cells by  acti- 
vating  apoptosis.  In  many  cell  types, exposure to  cytotoxic  concentrations  of 
cisplatin  produce  fragmentation of  DNA into multimers of 180 base  pairs,  con- 
sistent with  internucleosomal  cleavage  of  chromatin  by  an  endonuclease, fol- 
lowed  by loss of membrane  integrity  and cell shrinkage (1617). This  process 
is inhibited  by  cycloheximide,  suggesting that cell death  requires new protein 
synthesis,  which is also characteristic  of  apoptosis.  In  both  sensitive  and  resis- 
tant  cells,  cisplatin  treatment  results in the cleavage of proteins  known  to  be 
substrates for the caspases (18). Further  evidence  that  cisplatin kills via  apop- 
tosis has  emerged from studies of bcl-2  and  bcl-xL,  proteins  whose  expression 
antagonizes this pathway. The overexpression of the bcl-2  and  bcl-xL  proteins 
prevents  apoptosis  in cells treated  with  cisplatin (19,ZO). 

The fact that cisplatin kills via apoptosis implies the existence of specific 
mechanisms for detecting the injury and for signaling the presence of injury 
to the apoptotic machinery  of the cell. Little is known  of the details of  any  of 
the signal transduction  pathways  activated  by cisplatin, but it is possible to 
identify the general nature of some components that must  be  present. The de- 
tector must be able to generate a signal, and there must be a mechanism that 
integrates this signal with those coming from a  variety of cell surface and in- 
tracellular receptors.  For  example, the cytotoxicity  of cisplatin is modulated in 
many types of cells by  activation of the epidermal growth factor (EGF)  recep- 
tor at the cell surface (21) or activation  of the protein kinase C (PKC) recep- 
tor intracellularly (22). The facility with  which cisplatin activates the 
apoptotic cascade also depends on the proliferative status of the cells at the 
time of drug exposure (23). In some types of cells, p53 appears to play  a cen- 
tral role in cisplatin-induced apoptosis (24), but  in others the level of expres- 
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sion of wild-type  p53  has little effect’on sensitivity (25). Increased  levels of 
p53  have  been  demonstrated in several cisplatin-resistant human  ovarian  can- 
cer cell lines (26,27). 

In  addition to the activation  of  apoptosis, the cisplatin  injury  response is ac- 
companied  by changes in a  large  number of other cellular parameters.  Each 
perturbation  develops  with  a  specific  time-course  and  returns  to baseline as the 
cell  population  recovers  exponential  growth.  For  example,  cisplatin  injury  ac- 
tivates  cell  cycle control checkpoints.  At  clinically  relevant  concentrations  this 
is largely  a G2 arrest, although  variable  degrees of S phase  and GI arrest  occur 
at  higher  concentrations. The cytotoxicity of cisplatin correlates more  closely 
with  the arrest of cells in G2 than  with the degree of inhibition of  DNA  syn- 
thesis (28). The G2 arrest is accompanied by the accumulation of inactive, 
phosphorylated p34cdc2 protein.  A  number of agents that  abrogate the G2 
checkpoint  and induce premature  mitosis  have  been  shown  to enhance the cy- 
totoxicity of cisplatin (29). Cisplatin  treatment also increases or decreases the 
level of a  large  number of  mRNAs, some of  which  correspond to known  early 
response  genes  but  most of which are not  yet  identified.  Whether  such  changes 
are required for the activation of apoptosis or simply  occur in parallel is 
unknown. 

4. GENOMIC  INSTABILITY AND DNA MISMATCH REPAIR 
Among the types  of  genetic defects that  can cause genomic  instability, the 

loss of MMR is of particular  interest  both  because it occurs commonly in sev- 
eral types of sporadic  cancers as well as hereditary  nonpolyposis  colon  cancer 
syndrome  (reviewed  in  ref.  30),  and  because it has the potential to predispose 
markedly  to the development  of  drug-resistant  variants  in the tumor cell popu- 
lation (31). A  cell  normally  makes  a  number of mistakes  during the replication 
of  DNA that create mismatched  bases.  Misincorporation of a  base or “slip- 
page” of  DNA polymerase on the template  can create a  short  segment of  mis- 
match. These types of errors are repaired  by the MMR  system,  which is 
homologous to the  mutHLS  system  in  bacteria (32-34). In bacteria  and  yeast, 
a  minimum of 10 proteins  participate in the mutHLS-related  complex  that  re- 
pairs single bases  and  small  loops (35). Of these  proteins,  three are involved  in 
the initiation of excision (36). Thus far, the products  of  at  least  five  human 
genes  have  been  shown to play  a  role  in  MMR  including  hMSH2,  hMSH3, 
hMSH6,  hMLH1,  and  hPMS2.  A  sixth  human  gene,  hPMS1, is also  believed, 
on the basis of genetic  evidence, to be important for MMR,  although  biochem- 
ical  studies  supporting its involvement  in  MMR are not  yet  available (37). The 
first step involves the binding of a  hMSH2-hMSH6 or a  hMSH2-hMSH3  het- 
eroduplex (38,39) to the segment of  DNA containing the mismatched  base. 
This is followed by binding of the hMLH1-hPMS2  heteroduplex (40), cutting 
of the strand  containing the mismatch,  exonuclease-mediated  removal of the 
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segment  between the nick  and the mismatch,  filling in the gap by  DNA poly- 
merase 6, and  ligation  that  renders the strand  whole  again.  Analysis of the mis- 
matched nucleotide-binding specificity of the hMSH2-hMSH3 and 
hMSH2-hMSH6  protein  complexes  showed that they  have  overlapping  but  not 
identical  binding  specificity (39). 

Loss of  MMR results in the appearance of nucleotide  additions or deletions, 
as  well as transitions  and  transversions  in  both  repetitive  and  nonrepetitive se- 
quences  scattered  throughout the genome (31,41). One consequence  of  the loss 
of  MMR  shows  up in DNA sequences called microsatellites (42-44). 
Microsatellites are stretches of  DNA  in  which the same sequence of  two,  three, 
or four bases is repeated  many  times.  Microsatellites  and stretches of  DNA  in 
which a single nucleotide is repeated  many  times appear to cause DNA  poly- 
merase to “slip”  during  replication,  creating a mismatched  base or short loop 
that is normally  recognized  and  repaired  by the MMR system (45). If the MMR 
system is defective,  then the mismatched  bases  persist,  and  during  the  next 
round of  DNA replication generate two daughter  chromosomes  with  different 
numbers  of  mono-,  di-, tri-, or tetranucleotide repeats in allelic sequences, a 
phenomenon  known as microsatellite  instability. 

There is now  good evidence to show that loss of  MMR increases the rate of 
mutation  in  many genes (31,41). The genes at greatest risk appear to be those 
rich  in reiterated short mononucleotide sequences, such as the HPRT and p53 
genes, or microsatellite sequences within or near coding regions  such as the 
BRCAl and c-myc genes (46). In fact, MMR-deficient cells have  high  muta- 
tion rates both in noncoding microsatellite sequences and in the coding se- 
quences of a number  of genes including HPRT (31), APRT (47), APC (48), 
type I1 TGF-J(49), and BAX (50). Loss of  MMR due to mutation of  hMSH2, 
hMLH1,  and  hPMS2 is known  to underlie most cases of  hereditary  nonpoly- 
posis  colon cancer (51-54). Whereas the MMR  system appears to be normal 
in the heterozygote cells containing a single functional gene copy, during car- 
cinogenesis the remaining  wild-type allele is somatically mutated, resulting in 
the complete loss of  MMR function in the tumor (53). The resulting  genomic 
instability probably plays a role in causing the series of genetic changes in- 
volving  inactivation  of the p53 gene and other genetic changes that are re- 
quired to create a fully malignant  colon cancer (55). The mutation rate at 
microsatellite sequences can be extremely  high (31), and  it is increased  100- 
to  1000-fold  at selectable markers  such as the HPRT and  ouabain resistance 
loci (31,56). 

In addition to hereditary  nonpolyposis  colon  cancer, loss of  MMR occurs 
frequently  in  many  types  of sporadic cancers,  including  endometrial,  small  and 
non-small  cell  lung,  pancreatic,  gastric,  ovarian,  cervix,  and  breast  cancer 
(56-61). Mice that are deficient  in either MLH1,  MSH2,  MSH6, or PMS2  have 
microsatellite  instability  in  many  tissues  and a predisposition  to  form  tumors, 
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especially  lymphomas (62-65). This suggests  that loss of  MMR is an  impor- 
tant component of the transformation or progression  process  in  many  kinds  of 
cancer. 

5. DRUG  RESISTANCE DUE  TO LOSS OF DNA 
MISMATCH  REPAIR 

5.1. Resistance to 4-Thioguanine 
In addition  to  being  involved in tumorigenesis, loss of  MMR activity is of 

concern  with  respect  to the use of chemotherapeutic agents to  treat  established 
tumors.  In one example of this, loss of  MMR  may result  in  drug  resistance  di- 
rectly  by  knocking out the ability of the cell to detect adducts  in  its  DNA that 
mimic  base  mismatches.  Loss of  MMR has  been  reported  to cause resistance 
to a variety  of  drugs  that cause lesions in  DNA. It causes  high-level resistance 
to  the  antimetabolite  6-thioguanine (66) and  moderate  levels  of  resistance  to 
the methylating  agents N-methyl-N'-nitro-N-nitrosoguanidine (MNNG; see 
ref. 67). After  incorporation  into  DNA,  6-thioguanine  can be chemically 
methylated  by  S-adenosylmethionine to form S6-methylthioguanine. This 
adduct is not a good  substrate for alkylmethyltransferase  and  therefore  would 
be expected  to  persist in the DNA (68). Particularly  when  preceded by a 5'cy- 
tosine,  S6-methylthioguanine  paired  with  cytosine is recognized  by hMutSa 
(66,69). During DNA replication, 9-methylthioguanine can  pair  with  thymine 
as  well as its normal  partner  cytosine,  and the resultant 9-methylthioguanine- 
thymine  pairs are also identified by the MMR system  as  replication  errors (68). 
The currently  available data support the argument that it is the ability of the 
MMR  system to recognize the abnormalities in the DNA  produced  by the in- 
corporation of 6-thioguanine  and  attempt  repair that triggers  cytotoxicity. 

5.2. DNA Mismatch Repair-Deficient Cell Lines Are 
Resistant to Cisplutin and Carboplutin 

The first indication that MMR  might be a determinant of sensitivity to cis- 
platin was the observation that introduction of mutS or mutL mutations into 
E. coli already  hypersensitive to cisplatin due to the presence of a dum muta- 
tion caused  them  to  become resistant (70). We examined the effect of loss of 
MMR on  sensitivity  to cisplatin and carboplatin using pairs of cell lines that 
were MMR proficient  and deficient due to lesions in  both alleles of either the 
hMSH2,  hMLH1, or PMS2 genes. The human colorectal adenocarcinoma cell 
line HCTll6, which is hMLH1 deficient due to a hemizygous  mutation in 
hMLH1, resulting in a truncated  and  nonfunctional protein, exhibits mi- 
crosatellite instability and does not correct mismatches in cell-free extracts 
(71). In the HCTl16+ch3 subline, the hMLHl deficiency  was  complemented 
by transfer of chromosome 3 containing a wild-type  copy of MLHl into the 
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cell; the H C T l l k h 2  subline into which chromosome 2 had  been  transferred 
served as a control (72). The human endometrial adenocarcinoma cell line 
HEC59 is hMSH2 deficient due to different mutations  in each of the two 
MSH2 alleles.  Similarly,  in the HEC59+ch2 subline, the hMSH2  deficiency 
was  complemented by transfer of a full-length chromosome 2 containing a 
wild-type copy of MSH2 (73). Since neither of these two pairs of cell lines 
was  truly isogenic, additional studies were carried out in cells in  which MSH2 
and PMS2 had  been  molecularly  “knocked  out,” including the isogenic wt-2 
(MSH2+’+) and the double knockout  dMsh2-9 (MSHZ”) embryonic stem cell 
lines (62), and the PMS2+/+  and  PMS2”- mouse embryo fibroblast lines (64). 
In all four cell systems the MMR-deficient cells were  approximately  twofold 
more resistant to cisplatin than the MMR-proficient cells. Likewise,  low-level 
resistance to cisplatin and carboplatin was found for all  MMR-deficient cell 
lines tested (74-76). The fact that loss of  MMR results in resistance to  both 
cisplatin and carboplatin was  not  unexpected, since, although carboplatin con-. 
tains a 1,l-cyclobutanedicarboxylato-leaving group  and  undergoes  aquation 
more slowly, the structures of  the  aquated forms of cisplatin and carboplatin 
are the same as are the types of adducts. In contrast, no difference was  ob- 
served  in either the HCTll6 or HEC59 systems between  MMR-deficient  and 
-proficient cells with respect to  sensitivity  to oxaliplatin (74), a platinum  com- 
pound that forms structurally different types of adducts in DNA. The similar- 
ity  in the degree of resistance between four such disparate types of cells 
suggests a lack of cell line-specific factors that can modulate the impact of 
loss of  MMR. 

The difference  in the sensitivity of the MMR-deficient HCTll6 and  HEC59 
cells was  not  due  to a decrease  in the uptake  of  cisplatin or the  extent of  DNA 
platination.  Likewise,  MMR  deficiency due to loss of  hMLH 1 function  did  not 
change the kinetics of platinum  removal from total cellular DNA (77). Since le- 
sions that alter nucleotide  excision  repair  activity  produce large changes  in the 
kinetics of platinum  removal (78), this  result  suggests  that loss of  MMR does 
not  increase the ability of the nucleotide  excision  repair  system  to  remove 
adducts,  and  that the observed  resistance  to  cisplatin is not due to enhanced  nu- 
cleotide  excision  repair  activity. 

A separate  observation of importance is that  the in vitro  selection of cells for 
resistance  to  cisplatin  yields clones and  populations that have  lost  MMR. The 
human  ovarian  cell line 2008/A (79), selected  from the parental  2008 cells for 
resistance  to  cisplatin,  had  completely lost expression  of  hMLH1 in im- 
munoblots,  and  exhibited the phenotype  typical of  MMR deficiency  including 
microsatellite  instability (80). Likewise,  acquisition of a replication error phe- 
notype as well as defects in  strand-specific  MMR  has  been  reported in other 
cell lines  selected for resistance to cisplatin (81,82). Although  this  could  have 
resulted  from either cisplatin  selection of preexisting  MMR-deficient  cells in 
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the population or de novo cisplatin  mutagenesis of the hMLHl gene followed 
by  enrichment, it provides further evidence  that loss of  MMR results in resis- 
tance to  cisplatin. 

Although one might have expected that loss of  MMR would cause the cells 
to be more sensitive to cisplatin due to the persistence of  DNA damage, loss 
of this repair function paradoxically causes the cell to become more resistant. 
The best explanation for the resistance to cisplatin relates to the fact that this 
agent, as well as most other anticancer drugs, causes cell death by apoptosis. 
Triggering apoptosis requires the cell to be able to recognize the presence of 
the damage in DNA, and it may be lack of detection or lack of attempted 
repair that causes failure to generate an apoptotic signal in  MMR-deficient 
cells. 

5.3. DNA Mismatch Repair Proteins Bind to Cisplatin-DNA Adducts 
The ability of  MMR proteins to recognize  different  types of platinum 

adducts was  examined  with  mobility shift assays using  nuclear  extracts  from 
the human  ovarian  cell line 2008. The formation  of  protein  complexes  on  plati- 
nated  DNA  was  demonstrated  by  gel  mobility shift assay  using a 123-bp 
double-stranded  oligonucleotide  platinated  with either cisplatin or oxaliplatin, 
and the presence of hMSH2  and hMLHl proteins  in the complexes  was  docu- 
mented  by  supershift  using  antibodies  directed  against  hMSH2 or hMLH1. 
When  an  oxaliplatinated  probe  was  used,  different  complexes  were  formed, 
and no supershift  was  produced  by  anti-hMSH2 or anti-hMLH1  antibody,  in- 
dicating that the MMR complex that forms on  cisplatin  adducts does not form 
on  oxaliplatin  adducts (74). This specificity  parallels the fact that loss of  MMR 
resulted  in  resistance  to  cisplatin  but  not  oxaliplatin (74), suggesting that the 
components of the MMR  system  responsible for the difference in sensitivity 
are quite specific  in  their  ability to discriminate  between  different  types of 
closely  related  DNA  adducts.  Likewise,  pure  hMSH2  has  been  reported to bind 
to  platinated DNA  in  mobility shift assays (83). The human MSHZMSH6 het- 
erodimer also binds  to  cisplatin  intrastrand adducts (84) and  has  the  greatest 
affinity for lesions in which a thymine  has  been  misincorporated opposite a 3' 
guanine (85). Both the GG adduct  itself  (simple  adduct),  and  the  lesion con- 
sisting of  an adduct and a misincorporated  base on the  opposite  strand  (com- 
pound  adduct), are recognized  and  possibly  processed  by the MMR  system 
(86). It is not  yet clear how  the  platinum adducts are recognized by the MMR 
proteins. It has  been  demonstrated  biochemically  that  hMSH2  can  bind to a 1,2 
d(GpG)  adduct,  but it is also possible that the MMR system  recognizes 
monoadducts,  monoadducts  modified  by  reaction  with  glutathione, or inter- 
strand adducts as well. It is possible  that  cisplatin  adducts  distort the DNA  in a 
manner  that  mimics the presence  of either a single-base  mismatch or an  inser- 
tioddeletion mispair. 
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The current  paradigm is that  the M M R  system  serves as a  detector  for 
cisplatin-damaged  DNA,  resistance is thought to result  from  failure  of  the  cell  to 
recognize  the  adducts  and  to  activate  signaling  pathways  that  trigger  apoptosis. If 
this paradigm  is  correct,  then  the  detector  must  be  able  to  initiate  activation  of  sig- 
naling  pathways.  Indeed,  recently  it  has  been  reported  that  cisplatin  activates  c-jun 
NH,-terminal  kinase1 (JNKl) by a  p21-activated  kinase  protein  65  and  mitogen- 
activated  protein  kinase  kinase  4-independent  mechanism  more  efficiently  in 
MMR-proficient  than  -deficient  cells,  and  that  cisplatin  activates  c-Ab1  kinase  in 
the "proficient cells,  whereas this response is completely  absent  in MMR- 
deficient  cells (87). This  reveals  that  activation of JNKl and  c-Ab1  by  cisplatin is 
in  part  dependent  on  the  integrity  of  the MMR function,  suggesting  that  these  ki- 
nases  are part of  the  signal  transduction  pathway  activated  when MMR proteins 
recognize  cisplatin  adducts  in  DNA.  Furthermore,  it  has  been  suggested  that  the 
MMR  system is involved  in  promoting  G2  cell  cycle  arrest  and  cell  death  after 
treatment  with MNNG or 6-thioguanine  in  cells  that  are MMR proficient (88,89). 
Recently it has  been  reported  that  MLH1-deficient  human  tumor  cell  lines  fail  to 
engage G2 cell  cycle  arrest  after  cisplatin  damage (90). The link  between  the 
M M R  system  and  G2  arrest  suggests  that  the  MMR  system is involved  not  only  in 
the  repair  of  true  mismatches,  but also in processes  that  limit  the  replication  of 
cells when  DNA  damage is detected.  The  arrest  at  the G2 cell  cycle  checkpoint 
may  permit  the  cell  to  attempt  repair  of  DNA  mismatches  and  prevent  the  repli- 
cation  of  mutated  DNA,  similar  to  the  arrest  at  the GI/S checkpoint  mediated  by 
p53  and  p21  in  response  to  DNA  damage. 

The studies  reviewed  above  support the conclusion that the binding  of 
MLH1-PMS2, MSHZMSH6, or MSHZMSH3 heterodimers  alone is not suf- 
ficient for full detector  function since cells containing  normal  amounts of 
MLHl and  MSH2  but  lacking  PMS2,  and cells containing  normal  amounts  of 
MLHl and  PMS2  but  lacking  MSH2  were still resistant  to  cisplatin. This is 
consistent with  the  hypothesis that the assembly  on the damaged DNA  of at 
least either the MSH2-MSH6 (38,39) or MSHZMSH3 (39,91) heterodimers 
together  with the MLH1-PMS2  heterodimer (40) is required  before  a damage 
signal  can be generated. 

5.4. Treatment with Cisplatin Enriches for DNA Mismatch 
Repair-Deficient Cells In Vitro and In vivo 

Human cells expressing  green  fluorescent  protein, the product of the GFP 
gene, can be readily  identified  by  their  high  level of fluorescence.  Parental 
MMR-deficient HCTl16 cells were  infected  with  a  retrovirus  containing the 
GFP gene driven by a  cytomegalovirus  (CMV)  promoter.  Infected cells were 
selected  with  geneticin,  and the resulting cell population  was  identified  as 
HCTl16-GFP. GFP was  expressed in high  levels in 90-95%  of these cells. The 
HCTll6 and HCTl16-GFP cells were tested  by  clonogenic  assay,  and  no  dif- 
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ference in sensitivity  to  cisplatin  was  found.  A  population  containing 5% 
MMR-deficient  GFP-expressing cells and 95% MMR-proficient HCTl16+ch3 
cells was  prepared  by  mixing  and  subjected  to four cycles of a  1-h  exposure  to 
cisplatin or oxaliplatin  followed  by  a  5-d  recovery  period.  Five  days after a  sin- 
gle 1-h exposure  to  an  inhibitory  concentration of 50% (IC50)  concentration of 
cisplatin, the treated  population  contained  53%  more  MMR-deficient  GFP- 
expressing  cells  than the untreated  population;  after the second,  third,  and 
fourth cycles  there  were 68, 72, and 77% more GFP-expressing cells in the 
treated  population,  respectively.  Enrichment  was  more dramatic when the cells 
were exposed to an  IC90  concentration  of  cisplatin.  After  the fourth cycle of ex- 
posure,  there  were  163%  more  GFP-expressing  cells  in the treated  than in the 
untreated  control  population ( p  < 0.0001,  ANOVA).  In  contrast,  when the cells 
were  treated  with either an  IC50 or IC90  concentration  of  oxaliplatin, there was 
no  progressive  enrichment for the MMR-deficient  GFP-expressing  cells. Thus, 
treatment  with cisplatin, to which the MMR-deficient cells were  2.1-fold  resis- 
tant,  resulted in rapid  enrichment for the resistant cells in the population, 
whereas  treatment  with  oxaliplatin, to which the MMR-deficient cells were  not 
resistant,  produced no enrichment  (92). 

Since the behavior of tumor cell populations  growing  under  different  condi- 
tions of density  can be markedly  different (93), these  studies  were  extended to 
a  Chinese  hamster  ovary  model  that  permits  in  vitro  and  in  vivo  experiments 
with the same cells  (94). The degree  of  enrichment  in vitro was  dependent  on 
the cisplatin  concentration  but  not on the fraction of mismatch  repair-deficient 
cells preexisting  in the tumor  cell  population  (95,96).  When  grown as a 
xenograft in vivo,  a single lethal dose for 10%  of subjects (LD,,) of cisplatin 
enriched  the  tumors  by 48% from  4.6  to  6.8%  repair-deficient cells ( p  = 0.04). 

These  results  provide  further  support  for  the  hypothesis  that  the  presence  of 
even  small  numbers  of  DNA  mismatch  repair-deficient  cells  in  a  tumor  may  ad- 
versely  affect  therapeutic  outcome.  Not  only are such  cells  intrinsically  resistant 
to  cisplatin  and  6-thioguanine,  and  enriched for by  treatment  with  these  agents, 
but  they  also  have  an  increased  rate  of  spontaneous  mutation  to  resistance  to 
other  chemotherapeutic  agents  including  etoposide (31,97). Also, to  the  extent 
that  treatment  enriches  for  these  cells,  one  would  expect an increase in the num- 
ber  of  cells  developing  mutations  in  other  genes  that  cause  tumor  progression 
(98).  What  fraction  of  tumor  cells  must  have  lost  mismatch  repair  before  a  ther- 
apeutically  adverse  outcome  can be detected  is  unknown.  However,  in  experi- 
ments  that  involved  mixtures  of  cells  that  differed  only  in  their  drug  sensitivity, 
and  not also in  their  genomic  stability,  Skipper et al.  (99)  found  that  the  presence 
of  only  1%  resistant  cells  was suffkient to  cause  clinical  failure of treatment. 
These  results  demonstrate  that,  even  though loss of  mismatch  repair  yields  only 
modest  levels of cisplatin  resistance,  even  a  single  exposure  to  cisplatin  produces 
quite  a  marked  enrichment  for  repair-deficient  cells  in  vitro  and  in  vivo. 
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5.5. Effect of L o s s  of DNA Mismatch Repair on Sensitivity In Vivo 
Nude  mice  were  inoculated sc with either the MMR-proficient  wt-2 

(MSH2+/+) or the MMR-deficient  dMsh2-9  (MSH2-'/?  embryonic  stem cells 
(62) and  treated  48  h  after  implantation  with either isotonic  saline or an LDlo 
dose of cisplatin  or  oxaliplatin.  In the control animals the doubling  time  was 
similar for the MSH2+/+  and  MSH2"-  tumors. The LDlo dose of cisplatin  pro- 
duced  a greater response in the MSH2"/"  than in the  MSH2-/-  tumors; the 
MMR-proficient  tumors  shrank  in size over the first 10 days after  treatment, 
reaching  a  nadir  volume  that  averaged  only 13% of their  starting  volume  be- 
fore growth  resumed.  In  contrast, the MMR-deficient  tumors  suffered  a  growth 
delay of  only  4  d  before  resuming  growth. The mean  tumor  volumes  on  d 18 
after tumor  implantation for the MSH2"- tumors  treated  with  cisplatin  were  sta- 
tistically  significantly greater than  those  of the MSH2+'+ tumors (p = 0.0001). 
There was no difference  in either the control (p = 0.86) or the oxaliplatin- 
treated  group (p = 0.87).  Thus, the 2.1-fold  difference in cisplatin  sensitivity 
between the MSH2"'" and MSH2-'- cells  measured  in  vitro  translated  into  a 
marked  difference  in  tumor  responsiveness  in  vivo (92), arguing that this de- 
gree of  resistance is likely to have clinical significance. 

The 'issue of when loss of  MMR occurs during oncogenesis remains con- 
troversial, even for hereditary nonpolyposis colon  cancer,  which represents 
the best defined clinical situation (100). However, once such cells are present 
in the tumor, their genomic instability may result in the accumulation of addi- 
tional mutations that contribute to the phenomenon  of  tumor progression. 
Enrichment of these cells as a result of  chemotherapy  would  be  expected to 
accelerate this  process. Indeed, microsatellite instability,  a  hallmark of the ge- 
nomic instability due to the loss of  MMR (IO]), has  been  reported  to be pre- 
sent in up to 94% of the patients with therapy-related leukemia or 
myelodysplastic syndromes, consistent with drug-induced enrichment for ge- 
netically unstable cells (102). 

5.6. Loss of hMLH1 Expression in Human Ovarian 
Cancers Treated with Cisplutin or Carboplutin 

The observation that loss of  MMR results in  resistance to cisplatin,  and that 
cisplatin  enriches for MMR-deficient cells, has  raised the question of whether 
enrichment for MMR-deficient cells occurs  during the course of  treatment of 
ovarian  cancers  with  standard cisplatin- or carboplatin-containing  chemother- 
apy  regimens.  Microsatellite  instability  has  been  reported in 15-20%  of spo- 
radic ovarian  cancers  at  the  time  of  diagnosis (61,103), and  because  of  limited 
assay  sensitivity it is possible that a  larger fraction contains  at least some 
MMR-deficient  cells. The tools  with  which  to  assess this in  tumor  samples 
from  patients are limited to immunohistochemical staining for the expression 
of the MMR-related  proteins  and  microsatellite  analysis. We (104) and others 
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(105,106) have  suggested  that  immunohistochemistry  could be used to detect 
major defects rapidly  in the expression of  MMR  genes. 

To determine  whether  enrichment for MMR-deficient cells occurs  during the 
treatment  of  human  ovarian  cancer  patients,  paired  tumor  samples  were  ob- 
tained  from 38 patients  before  and  after  treatment  with  a  minimum of three  cy- 
cles of platinum drug-based primary chemotherapy and analyzed 
immunohistochemically for changes  in the fraction of tumor  cells  expressing 
hMHLl (94). Following  treatment  there  was  a  reduction  in hMLHl staining  in 
66% of the cases (p = 0.0005). This  result is consistent  with the concept  that 
treatment  with  cisplatin or carboplatin  selects for preexisting  MMR-deficient 
cells,  and  that  this  contributes  to  the  frequent  development of clinical  resistance. 

6. OVERVIEW 
Loss of "R results  in  cisplatin  resistance  directly  by  impairing  the  ability 

of the  cell  to  detect DNA damage  and  activate  apoptosis,  and  indirectly by  in- 
creasing  the  mutation  rate  throughout  the  genome (107). The MMR  system  rec- 
ognizes  the  damaged  bases or the  mismatch  that  results from attempted 
replication  across  the  damaged  base.  Recognition is followed  by  events,  not  yet 
well  defined,  that  generate  a  signal  capable  of  activating  apoptosis  (Fig.  1). 
Operationally, the MMR  system  is  thus  functioning as a  detector.  The  paradigm 
is that  when this detector is disabled  the  cell  cannot  sense  the  damage  present  in 
its DNA,  the  apoptotic  cascade is not  activated as proficiently,  and  the  cell is phe- 
notypically  drug  resistant. The fact  that  higher  concentrations  of  cisplatin  can  still 
trigger  apoptosis in "deficient cells  suggests  the  existence  of  either  addi- 
tional types of  DNA adduct  detectors, or an  effect of cisplatin on other  non-DNA 
targets  that are also  capable of engaging  the  apoptotic  mechanism. 

Although by the direct route, loss of  MMR results  only in relatively  small 
degrees of resistance  to  cisplatin  and  carboplatin,  several  lines of evidence sug- 
gest  that  this  resistance is nevertheless of substantial biologic  and clinical sig- 
nificance:  (1) this low-level resistance to cisplatin is sufficient to produce 
enrichment for MMR-deficient  tumor cells during  treatment  in  vitro  and  in 
xenografts  in  vivo (92,95,96); (2) MSH2"'+ embryonic  stem cells grown as 
xenografts are responsive to treatment  with  a single LDlo dose of cisplatin, 
whereas  isogenic MSH2"' tumors are not,  suggesting  that the degree of cis- 
platin  resistance  conferred  by loss of  MMR is sufficient  to  produce  a  large  dif- 
ference in biological  responsiveness in  vivo (92); (3) loss of  MMR has  been 
reported in tumor cell lines selected for resistance to cisplatin (80,90); and (4) 
following  treatment there was  a  reduction  in  immunohistochemical  staining of 
hMLHl in 66% of the cases of ovarian cancer examined (95). Likewise, the 
frequency of positive  immunoblot  analysis for hMLH1  protein  in  ovarian  car- 
cinomas  obtained  following  chemotherapy  with  a  cisplatin- or carboplatin- 
containing  regimen  was  shown  to be substantially  lower  than the frequency 
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Fig. 1. Proposed  sequence of events  mediating  the  cytotoxicity  of  carboplatin  and  cisplatin 
via MMR. (A) Formation of the  adduct. (B) Misincorporation of a base  opposite  the  adduct 
at  the next round of replication. (C) Recognition of the  adduct/mispair  by  the  MMR  system. 
@) Attempted  futile repair. (E) Generation of a signal  that  triggers  apoptosis. An intrastrand 
12d(GpG) adduct is depicted by “Pt.’’ (Reproduced  with  permission  from ref. 107.) 

among  tumors  sampled  prior to treatment (90). Therefore, clinical studies  of 
the significance of MMR-deficient  cells  in  tumors  with  respect  to the rate of 
development  of  platinum drug resistance are now  urgently  needed. 
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1. INTRODUCTION 
Malignant  disease is a  major cause of mortality,  killing  approximately 25% 

of individuals in the Western  world. The most  common  cancers are those orig- 
inating in the lung,  breast,  colon,  and  rectum ( I ) .  Improvements in curability 
and  survival are dependent on advances  in  early  detection,  surgery,  radiother- 
apy,  and  chemotherapy,  but once widespread  metastatic disease has  become  es- 
tablished  chemotherapy is a central component of management. The era of 
chemotherapy  commenced  in the late 1940s and 1950s with the clinical intro- 
duction of the classical  alkylating agents (e.g.,  nitrogen  mustard,  cyclophos- 
phamide and melphalan), and antimetabolites [e.g., methotrexate and 
5-fluorouracil (5-FU)], with  a  marked  improvement  in the treatment of lym- 
phomas  and  leukemias. The next  major  advance  was the appearance of cis- 
platin  in 1972. Over the last 25 years the use of cisplatin  and its less toxic 
analog carboplatin  has  influenced the chemotherapeutic  management of many 
common  solid  tumors. As a  result,  metastatic  germ  cell  tumors are now curable 
(Fig. l), and the outlook for patients  with  ovarian  cancer  and  certain  childhood 
tumors  has  improved  significantly.  However, less impact  has  been  made on 
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other numerically  more  important  tumors. This chapter  discusses the clinical 
use of cisplatin  and  carboplatin,  their  toxicities,  and  their  effects on different 
tumor  types. 

2. CISPLATIN  TO CARBOPLATIN: 
A CHANGING  TOXICITY PROFILE 

The optimum  use of cisplatin  was  at  first  hindered  by  dose-limiting  nephro- 
toxicity.  This  was  later  minimized  by  hydration  before  and  after,  with or with- 
out  mannitol,  but  even  with  standard  doses the glomerular  filtration rate (GFR) 
can  decrease by 25% or more,  a  deterioration  that may  not be reversible  and  that 
may  lead  to  an  increased  risk  of  hypertension. The need for rigorous  hydration 
often  restricts the use of cisplatin  to  in-patients.  Cisplatin  also  causes  a  cumula- 
tive  peripheral  neuropathy,  which  although  mainly  sensory  in  nature  can  lead  to 
motor  impairment,  presumably  due to proprioceptive  loss.  Ototoxicity,  in the 
form of tinnitus or high  tone  hearing  loss  as  a  result  of  destruction of the hair 
cells of the  cochlea, is an  additional  problem.  Persistent  hypomagnesemia  and 
hypocalcemia  also  occur  and are more  common  in  children.  Other side effects 
remain  troublesome,  particularly  severe  nausea  and  vomiting,  although  their  in- 
cidence  and  severity  has  been  much  reduced  by the introduction of the 5- 
hydroxytriptamine3 (5-HT3) antagonists  such  as  ondansetron. The relatively 
mild  nature of the  myelosuppression of cisplatin  given  at  conventional  doses is 
an  advantage.  In  children,  who are often  cured  with  cisplatin-containing  regi- 
mens,  hearing  and  renal  impairment  can be a  significant  lifelong  burden. 

Soon  after  the  introduction of cisplatin, the search  was  on for second- 
generation  platinum  derivatives  with  a  more  acceptable  toxicity  profile,  and in 
1988 carboplatin  became  routinely  available.  In  cisplatin,  a  central  platinum 
atom is surrounded  by  two  chloride  atoms  and  two  ammonia  molecules;  in  car- 
boplatin  the  two  chloride  atoms are replaced by the 1,l-cyclobutanedicarboxy- 
late moiety. To be effective,  cisplatin  must be activated  by  hydrolysis  and loss 
of the  chlorine  atoms  to  produce  a  positive  ion,  which is highly  electrophilic  and 
capable of interacting  with DNA. In  carboplatin, the platinum  atom is located  in 
a  six-membered  ring,  resulting in a  lower  rate  of  activation.  Differences  in the 
rate of  activation  lead  to  differences  in  toxicity; the more  reactive  cisplatin is 
more  toxic  than  the  less  reactive  carboplatin.  Therefore, for clinical  purposes, 
there is a  window  of  reactivity for platinum  complexes,  currently  represented by 
cisplatin  and  carboplatin. A compound  more  reactive  than  cisplatin  will  be  un- 
duly  toxic;  one  less  reactive  than  carboplatin  would  probably  require  such  a 
high-dose  that its use  would be prevented  by  pharmaceutical  considerations. 

Carboplatin is associated  with  little or no  renal  toxicity so there is no  need for 
hydration,  facilitating  its  use  in  the  out-patient  setting.  Peripheral  neurotoxicity 
is rare,  and  nausea  and  vomiting are reduced  compared  with  cisplatin. The inci- 
dence of hearing  loss  and  tinnitus  is  lower  than  with  cisplatin,  although  younger 
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children,  those  with  brain  tumors,  and  those  who  have  received  cranial  irradia- 
tion  are  more  susceptible  than  other  individuals.  Ototoxicity in children  has 
been  reported to be moderate for 56% of patients  receiving  cisplatin  and  severe 
for 25%; among  those  receiving  carboplatin,  moderate  and  severe  ototoxicity 
develop in 13% and 3%, respectively (2). Carboplatin  causes  less  hypomagne- 
semia  and  hypocalcemia  than  cisplatin,  but  more  myelosuppression,  particularly 
thrombocytopenia,  which is dose  limiting  and  usually  manifests  about 14 d  after 
treatment.  More  severe  thrombocytopenia  and  granulocytopenia  occur  in  pa- 
tients  with  a  diminished  GFR.  Both  cisplatin  and  carboplatin  can cause allergic 
reactions,  most  often  in  the  form of facial  flushing,  erythema,  and  pruritus. 
These  usually  occur  during  a  rechallenge  with  platinum  compounds,  sometimes 
years  after  the  initial  exposure.  Fertility  after  cisplatin or carboplatin  adminis- 
tration  has  mainly  been  studied  following the treatment of testicular  cancers.  At 
cumulative  doses  of  more  than 400 mg/m2  cisplatin,  irreversible  impairment of 
gonadal  function is likely.  There is a  significantly  higher  chance of recovery for 
carboplatin-treated  patients,  compared  with  those  who  receive  cisplatin. 

In clinical practice,  peripheral  neuropathy,  ototoxicity,  and  renal  impairment 
are usually  reversible  up  to  a  certain  point,  and  dosages are therefore  modified 
if changes develop  in baseline GFRs, or audiograms, or if there is progressive 
clinical peripheral  neuropathy.  Experience  with  cisplatin  has  defined the tumor 
types  most  appropriate for platinum  therapy,  and  carboplatin  has  tended to es- 
tablish  itself as a substitute for cisplatin,  usually  as a result  of  a  more  favorable 
toxicity  profile. 

3. THE IMPORTANCE OF  PHARMACOKINETICS 
Carboplatin is less protein  bound  than  cisplatin  and is primarily  eliminated 

by  renal  excretion,  entirely  through  glomerular  filtration. The maximum  con- 
centration of free drug  in the plasma (C,,,), clearance of free drug,  and  the 
area under the free drug plasma  concentration-time curve (AUC) are important 
pharmacokinetic  parameters of carboplatin  and  cisplatin. The AUC  of carbo- 
platin  permits the prediction  of  thrombocytopenia,  although the exact  relation- 
ship alters  with  successive  cycles  on  account of cumulative  bone  marrow 
toxicity.  Calculating doses to produce  moderate  to  severe  myelosuppression 
aids dose  optimization. The simpler pharmacokinetics  of  carboplatin  permitted 
Calvert et al. (3) to derive  a relationship among  dose, AUC, and  GFR  (Eq. [ 11, 
the  Calvert  formula),  showing that the dose of carboplatin  can  be  optimally  and 
individually  determined  from  the  GFR. 

dose of carboplatin (mg) = target AUC (GFR + 25). [ 11 

Further  evidence of this  principle is provided  by  retrospective  studies.  Jodrell 
et al. (4) compared the Calvert-derived  AUC for the  initial  cycle of single-agent 
carboplatin  and  subsequent  myelosuppression  in 450 untreated  and 578 previ- 
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ously  treated  patients  with  ovarian  cancer.  There  was  a  significant  correlation 
between  calculated AUC  and thrombocytopenia  and  leukopenia.  Once AUC  was 
accounted  for, the only  other  pretreatment  factors  affecting  toxicity  were  per- 
formance  status  and  pretreatment  with  other  cytotoxic  agents. There was  also  a 
relationship  between  calculated AUC  and antitumor  response  rate,  although the 
response  rate  tended  to  reach  a  plateau  at  AUCs  exceeding  about 5 mg/mL X min. 
A  similar  relationship  exists  within the pediatric  population,  and  the GFR has 
also  been  used  to  estimate  the  dose of carboplatin  necessary  to  obtain  an AUC 
of 4-6 for children  with  malignant  germ  cell  tumors (5). 

The dose of carboplatin  can  therefore  be  considered in terms of the AUC, 
which is a  measure of carboplatin  exposure. The introduction of the AUC as a 
dosing  unit  was  a  novel  concept,  an  improvement on dosing  by surface area,  al- 
lowing  the  reduction of  toxicity. The determination of carboplatin  doses  using 
AUC methods  has now been  almost  universally  accepted.  Ideally  the GFR, un- 
corrected for surface  area, is determined  using  "Cr-labeled  ethylenediamine 
tetraacetic  acid  (EDTA)  clearance.  However other methods of estimating GFR, 
such  as the Cockcroft  and  Gault formula (Eq. [2]) (6), or 24-h creatinine clear- 
ance  assessments  (Eq.  [3]) can also be used,  but are less accurate when  dealing 
with  individuals  with  very  low or very  high GFRs. 

GFR = C (140 - A) W/P 121 
where C = constant  (1.23 in  males  and  1.05 in females), A = age  (years), 
W = weight  (kg),  and P = serum creatinine (pM/L). 

GFR = UV/P r31 
where V = volume of urine  produced  in 24 h, U = concentration of creatinine 
in  urine,  and P = serum  creatinine. 

In  early  work  with  carboplatin, 400 mg/m2  was  regarded as the  standard  dose, 
based  on  surface  area.  With  the  development  of  AUC-derived  dosing,  an  AUC 
of 7 repeated  once  every  4  weeks is now  common  practice  when  carboplatin is 
administered  as  a  single  agent,  and  an AUC  of 5 is used in combination  regi- 
mens.  AUCs  of 4-6 are usually  employed in patients  who  have  been  moderately 
or heavily  pretreated, or when  a  3-weekly  regimen is given. The standard  dose 
of cisplatin  as  a  single  agent is 75 or 100 mg/m2  given  every  3  weeks. 

The use of infusional  therapy  has  increased  steadily since 1983,  as it has  be- 
come evident that continuous exposure of  tissues  to  chemotherapeutic  agents 
leads  to  altered  properties. Most work  has  been  performed  with 5-W, but  both 
cisplatin  and  carboplatin  have  been  administered  by  prolonged  continuous  in- 
travenous  infusion.  However  an  improvement in the therapeutic  index  has  usu- 
ally  not  been  observed,  and  dose-limiting  toxicities are not  changed. Smit et al. 
(7) gave  a  21-d  infusion  of  carboplatin  with  a  maximum  tolerated dose of 
30 mg/m2/d,  and 6 weeks  between  treatments. The major  toxicities  were 
myelosuppression  and  decreased GFRs. 
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4. THE  USE  OF  CISPLATIN 
AND CARBOPLATIN IN DIFFERENT TUMOR TYPES 

4.1. Germ Cell Tumors 
4.1.1. TERATOMA 

Before  1975,  teratoma  patients  with  bulky  abdominal  lymphadenopathy or ad- 
vanced  metastatic  disease  were  rarely  cured.  Einhorn  and  Donohue (8) were  the 
first  to  use  cisplatin, in combination  with  vinblastine  and  bleomycin  (PVB),  in 
malignant  teratoma,  with  astounding  success.  The  routine  use of cisplatin-based 
combination  regimens,  frequently  BEP  (Table I), now  commonly  leads  to  a  cure. 

In assessing the activity of treatment  regimens, the terms complete response 
and  partial  response are used.  A complete response  (CR) is defined  as  the  com- 
plete disappearance of all  objective  evidence of disease (physical or radio- 
logic),  lasting at least 1  month.  A  partial  response  (PR) is defined as a  decrease 
in the sum of the product  of  perpendicular  diameters of measurable  lesions of 
at least 50%, lasting at least 1 month.  Duration of response  and  survival are 
other important indicators of  activity. 

The Medical  Research  Council  (MRC)  and the European  Organisation for 
Research  and  Treatment of Cancer (EORTC)  have  investigated the use of car- 
boplatin,  etoposide,  and  bleomycin  in  good-prognosis  teratoma  patients (9). In 
all, 598 patients  were  randomized  to  receive four cycles of BEP  or  CEB  (car- 
boplatin AUC 5 in place of the cisplatin);  94.4% of patients  treated  with BEP 
had  a  complete  response  compared  with 87.3% in the carboplatin arm ( p  = 
0.009).  More  treatment failures were  seen in the carboplatin-treated  patients, 
and it was  concluded that combination  chemotherapy  based  on  carboplatin  was 
inferior  to that based on cisplatin.  Interestingly,  a  study of a  group of patients 
treated  with  this  regimen  showed  a  very strong correlation  between  relapse rate 
and retrospectively  calculated  AUC,  with  virtually  all the relapses  occurring in 
patients  who  had  received  an AUC  of less than 5, suggesting  that  inadequate 
carboplatin  dosage  may  be  an  important  factor  in  these  trials (10). Bleomycin 
can cause problems  with  lung  toxicity  and  the  cisplatin  plus  etoposide  (EP) 
combination  has also been  investigated.  A  randomized  study  comparing EP 
with etoposide plus  carboplatin  (EC)  has  also  favored the cisplatin  combina- 
tion,  although  carboplatin doses were  based  on surface area (11). Event-free 
and  relapse-free  survival  were  inferior for patients  given  EC,  and  myelosup- 
pression  was  more  severe,  possibly  because  many  patients  receiving  carbo- 
platin  had  a  calculated AUC greater than 5. 

4.1.2. SEMINOMA 
Combination  regimens  containing cisplatin are also very  effective  against 

metastatic  seminoma (12), although  the  high  radiosensitivity of this condition 
and  frequent  solitary  regional  spread  has  resulted  in less experience  with  plat- 
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Table 1 
EEamples of Common  Treatment  Regimens  Containing 

Cisplatin or Carboplatin 

Malignancy Regimen 

Teratoma  and  seminoma BEP 
Bleomycin  30  U  d  2 
Etoposide  120  mg/m2  d 1-3 
Cisplatin 50 mg/m2  d 1-2 
Every 3 weeks,  for 4 cycles 

Ovarian  carcinoma 

SCLC 

NSCLC 

Cisplatin  75  mg/m2  d 1 
+ Taxol  135  mg/m2  d 1 
or 
Carboplatin  AUC 5 d 1 
+ Taxol  175  mg/m2  d 1 
Every 3 weeks,  for 6 cycles 

Carboplatin  AUC 5 d 1 
+ Etoposide 100 mg/m2  d 1-3 
Every 3 weeks,  for 6 cycles 

Mitomycin  C 6 mg/m2  d 1 
Ifosfamide 3 g/m2  d  1 
Cisplatin 50 mg/m2  d 1 
Every 3 weeks,  for 4-6 cycles 

Cisplatin  100  mg/m2  d 1 
5-FU infusion  1000  mg/m2/d,  d 1 4  
Every  3  weeks,  for 6 cycles 

MIC 

Head  and  neck  cancer 

Transitional  cell  carcinoma MVAC 
of the  bladderhrinary  tract  Methotrexate 30 mg/m2  d  1 , 15,  and  22 

Vinblastine  3  mg/m2  d  2,  15,  and  22 
Adriamycin 30 mg/m2  d 2 
Cisplatin 70 mg/m2  d  2 
Every 4 weeks,  for 4-6 cycles 

Bleomycin  30  m  d 1 
Ifosfamide 5 g/m  d  2 
Cisplatin 50 mg/m2  d  2 
Every 3 weeks,  for 4-6 cycles 

Epirubicin 50 mg/m2 
Cisplatin 60 mg/m2 
5-FU 200  mg/m2/d  by  continuous  infusion 
Every 3 weeks,  for 6-8 cycles 

Cervical  carcinoma BJP 

9 

Gastric  carcinoma ECF 
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inum-based  treatment  than in teratoma.  However,  with  large-volume  retroperi- 
toneal disease, radiotherapy can lead  to  a  higher  recurrence rate and  an  in- 
creased  risk of renal  damage.  Platinum-based  combination  chemotherapy is 
now  used  in  patients  with  abdominal  masses  more  than 5 cm in  diameter, 
supradiaphragmatic  node  metastases, or extranodal  metastases.  A  variety of 
cisplatin-based  combinations,  e.g., BEP,  EP, and  PVB,  have  a  high  success  rate, 
with  70-90%  of patients  achieving  prolonged  progression-free  survival. There 
is as  yet  no  evidence to suggest  that  carboplatin is inferior  to  cisplatin in the 
treatment  of  seminoma,  unlike the situation  in  teratoma. The substitution of 
carboplatin is of  major  importance  since the cure rate is high, the treated  pop- 
ulation is young,  and the severity of some side effects is worsened  by  their 
chronicity, the full  effect of which  has  yet  to be expressed.  Single-agent  carbo- 
platin is also  effective in the adjuvant  treatment of stage I seminoma.  Oliver 
et al. (13) treated 78 patients  with one or two cycles of carboplatin  and  experi- 
enced  only  one relapse after  a  median  follow-up of 44 months;  and the MRC 
is currently  comparing  adjuvant  carboplatin  with  radiotherapy  in  a  Phase I11 
trial. 

4.2. Ovarian cancer 
There has  been  a  significant  increase  in the 5-year  survival rate from  ovar- 

ian  cancer  over the last 25 years,  and the introduction of cisplatin  in  advanced 
disease  has  been  a  contributory  factor.  Despite this improvement,  however, 
most  patients  with  advanced epithelial ovarian  cancer still die of their disease; 
the 5-year  survival rate for patients  with  stage 111 disease remains  between 15 
and  30%,  and  fewer  than 5% of  patients  with stage IV disease live for 5 years. 
A metaanalysis  of  8139  patients in 45 trials, performed  by the Advanced 
Ovarian  Cancer  Trialists  Group,  investigated the effectiveness of platinum 
compounds  as single agents or as  components of combination  chemotherapy  in 
advanced disease (14). Although firm conclusions  concerning the most  effec- 
tive forms of treatment for advanced  ovarian  cancer  were  not  reached, the re- 
sults suggested that in terms of survival,  immediate  platinum-based  treatment 
was  superior  to  nonplatinum  regimens,  platinum in combination  was  better 
than  single-agent  platinum  when  used in the same dose,  and  cisplatin  and  car- 
boplatin  were  equally  effective.  Platinum-based  therapy is now regarded as 
standard  treatment  and is also used in the adjuvant  setting. 

To improve  survival,  studies of the effect of platinum  dose  intensity  have 
been  conducted  in  advanced  ovarian  cancer.  In  vitro  studies  suggest that a 10- 
fold increase in dose is required  to  influence  response  and  survival (15). Dose- 
response  relationships  have  usually  been  demonstrated  in  randomized trials 
(16,17), although  their  overall  significance  remains in some doubt.  Kaye et al. 
(16) investigated  six  cycles of cyclophosphamide 750 mg/m2  with  either  high- 
dose (100 mg/m2) or low-dose (50 mg/m2)  cisplatin.  Survival  benefit  was  evi- 
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dent  after 2 years for the high-dose arm, but after 4 years  of  follow-up the dif- 
ference was  much  less  marked,  whereas  neurotoxicity  was  more  persistent  after 
higher  cisplatin  doses.  A  survival  advantage for an intense high-dose  regimen 
(1 20 mg/m2  vs 60 mg/m2,  every 3-4 weeks)  was also observed  in  a  smaller  ran- 
domized trial (18). In  contrast,  McGuire et al. (19) compared eight doses of cis- 
platin 50 mg/m2  plus  cyclophosphamide 500 mg/m2  with four doses  of 
cisplatin 100 mg/m2  plus  cyclophosphamide 1000 mg/m2, (the same total dose 
of  both  drugs),  with  no  significant  difference in response or survival.  Perhaps 
the total dose of  cisplatin  given  over  18-24  weeks is more  important for sur- 
vival  than the average  weekly  cisplatin dose intensity. 

Retrospectively  calculated  increases  in  carboplatin AUC values are associ- 
ated  with  significant  improvements in overall  objective  response  rates (4). 
Calvert et al. (20) determined the maximum  tolerated AUC  of carboplatin  given 
every  2  weeks for 4 courses.  Recombinant  human  granulocyte  colony- 
stimulating  factor  was  used  to  support the leukocyte  count,  and  platelet  trans- 
fusions  were  given as necessary.  They  demonstrated that the AUC intensity of 
carboplatin  administration  can be approximately  doubled  compared  with  stan- 
dard  treatment  (400  mg/m2  every 4 weeks or AUC 7 every  4  weeks)  with  an 
acceptable  level of  toxicity.  However, the incidence of thrombocytopenia,  very 
low  up  to  an  AUC  of 7 every 2 weeks,  increased  abruptly for higher  AUCs. It 
was  suggested that a further increase in AUC might  be  possible by using  a  more 
effective  method  of  platelet  support.  A  prospective  investigation  using  an AUC 
of 12 every 4 weeks  compared  with  an AUC  of 6  every  4  weeks (21) showed 
that  there  was little difference  in  disease-free or overall  survival  although the 
administered dose intensity of the high-dose arm was  only 30% higher  than 
that  of the control arm, owing  to  toxicity  causing  dose  delays.  A further study 
compared  an  AUC  of  4  with  an  AUC  of  8  in 222 patients  and  did  not  demon- 
strate any  difference  in the outcome  between the two  groups (22). 

Prior  response to cisplatin  therapy  influences  the  likelihood of a  secondary 
response  to  carboplatin. Studies suggest  significant  cross-resistance  between 
cisplatin  and  carboplatin in patients  with  ovarian  cancer  and  response  rates of 
less than 5% in  disease  resistant  to  cisplatin. Gore et al. (23) studied 54 patients 
following  remission  with  cisplatin or carboplatin.  On relapse they  were  given 
the same agent or the alternative  platinum  compound; no differences in re- 
sponse rate or survival  were  observed.  However, the progression-free  interval 
dictated  response  to  second-line  treatment. If relapse  occurred  less  than 18 
months  after initial treatment,  the  response rate was 17%, compared  with 53% 
if relapse  occurred  later,  when  a  doubling of  median  survival  following  second- 
line therapy  was  also  observed. 

Combination  regimens  containing  cisplatin  in  advanced disease are associ- 
ated  with  overall  responses of  60-80%  and CRs of around 50%. Cisplatin  with 
cyclophosphamide was initially the standard combination treatment for 
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advanced  ovarian  cancer,  but  comparative studies of cisplatin 100 mg/m2 + cy- 
clophosphamide 600 mg/m2 (24) or cisplatin 75 mg/m2 + cyclophosphamide 
600 mg/m2 (25) vs  carboplatin 300 mg/m2 + cyclophosphamide 600 mg/m2 
have  shown  that the combination of carboplatin  and  cyclophosphamide is 
equivalent. The importance of not climbing the shoulder of the dose-response 
curve is seen  in the results of a  clinical  trial  comparing  carboplatin  plus  cy- 
clophosphamide  with  cisplatin plus cyclophosphamide in previously  untreated 
patients  with  primarily  suboptimal stage I11 or IV ovarian  cancer (26). Using  a 
low  carboplatin dose of 150 mg/m2  every  3  weeks,  carboplatin  plus  cy- 
clophosphamide  was  associated  with  a  lower  progression-free  interval  and de- 
creased  survival  compared  with  cisplatin  plus  cyclophosphamide. The second 
International  Collaborative  Ovarian  Neoplasm  study  (ICON  2)  compared  cy- 
clophosphamide (500 mg/m2)  plus  Adriamycin (50 mg/m2)  plus  cisplatin (50 
mg/m2)  (CAP)  with  single-agent  carboplatin  (AUC 5) in 1526 patients  with 
previously  untreated  ovarian  cancer (27). The results  showed  a  median  survival 
of 33 months  and  a  2-year  survival of 60% for both  groups. There was  no  evi- 
dence  that CAP or carboplatin  were more or less effective  in  different  sub- 
groups  defined by age, stage, residual  disease,  differentiation,  histology, or 
center. CAP was more toxic,  causing  more  alopecia,  leukopenia,  and  nausea 
but  less  thrombocytopenia. These results  suggested that there  was  no  advantage 
of CAP compared  with  single-agent  carboplatin. 

In  contrast to combinations of platinum drugs with  anthracyclines  or  alky- 
lating  agents, trials examining  combinations  with  paclitaxel  have  been  more 
consistent  in  demonstrating  an  improvement  in  outcome. A randomized  com- 
parison of cisplatin 75 mg/m2  plus  cyclophosphamide 600 mg/m2  compared 
with  cisplatin 75 mg/m2  plus  paclitaxel  135  mg/m2  given  over  24  h,  showed 
significantly  improved  response  rates,  progression-free  survival  (13  vs 18 
months),  and  overall  survival (24 vs  38  months) (28). This result  has  been  con- 
firmed in an  independent  study of similar  design  except  that  paclitaxel  was  in- 
fused  over 3 h (29). A further comparison of cisplatin  and  carboplatin,  both 
given in combination  with  paclitaxel,  has  shown  that the two  treatments are 
equally  effective,  but  that the carboplatin arm is significantly less toxic (30). It 
is also of interest that the combination of carboplatin  and  paclitaxel seems to 
be associated  with less thrombocytopenia  than the use  of  single-agent  carbo- 
platin,  suggesting that the paclitaxel  has  a  protective  effect  on  carboplatin- 
induced  thrombocytopenia (31). These  results  have  focused  interest  on the 
combination of carboplatin  and  paclitaxel,  which is currently the most  widely 
used  regimen for the treatment of ovarian  cancer,  and is also  extremely  popu- 
lar in  other  histologies. 

Both  cisplatin  and  carboplatin can be  given  intraperitoneally.  Responses are 
uncommon  in  patients  with  tumor  nodules  greater  than 0.5-1 cm,  and  even 
when  residual  disease is of small  volume  they are unlikely  unless  a PR to ini- 



Chapter 8 / Clinical Experience with Cisplatin and Carboplatin 181 

tial systemic  therapy  containing  platinum is obtained;  one-third  of  such  sys- 
temically  sensitive  patients enter a  CR  following  salvage  intraperitoneal  cis- 
platin or carboplatin  treatment.  A  retrospective  analysis of patients  with 
microscopic  disease  achieving  a  surgically  documented  CR  with  cisplatin or 
carboplatin  therapy  showed no overall  difference,  but  lower  rates  were  seen in 
patients  with  small-volume  macroscopic disease (maximum  tumor  diameter 
less  than 0.5 cm) treated  with  carboplatin (32). A  recent  randomized  study 
comparing  intraperitoneal  cisplatin  with  intravenous  cisplatin,  given  with  cy- 
clophosphamide in chemotherapy  naive  patients  with stage 111 ovarian  cancer, 
found  a  longer  median  survival  in the intraperitoneal  cisplatin  group  (49  vs 41 
months) (33). This advantage  was  not  influenced  by the extent of residual 
disease. 

4.3. Pediatric Malignancies 
Cisplatin is used  in  more  than  half  of  children  suffering  from  malignant  dis- 

ease and  is  a  valuable  component of front-line therapy for intracranial  tumors, 
neuroblastoma,  sarcomas,  retinoblastomas,  germ cell tumors  and  hepatoblas- 
toma.  It  has  also  been  used  in  salvage  regimens for these  tumors  and for other 
common  pediatric  malignancies  such as Hodgkin’s  lymphoma,  non-Hodgkin’s 
lymphoma  and  Wilms’  tumor.  Neuroblastoma,  Wilms’  tumor,  rhabdomyosar- 
coma,  and  Ewing’s  sarcoma  have  shown some sensitivity to carboplatin.  A 
50% single-agent  response rate to  carboplatin  in  Wilms  tumor is similar  to 
those  seen  with  older  nonplatinum  regimens.  Primary  osteosarcomas are most 
common  in  children  and  young adults, and  cisplatin  produces  regression in 
1520% of patients  with  metastatic  osteosarcoma.  Carboplatin  seems  to  have 
less  activity  than  cisplatin  in  this  condition,  possibly  because  patients  treated 
with  carboplatin  have  usually  received  prior  cisplatin.  Platinum  compounds 
have  not  found  a  place  in the first-line treatment of leukemias,  but  activity  to 
single-agent  carboplatin  has  been  seen  in adult patients  with  relapsed or re- 
fractory acute non-lymphocytic  leukemia,  with  response  rates of  29% and 44% 
(3435). A  median  duration of response of greater  than 6 months  has  been  re- 
ported,  with  three  CRs  persisting for longer  than 12 months (34). 

Carboplatin  penetrates  the  blood-brain  barrier  more  readily  than  cisplatin, 
with  cerebrospinal  fluid to plasma  ultrafiltrate AUC ratios of approximately 
30%, and  single-agent  carboplatin  has  activity in pediatric  brain  tumors,  par- 
ticularly  medulloblastoma  and  ependymoma.  In  a  summary of Phase 11 data, 
Gaynon (36) described  response  rates of 30% for medulloblastoma,  18% for 
ependymoma, 6% for brainstem  glioma, 7% for low-grade  astrocytoma,  and 
5% for high-grade  astrocytoma.  One trial found  a PR rate of 73% for astrocy- 
toma,  but  the  tumor  grade  was  not  stated.  For  cisplatin,  response  rates of 44,0, 
and  11 % were  seen  in  medulloblastoma,  brainstem  glioma,  and  malignant  as- 
trocytoma,  respectively.  A  number  of  children  achieve  a  prolonged  period of 
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stable disease following  carboplatin,  but  whether  this is a  true  effect of carbo- 
platin or the natural  history of a  subset of children  with  more  slowly  growing 
malignancies is uncertain. 

4.4. Lung Cancer 
4.4.1. SMALL CELL LUNG CANCER 

Small  cell  lung  cancer  (SCLC)  metastasizes  early  during  development  but is a 
highly  chemosensitive  tumor.  Although  good  responses  and  improvements  in  sur- 
vival are often  seen,  relapse  can  occur  soon  after  stopping  chemotherapy.  Only 3% 
of patients  achieve  a  cure,  and  these  may  represent  a  particular  biologic  subgroup. 
In  those  with  limited  stage  disease,  (tumor  confined  to  one  hemithorax  with  or 
without  ipsilateral  supraclavicular  lymphadenopathy  or  a  pleural  effusion), 
chemotherapy  is  given  with  radiotherapy.  Chemotherapeutic  agents  may  enhance 
the  activity of radiotherapy  at  the  primary  site  by  radiosensitization  or  additional 
direct  cytotoxicity,  and  both  carboplatin  and  cisplatin  are  radiosensitizers. 

It  became  apparent  during the 1980s that cisplatin  was  one  of the most  ac- 
tive  chemotherapeutic agents in  all  types of lung  cancer.  Cisplatin  and  carbo- 
platin  have  a similar spectrum of  activity,  but the lower  toxicity of the latter  has 
led  to its increasing  usage.  In  1985  Smith et al. (37) described the use of 
single-agent  carboplatin in previously  untreated  patients  with  SCLC,  with  a 
response rate of 60%.  Subsequent  Phase  I  and I1 trials confirmed  CRs in 
approximately 10-30%  of previously  untreated  patients,  with  an  overall re- 
sponse rate of approximately 40-70%. Corresponding  figures in patients  who 
have  received  prior  chemotherapy are approximately 5 and  20%,  respectively. 

The binary  combination  of  platinum  compound  and etoposide is a  widely 
used  regimen  in  SCLC.  Carboplatin  plus etoposide is associated  with CR rates 
of  between 30 and  40%,  overall  response  rates of  SO%, and  median  survivals 
of  9-15 months  in  patients  with  limited  disease,  whereas  in  those  with  exten- 
sive disease lower  CR  rates  of  9-13%,  overall  response  rates  of  approximately 
70%,  and  median  survivals of  8-9 months are usual. One study  compared 
etoposide 300 mg/m2 on d 1-3 plus  cisplatin 50 mg/m2  on  d 1-2 with etopo- 
side 300 mg/m2  on  d 1-3 plus  carboplatin 300 mg/m2 on d 1, given  every  three 
weeks,  with  no  difference  in  efficacy (38). 

In  an  attempt  to  improve  these  figures,  dose  intensity  has  been  increased,  but 
cure rates  have  not  improved. In nonrandomized trials objective  response  rates 
are better,  but  toxicity is worse,  and  there is no  survival  benefit.  More  intensive 
combination  chemotherapy  has  been  investigated,  and  Smith et al. (39) have  re- 
ported  a  94%  overall  response  rate,  with  72%  CRs,  in  patients  with  limited  dis- 
ease using the carboplatin plus etoposide plus  ifosfamide  combination. 
Toxicity  was substantial and  improvement  in  survival  only  modest.  High-dose 
carboplatin  (800-1600  mg/m2)  has  been  used  successfully  without the need for 
bone  marrow  support,  but  again  significant  toxicity  resulted (40). 
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4.4.2. NON-SMALL  CELL LUNG CANCER 
In contrast  to  SCLC,  non-small cell lung  cancer  (NSCLC)  often  remains lo- 

calized  to its primary site and the surgical  approach, in the early stage of the 
disease  process,  offers the best  chance of cure.  Surgery is appropriate  in  stages 
I-IIIA.  In stage IIIA disease metastases are present  in ipsilateral mediastinal 
and/or  subcarinal  lymph  nodes. Stage IIIB  NSCLC  involves  contralateral  me- 
diastinal or hilar  nodes, or scalene or supraclavicular  nodes, or invades  central 
structures  in the chest, and  management is less well  defined. The role of  neoad- 
juvant therapy  in stage I11 disease-attempting to reduce  tumor  burden,  thereby 
making the patient operable-has been of considerable  interest  in  recent  years. 
Those with stage IV  disease  and  distant  metastases are managed  with 
chemotherapy, although NSCLC is less chemosensitive than SCLC. 
Radiotherapy is important in stage 111 disease and also in the palliative  setting. 

Cisplatin-based  regimens  have  proved  important in most  stages of NSCLC. 
Survival  has  been  improved  when  cisplatin is given  postoperatively  to  those 
with stage I1 or IIIA  disease,  with  radiotherapy in stage IIIB  disease, or alone 
in stage IV disease.  Cisplatin is one of the most  active  agents  in  NSCLC  with 
an  overall  response rate of about  20%,  which is increased  with  doses  higher 
than 100 mg/m2. Studies of carboplatin  have  recorded  a  10%  response  rate, 
lower  than  that  achieved  with  cisplatin,  but  suboptimal  dosing  may be a  factor. 
In trials evaluating  carboplatin  combinations  in  advanced  NSCLC,  response 
rates  range  from 9-38%  and  median  survival  from  17-38  weeks.  These  results 
are similar  to those obtained  with  regimens  not  containing  carboplatin. A 
prospective,  randomized  Phase 111 trial  compared etoposide (100 mg/m2  d 1-3) 
plus  cisplatin (120 mg/m2  d 1) with etoposide plus  carboplatin  (325  mg/m2 
d  1);  response rate (27  vs  16%, p = 0.07)  and  median  survival (30 vs  27  weeks) 
were  similar (41). The carboplatin  combination  was  better  tolerated.  Many 
Phase II trials have  suggested  that  three-drug  regimens are more  effective  than 
two-drug  regimens,  but  this  has  not  been  confirmed  in  the  Phase I11 setting. 

The Non-Small Cell Lung  Cancer  Collaborative  Group  has  performed  a 
metaanalysis of 9387  patients  from 52 randomized  trials to evaluate the effect 
of chemotherapy  on  survival (42). They  found that cisplatin-containing  regi- 
mens  favored  chemotherapy,  significantly so when  used  with  radical  radiother- 
apy  and  supportive care. 

More  recently it has  been  shown  that  various  combinations of cisplatin or 
carboplatin,  in  particular the combination of cisplatin  and  paclitaxel,  but also 
combinations  with  gemcitabine,  docetaxel,  navelbine,  and  irinotecan  can also 
prolong  survival  in  NSCLC  (reviewed  in  ref. 43). Carboplatin  in  combination 
with  paclitaxel  has  been  reported to have  response  rates  in  the  region of 
3040% (44), although  a  preliminary  report of a  randomized  trial  comparing 
this  combination  with the more  conventional  cisplatitdetoposide  regimen  does 
not  currently  show  a  difference  in  survival (45). 
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Combined  chemoradiotherapy in locally  advanced  NSCLC  has  increased  in im- 
portance over  the  last  few years. Survival  benefit  may  result  from  control of local  dis- 
ease  from  radiotherapy,  or  metastatic  disease  from  chemotherapy.  Several  studies 
have  suggested  that  chemotherapy  followed  by  thoracic  irradiation  is  superior  to  ra- 
diotherapy  alone,  in  terms  of  both  survival  and  the  development  of  distant  metastases. 
The  administration  of  cisplatin  immediately  before  radiotherapy  appears  to  maximize 
radiation  enhancement,  particularly  when  multiple  fractions  of  radiation are given. In 
one  study  patients  received  either  vinblastine  plus  cisplatin  followed  by  radiotherapy, 
or  radiotherapy  alone (46). Those  in  the  chemotherapy  group  had  a  median  survival 
of 14 months,  compared  with 10 months  for  those  given  radiotherapy  alone. In a com- 
parison of radiotherapy  with  radiotherapy  plus  cisplatin,  given  either  weekly  or  daily, 
to  inoperable  patients,  survival  was  significantly  improved in the  radiotherapy  plus 
daily cisplatin  group (1-, 2-, and 3- year  survivals  of 54,26 and 16%, respectively) 
compared  with  the  radiotherapy-only  group  (respective  survivals  of 46,13, and 2%) 
(47). The  survival  benefit  of daily combined  treatment  resulted  from  improved  con- 
trol  of  local  disease. Less work  has  been  performed  investigating  carboplatin  plus  ra- 
diotherapy  combinations,  but  an  early  study  suggested a response  rate  of 33% in  stage 
ILI inoperable disease using  concurrent  carboplatin  and  radiotherapy (48). 

The  neoadjuvant  approach  has also been  assessed. Rose11 et al. (49) per- 
formed  a  randomized  trial  comparing  preoperative  chemotherapy  plus  surgery 
with  surgery  alone  in  patients  with stage IIIA  disease.  Chemotherapy  com- 
prised  three  cycles  of the MIC  regimen  (See  Table 1). All  patients  received  me- 
diastinal  irradiation  after  surgery.  Although  only 60 patients  were  included, the 
median  survival  was 26 months  in  patients  given  chemotherapy  before  surgery, 
compared  with 8 months  in  patients  treated  with  surgery  alone ( p  < 0.001). The 
median  disease-free  survival  was also significantly  different; 20 months  with 
chemotherapy  compared  with 5 months  without. 

4.5. Head and Neck Cancer 
It became  apparent in the mid 1970s that  cisplatin  was  a  highly  effective 

drug  in the treatment of squamous  cell  carcinoma of the head  and  neck. The in- 
fluence of platinum  compounds is substantial,  and  cisplatin  and  carboplatin  are 
now among the most  commonly  used single agents in  the  palliation of recur- 
rent  disease. The addition of 5-FU has  increased  response  rates  but  not  survival. 
Chemoradiotherapy  incorporating  cisplatin-based  regimens  have  been  investi- 
gated  since the early 1980s. 

Most  chemoradiotherapy  studies  have  employed  cisplatin  with 5-FU, and it 
is accepted  that  cisplatin  and  infusional 5-FU (Table 1) is the safest  and  most 
active  combination.  Cisplatin does not  produce  mucositis  and is one of the bet- 
ter  radiopotentiators  and  sensitizers. Studies indicate  a  higher clinical CR  rate, 
extended  duration of disease-free  survival,  and  possibly  improved  overall  sur- 
vival, for patients  treated  with  chemoradiotherapy rather than radiotherapy 
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alone. There is no survival  difference  giving  cisplatin  and  then 5-FU sequen- 
tially,  rather  than  simultaneously,  but  improved  regional  control is seen  with  si- 
multaneous  administration  in stage III disease.  Merlano et al. (50) compared 
alternating  courses of chemotherapy  (cisplatin  plus 5-FU ) and  radiotherapy 
with  radiotherapy  alone,  in  patients  with  unresectable  disease,  finding  better 
local  control  and  disease-free  survival,  and  unusually,  a  survival  advantage for 
the combined  treatment  approach. A comparison of radiotherapy  alone  with  ra- 
diotherapy  and  cisplatin  20  mg/m2/week  showed  a  significantly  higher  overall 
response rate in  patients  receiving  cisplatin  (73  vs 59%), but there was  no  dif- 
ference in  CR rate or survival (51). A higher  dose of cisplatin, 100 mg/m2  every 
3  weeks,  given  during  radiotherapy  has  produced  a  CR rate of  71% (52). 

Cisplatin  and 5-FU has  also  been  used  as  adjuvant  therapy.  In  one  study  pa- 
tients  with  resected stage 111 or IV squamous cell carcinoma of the oral  cavity, 
oropharynx,  hypopharynx, or larynx  and  negative  margins  of  resection,  were 
given  immediate  radiotherapy or three  cycles of adjuvant  cisplatin  plus 5-FU 
followed by radiotherapy (53). No  difference  in  disease-free or overall  survival 
was  observed,  but  the  development of distant metastases  was  less  likely  fol- 
lowing  chemotherapy. 

The activity of carboplatin is comparable  to  that  of  cisplatin  in  patients  with  re- 
current  and  metastatic  head  and  neck  tumors.  Nutritional  support  is  vital  in  head 
and  neck  cancer  patients,  and  the  less  severe  nausea  and  vomiting  with  carboplatin 
is an  important  factor.  Carboplatin  with  concomitant  radiotherapy  has  been  eval- 
uated.  Fractionating  the  carboplatin  dose is less  myelosuppressive  than  bolus  dos- 
ing.  A  study of 103  patients  with  advanced  head  and  neck  carcinoma  treated  with 
radiotherapy  plus  carboplatin 60-70  mg/m2/d, d 1-5 and  29-33,  showed  1-  and 2- 
year  survival  rates  of  77  and  53%,  respectively (54). Phase I studies  with  carbo- 
platin  and  simultaneous  radiotherapy  have  produced  results  comparable  to  those 
reported  with  cisplatin  and  cisplatin  plus 5-FU regimens  and  radiotherapy. 

Cisplatin  plus 5-FU, carboplatin  plus 5-W, and  cisplatin  plus 5-FU plus  leu- 
covorin (PFL) are  commonly  used  in  the  neoadjuvant  setting.  The  overall  response 
rates  (approximately 80%) and  CR  rates  (approximately  35%)  are  similar,  but 
there is considerable  variation  in  toxicity;  carboplatin  plus 5-FU is tolerated  the 
most  easily,  and PFL is the  most  toxic.  The  use of  neoadjuvant  cisplatin  plus 5-FU 
infusion  and  radiotherapy  allows  laryngeal  preservation in two-thirds  of  treated 
patients.  Although  there is a  higher  rate of  local  recurrence  compared  with  laryn- 
gectomy  and  postoperative  radiotherapy,  there is a  lower  rate  of  distant  metastases. 

4.6. Bladder Cancer 
Cisplatin  and  carboplatin are two  of  the  most  effective  single  agents in the 

treatment of bladder  cancer,  and  they  form the basis  of  most  combination 
chemotherapy  regimens.  Cisplatin is associated  with  a  response  rate of  17-4096, 
but  toxicity is a  problem,  particularly  nephrotoxicity,  which  can  be  aggravated  by 
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ureteric  obstruction.  The  results  of  single-agent  carboplatin  in  bladder  cancer 
have  been  variable. In one  study  25  patients  with  locally  advanced  or  metastatic 
urothelial  cancer  were  treated  with 400-450 mg/m2  carboplatin  every  four  weeks, 
producing two CRs (55), whereas  other tials have  generated  negative  results. 

Combination  chemotherapy is regarded  as  more  effective  than  single-agent 
treatment,  and  such  combinations  should  contain  a  platinum  analog.  However, 
MVAC (see  Table  1) is the  only  combination  protocol  that  has  been  shown to be 
superior  to  single-agent  cisplatin.  In  one  study,  39%  of  patients  given MVAC 
responded,  with  a  median  survival  of  12.5  months (56); corresponding  figures 
for cisplatin  alone  were 12%  and  8.2  months. The binary  combinations of cis- 
platin  and  methotrexate,  and  cisplatin  and  Adriamycin, are no  better  than  cis- 
platin  alone.  Cisplatin is preferred, as the evidence of  equivalence  with 
carboplatin is not as strong as with  other  tumors.  A  randomized  study  compar- 
ing  MVEC  (methotrexate,  vinblastine,  epirubicin,  and  cisplatin)  with  M-VEC 
(methotrexate,  vinblastine,  epirubicin,  and  carboplatin)  yielded  an  overall  re- 
sponse  rate  of  71%  in  the  cisplatin arm compared  with  41%  in the carboplatin- 
treated  patients (57). Unfortunately,  the  toxicities  of  the MVAC regimen are 
considerable,  and the MVMJ  regimen,  substituting the less  cardiotoxic  mitox- 
antrone  for  Adriamycin  and  carboplatin for cisplatin,  has  been  used  successfully 
(58). For  a  more  detailed  discussion of randomized  trials  comparing  cisplatin 
with  carboplatin  in  bladder,  germ  cell,  ovarian,  lung,  and  head  and  neck  malig- 
nancies,  the  reader is referred  to  a  recent  review  of  the  literature (59). 

4.7. Cervical Cancer 
Platinum  compounds  have  been  investigated  extensively  as single agents  in 

cervical  cancer,  and  with  treatment  every  three  weeks  there is a slight advan- 
tage  with  cisplatin  doses  of  100  mg/m2  compared  with 50 mg/m2.  However, de- 
spite consistent  activity  in  phase I1 trials,  response  rates  have  not  exceeded 
3040%. Furthermore, the duration of response  and  survival  following  single- 
agent  therapy are relatively  brief  at 6-9 months,  except  in  a  small  subset  (less 
than  10%) of patients  who  achieve  a  CR. The combination of bleomycin, ifos- 
famide,  and  cisplatin  (BIP)  (Table  1)  has  become  popular,  with  overall  re- 
sponse rates of  up  to 69%, although  combination  chemotherapy  has  not  yet 
been  shown to be  superior  to  single-agent  therapy in a  randomized tial. The 
addition of  5-FU  to  cisplatin  has  not  resulted  in  a  higher  response rate or longer 
response  duration  or  longer  survival  compared  with  cisplatin  alone.  A  32%  re- 
sponse rate has  been  seen  with  doxorubicin  and  cisplatin. 

4.7. Breast cancer 
Metastatic  breast  cancer  remains  a  common  disease,  with  an  incidence of 

approximately 22,000 cases  per  year in the United  Kingdom.  Standard  regi- 
mens  often  produce  a  remission,  but  patients  with  widespread  metastatic dis- 
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ease are rarely  cured.  Single-agent cisplatin, used  first line in  metastatic  breast 
cancer,  has  shown  activity  with  overall  responses of about 50%, and  a  median 
duration of response  of 4-5 months.  Phase In  trials of cisplatin-containing  reg- 
imens,  testing  against  standard  regimens,  have  sometimes  shown  increased 
overall  response  rates,  but no increase in  overall  survival.  Coupled  with  the  in- 
convenience of administration, the greater toxicity of cisplatin-containing 
schedules  ensured  continued  unpopularity.  Unfortunately,  carboplatin  does  not 
seem  to  possess  the same activity  and as first-line  single-agent  therapy  yields 
response  rates of the order of 20%. There is few  data  regarding  carboplatin 
dose-response  relationships  in  breast  cancer,  and  perhaps  higher  doses are 
needed  to  match  the  results seen with  cisplatin.  Both  cisplatin  and  carboplatin 
have  been  employed  in  regimens  of  high-dose  chemotherapy  and  autologous 
bone  marrow  transplantation  in  metastatic  breast  cancer. 

4.8. Gastrointestinal Tract Cancer 
Carcinomas  in  the  upper,  middle,  and  most of the  lower  esophagus are squa- 

mous  in  origin  and are treated  similarly  to  head  and  neck  squamous  cell  carci- 
nomas.  Hence  cisplatin  and  carboplatin, in combination  with 5-FU infusions, 
form the basis of most  chemotherapy  treatments.  Chemoradiotherapy is im- 
portant in downstaging the disease before  operation  and in the treatment of 
local  residual  disease. 

Gastric  carcinomas are adenocarcinomas,  and for treatment  purposes  these 
include adenocarcinomas  arising in the lower  esophagus from Barrett’s  epithe- 
lium.  Cisplatin  and  carboplatin  have  activity as single agents in gastric carci- 
noma,  with  response  rates of approximately 20 and 5%, respectively.  However, 
combination  regimens  have  been  more  successful. ECF (Table 1) has  proved 
useful,  with  response  rates  approaching 70%, and  a  doubling of  median  sur- 
vival  from  around 20 to 40 weeks.  Cisplatin  has  been  successfully  replaced  by 
carboplatin  in this regimen. 

5-Fu remains the cornerstone of treatment for colorectal  carcinoma,  and the 
combination of cisplatin  and 5-FU has  not  been  shown  to  be  superior  to 5-FU 
alone.  Anal  carcinomas are of squamous origin, and 5-FU with  cisplatin is 
commonly  used  in  association  with  radiotherapy. 

4.9. Adenocarcinoma of Unknown Primary Site 
Poorly  differentiated  carcinoma  (PDC),  poorly  differentiated  adenocarcinoma 

(PDA),  and  the  more  common  well-differentiated  adenocarcinoma of  unknown 
primary  site  can  present  chemotherapeutic  problems.  Patients  with  PDC  and 
PDA are  considered as a  separate  group  as  some  are  very  sensitive  to 
cisplatin-containing  regimens.  Initial  reports  describing  this  sensitivity  related 
mainly  to  patients  with  clinical  features  suggestive of extragonadal  germ  cell tu- 
mors  [i.e.,  young  men,  mediastinal or retroperitoneal  tumors,  elevated  human 
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chorionic  gonadotropin  (HCG) or a-fetoprotein ( A F P ) ] .  Further  evidence of this 
responsiveness  has  since  emerged.  In  one  study,  220  patients  with  PDC  and PDA 
of  unknown  primary  site  were  prospectively  evaluated  and  treated  with  cisplatin- 
based  chemotherapy (60). The CR  rate  was  26%,  and  the  PR  rate  was  36%.  The 
median  survival  was  12  months  and  the  12-year  actuarial  survival  16%. 

4.10. Other Solid Tumors 
Cisplatin  and  carboplatin  have  been  used in salvage  regimens for lym- 

phomas. Malignant melanoma and prostate cancer respond poorly to 
chemotherapy,  but  platinum  compounds  compare  favorably  with  other  cyto- 
toxic  agents  in  these  conditions. 

5. USE OF PLATINUM COMPOUNDS 

WITH AUTOLOGOUS  STEM  CELL  SUPPORT 

5.1. High-Dose Treatment 
High-dose  chemotherapy  with  autologous  stem  cell  support is now  used  rou- 

tinely  in  the  treatment  of  lymphomas,  and  less  often  in  the  management  of  pa- 
tients  with  teratoma, or breast  and  ovarian  carcinomas. The dose-limiting  toxicity 
of bone  marrow  suppression,  important  when  chemotherapy is administered  con- 
ventionally,  can  be  circumvented  by  the  use of stem  cells.  For  the  process  to  be 
successful,  the  disease  must  be very chemosensitive,  as  in  the  case  of  lymphoma 
and  teratoma,  or  moderately  chemosensitive  and  of  low  volume as in  the  adju- 
vant  treatment  of  breast  and  ovarian  carcinomas. The collection  and  reinfusion  of 
stem  cells  has  largely  replaced  the  previous  technique of  harvesting  bone  mar- 
row.  Chemotherapy is initially  given  as  a  stem  cell  mobilizing  agent,  in  conjunc- 
tion  with  granulocyte  colony-stimulating  factor,  following  which  the  number  of 
stem  cells in the  circulation  increases,  allowing  their  collection  and  storage. 
High-dose  chemotherapy,  at  doses  that  obliterate  the  marrow, is then  adminis- 
tered  followed  by  reinfusion of the  stem  cells  into  the  circulation.  The  stem  cells 
repopulate  the  marrow  spaces  with  bone  marrow  recovery.  Cyclophosphamide 
and  etoposide  are  the  most  widely  used  mobilizing  agents. The dose-response  re- 
lationships  of  cisplatin  and  carboplatin  are  important  factors  supporting  their  in- 
clusion  in  high-dose  chemotherapy  regimens.  However,  cisplatin is a  poor 
candidate  on  account of  associated  neurotoxicity  and  nephrotoxicity. In contrast, 
the  dose-limiting  toxicities of carboplatin,  thrombocytopenia,  and  leukopenia  can 
be successfully  managed,  allowing  the  use  of  this  agent  in  the  high-dose  setting. 
High-dose  carboplatin  has  been  used  to  treat  teratoma,  ovarian  carcinoma,  and 
breast  cancer  but is less  useful  in  lymphoma. The chemosensitivity  of  SCLC  im- 
plies  that this disease  should be amenable  to  high-dose  treatment,  but  such  ap- 
proaches  have  been  disappointing,  with  no  prolongation  of  survival. 

IN HIGH-DOSE CHEMOTHERAPY 
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5.2. High-Dose Treatment for Teratoma 
The cure  rate of patients  with  multiple  relapses of germ  cell  cancer  treated 

with  high-dose  chemotherapy is 15-20%,  even  though  a  good  initial  response 
can  often  be  obtained.  High-dose  treatment  has  been  used  following  multiple  re- 
lapses of teratoma,  as  primary  salvage  therapy,  i.e.,  in  patients  with  recurrence  or 
first  relapse  and,  more  recently,  as  primary  therapy.  Studies  of  high-dose  carbo- 
platin  in  primary  salvage  therapy  have  frequently  been  performed  in  patients  pre- 
treated  with  cisplatin.  Further  conventional  therapy  (mainly  BEP) is given  to 
induce  remission  followed by consolidation  using  high-dose  carboplatin,  usually 
with  etoposide,  with  or  without  cyclophosphamide or ifosfamide,  and  with  stem 
cell  support.  Up  to 50% can  achieve a CR  with  2-year  survivals  of  up  to 50%. 
High-dose  carboplatin  and  etoposide  in  patients  with  cisplatin-refractory  germ 
cell  tumors  has  produced  24%  CR  and  21%  PR  rates,  with  a  median  survival  of 
7.6  months (61). High-dose  chemotherapy  has  been  used  as  part of first-line 
treatment  in  selected  patients  with  germ  cell  cancer (62). Conventional  platinum- 
based  chemotherapy is administered,  and  those  patients  with a slow fall in  serum 
HCG or AFP  after  two  or  three  treatment  cycles  are given  high-dose  carboplatin 
and  etoposide  with  autologous  bone  marrow  support.  A  randomized  phase 111 
study is currently  in  progress  comparing  four  cycles of BEP  with two cycles  of 
BEP  plus two cycles of high-dose  therapy  containing  carboplatin,  etoposide,  and 
cyclophosphamide,  in  the  first-line  treatment  of  very  poor  risk  patients. 

5.3. High-Dose Reatment for Ovarian Cancer 
Current  evidence  suggests  that  increasing  the  dose  intensity  of  cisplatin  to 

25 mg/m2/week,  or  carboplatin  to  an  AUC  of  4/week,  provides  therapeutic 
advantage,  but  beyond  these  doses  no  further  benefit is bestowed,  only  increasing 
toxicity.  Whether  a  second  higher  threshold  exists  is  not known, but its  possibility 
provides  the  rationale for the  investigation  of  high-dose  platinum  regimens  in 
ovarian  cancer. This approach  remains  experimental  and  confined  to  clinical tri- 
als. To date,  results  are  not  superior to those  achieved  with  standard  approaches. 
A  pilot  Phase 11 study  of  three  cycles  of  high-dose  paclitaxel  plus  carboplatin,  with 
one of high-dose  melphalan,  each  followed  by  peripheral  stem  cell  support,  in  pre- 
viously  untreated  patients,  generated  a  34%  pathologic  CR  rate.  Gastrointestinal 
toxicity  and  neuropathy  were  seen in 76 and  62% of patients,  respectively (63). 

5.4. High-Dose Treatment for Breast Cancer 
Carboplatin is commonly  used  in  high-dose  regimens  with  stem  cell  support 

(641, and for some  patients  with  high-risk  early-stage or metastatic disease 
such  regimens  can  result  in  extended  disease-free  survival.  Adjuvant  therapy 
may be most  worthwhile, as micrometastatic disease unresponsive to standard 
doxorubicin-based  adjuvant  chemotherapy  may be destroyed  by  high-dose 
chemotherapy. 
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6. CONCLUSIONS AND mJTuRE CLINICAL  DIRECTIONS 
Cisplatin  and  carboplatin  have  influenced the practice  of  medical  oncology 

immensely  over the last 25 years.  They  have  been  extensively  investigated  and 
are established  in the treatment of many tumor  types.  Carboplatin  can replace 
cisplatin in some-but not  all-situations,  and  carboplatin is currently the only 
platinum  agent that can be  used  in  high-dose  strategies.  Current  research is fo- 
cusing on several  areas. Efforts are being  made  to  develop  methods  of  amelio- 
rating side effects,  particularly the nonhematologic  effects of cisplatin. An 
example of such  an  approach is the use of  glutathione, a tripeptide  thiol. This 
has  been  shown  in  randomized  studies to protect  against  cisplatin-induced  neu- 
ropathy.  For  example,  Cascinu et al. (65) showed  that 89% of patients  in a 
placebo arm developed  neurotoxicity,  compared  with 17% of those given  glu- 
tathione. The introduction of new  growth factors such as thrombopoeitin  may 
allow  the  use of higher  platinum  dosages.  Second, new platinum  derivatives 
with  different  toxicity  profiles  and  spectra of activity are under  investigation, 
and  progress  may  be  made  in the treatment of tumors  not  currently  regarded as 
platinum  sensitive. Third, the  combination of platinum  compounds  with  newer 
agents, such as the taxanes, topoisomerase 1 inhibitors, gemcitabine, 
raltitrexed,  and  navelbine is currently  under way and  seems  likely  to  reveal  new 
active  combinations. 
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1. INTRODUCTION 
The platinum  drugs are widely  used  in cancer therapy. In recent  years  they 

have  been  successfully  combined  with the taxanes,  especially for the treatment 
of patients  with  cancers of the  ovary,  lung,  breast,  and  head  and  neck.  This 
chapter presents  some of the evidence  on the use of platinum  and  taxane  regi- 
mens  in  these  malignancies. 

2. OVARIAN CANCER 
Ovarian  carcinoma is the sixth  most  common  malignancy in women  and is 

the leading cause of death from gynecologic  malignancy  in the Western  world 
(53). The earliest  stages of this disease can be treated  by  surgery  alone,  with 
excellent  results (37); however, as the signs  and  symptoms of this  malignancy 
are nonspecific, the most  patients (75%) present  when the disease has  spread 
beyond the ovary  and is consequently  rarely  curable. The standard  treatment 
for ovarian  cancer is surgical  debulking  followed by  chemotherapy. 

2.1. The Platinum Drugs 
There are a  number  of  cytotoxic  agents  with  well-defined  activity  in  ovarian 

cancer; of these, the platinum  drugs  are  accepted as the most  effective single 
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agents in this disease (2). Despite  their  widespread  use,  several  unanswered 
questions  remain  concerning  platinum  administration. 

2.1.1. COMBINATION vs SINGLE AGENT 
In  the  1980s  and  early  1990s  most  centers  used  platinum  therapy for ovar- 

ian  cancer,  but  there  was debate as to  whether the addition of other chemother- 
apeutic  agents to single-agent  cisplatin or carboplatin  conferred  significant 
benefit.  A  metaanalysis of six trials by the  Advanced  Ovarian  Cancer  Trialists 
Group  (AOCTG)  involving 925 patients  suggested that platinum  combination 
therapy  achieved  superior  survival  over  single-agent  platinum (2), with  a  risk 
ratio of 0.85  [confidence  interval  (CI) 0.72-1.01  and the benefit just reaching 
statistical  significance ( p = 0.03).  It  has,  however,  been  difficult to demonstrate 
this advantage in individual randomized trials. In 1992 the Gruppo 
Interregionale  Cooperativo  Oncologico  Ginecologia  published  the  long-term 
results of a  three-arm  study  comparing  single-agent  cisplatin,  cisplatin,  and  cy- 
clophosphamide,  and the combination of cisplatin,  cyclophosphamide,  and 
Adriamycin  (CAP) (25). In all, 565 patients  were  randomized  between 1980 
and  1985; the median  survivals of the three  groups  were  not  significantly  dif- 
ferent at 19,20, and 23 months,  respectively.  Similarly, the 7-year  overall  sur- 
vival  figures  did  not  differ  significantly  among the three groups  (9.6,  14.5,  and 
17.2%,  respectively),  although  Cox’s  model did show  borderline  significance 
for the difference  between  single-agent  cisplatin  and CAP. 

Two recent  publications  have  added further data  to this debate. First, the re- 
cently  published  results of a trial designed  to  compare  optimal dose carboplatin 
with the CAP  regimen  showed  no  difference  between  the  two  arms.  Second, 
the  AOCTG  have  updated  their 1991 analysis  and  have  only  been  able  to  show 
a  statistically  significant  benefit for combination  therapy  when  a  subset of tri- 
als are considered. 

Despite the absence  of  compelling  evidence  from  randomized  trials,  many 
clinicians  favor the use  of  combination  chemotherapy in young,  fit,  and  opti- 
mally  debulked  patients,  while  acknowledging that the  absolute  survival  bene- 
fit is likely  to  be  small,  perhaps in the region  of  3%  at 5 years (53). 

2.1.2. CARBOPLATIN vs CISPLATIN 
A further controversy  has  involved the relative  merits of using  cisplatin or 

carboplatin. There is no  controversy  over  their  toxicity  profiles,  carboplatin 
being  better  tolerated,  but there have  been  many  discussions  concerning  their 
relative  efficacy. The AOCTG metaanalysis  looked at 11 trials involving  over 
2000  patients  comparing  cisplatin  and  carboplatin either alone or in  combina- 
tion. No study  suggested  any  superiority for either  agent,  and the metaanalysis 
has  reflected  this,  overall  relative  risk  being 1.05 (95% CI 0.94-1.18). 

As  suggested, the toxicity  profiles of the two  drugs are quite different,  with 
more  severe  neurotoxicity,  nephrotoxicity,  ototoxicity,  nausea,  and  vomiting  in 
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patients  treated  with  cisplatin,  and  more  myelotoxicity  in  carboplatin-treated 
patients. The significantly  more  favorable  therapeutic  index of carboplatin 
leads  many  clinicians  to  choose  this  agent  over  cisplatin.  It is worthwhile  not- 
ing,  however, that all  the  trials  involving  carboplatin  in the metaanalysis  ad- 
ministered  the  drug  according to surface area, not  renal  clearance, as is 
currently  recommended. (10); whether  this  would  make  a  difference is not 
known. A minority of experts in the field  remain  to be convinced of the  equiv- 
alence  in  efficacy  between  cisplatin  and  carboplatin, citing inadequate  patient 
numbers,  inadequate  carboplatin  doses,  crossover,  and  a  dearth of long-term 
follow-up  to  adequately  exclude  a  benefit for cisplatin (55). They  remain  un- 
comfortable  with  its  use in good-prognosis  patients  with the prospect of long- 
term  survival or even  cure.  However,  all are agreed  that for patients  with  a  poor 
prognosis,  carboplatin is the  drug  of  choice. 

2.1.3. LENGTH OF TREATMENTDOSE INTENSITY 
As in other malignancies,  the issue of optimal  dosing of platinum  has  been 

investigated  in  ovarian  cancer. Two randomized  prospective trials of longer  vs 
shorter  treatment  periods  using  combination  chemotherapy  have  failed to pro- 
vide  any  evidence  that  more  than six cycles of platinum-based  treatment  im- 
proves  survival (5,261. 

Early  Phase II trials  suggested  that  a  dose-response  relationship  existed  with 
the platinum  drugs.  However,  only 2 of the 11 randomized trials examining  this 
issue have  suggested  any  advantage,  and  they  were  among the smallest  studies 
(4,39). None of the trials of platinum  dose  intensity  increased  it  by  more  than 
a factor of 2 because it is not  possible to intensify  cisplatin  doses  beyond  this. 
The trials  using  carboplatin  have also not  increased the dose by  more  than  this 
factor,  and it remains  to  be  seen  whether  using  carboplatin  at  higher  doses is 
beneficial.  It is impossible  to  draw  any  conclusions  from the published  high- 
dose trials because  although  there are 40 reports  detailing  treatment  in  over 600 
patients, 27 different  regimens  had  been  employed  and no randomized data 
exist (32). 

2.2. The Taxanes 
2.2.1. INTRODUCTION 

The crude extract of the bark of the Pacific  yew Taxus brevifolia was first 
discovered  to  have  cytotoxic  properties  in  the1960s.  In  197  1,  the  active  con- 
stituent paclitaxel  was  isolated,  and it was the first of a new class of  antimicro- 
tubule  agents,  the  taxanes (56). Poor  water  solubility  of the isolate,  however, 
meant  that it was 10 years  before  Phase I trials were  under way (13). Paclitaxel 
and the semisynthetic  analog  docetaxel are the two  compounds in the class  in 
current clinical use.  Both  agents  act  by  stabilizing  microtubules  and  inhibiting 
depolymerization  (and  therefore  mitosis).  Docetaxel  treatment  results in higher 
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intracellular  concentration  and  has  a  higher  affinity for microtubules  and  there- 
fore greater potency  than paclitaxel(18,31). Docetaxel is also  derived  from the 
more  renewable  resource of the needles of the European  yew Taxus baccata. 
Both  agents are given  by  iv  infusion  and  metabolized in the liver,  with  most in- 
active  metabolites  being  excreted in the  bile. 

2.2.2. TAXANES IN RELAPSED DISEASE 

The first clinical trials of paclitaxel  were  performed in patients  with  recur- 
rent disease.  Initial studies showed  there  was  a  degree of lack of cross- 
resistance  between  platinum  and  paclitaxel  with  response rates of 1637% 
in  patients  who  had  failed  platinum.  Median  response  durations  were 5-10 
months,  and  median  survivals of  8-16  months were  achieved  in  this  poor- 
prognosis  patient  group  (15,16,23,50,52). 

The differences in response  rates  seen  in  the  early  studies are likely  to be due 
to the heterogeneity of taxane  dosing  and  patient  characteristics.  For  instance, 
it is clear that  patients  who  relapse  over  1 year after the first  platinum-based 
treatment  have  a  good chance of a  second  response  to  a further platinum  treat- 
ment (21,34); the response  lessening the shorter  the  time  interval  between  suc- 
cessive  treatments. This relationship also appears  to  apply  to  responses  seen  in 
Phase II trials of  new drugs  (6). 

More  recently  a  multivariate  analysis  of 744 patients  in four studies  looking 
at agents  including  paclitaxel,  docetaxel,  and  epirubicin  as  second-  and  third- 
line treatment  did  not  find  time from last treatment  a  significant  independent 
predictor of response  to  chemotherapy  when the time  interval  was  analyzed as 
a  continuous  variable (16). The authors  suggested  that the time interval  itself 
was  not the critical  variable for response,  rather that this was  a  surrogate for 
other variables,  such as tumor size and  biology.  In  a  subsequent  publication  in 
abstract form, the group  analyzed the same patient  database for predictors of 
overall  survival (OS) and  time to progression ("TP). They  reported  that  a  short 
time since last chemotherapy  did  predict for TTP and OS (54), which  may 
mean  that  factors  predicting for OS and TTP are not the same as those predict- 
ing for response  to  chemotherapy. 

There is less  experience  with  docetaxel  than  paclitaxel  in  patients  with  cancer 
of the ovary.  Four  Phase 11 trials of docetaxel,  including 340 patients  with  ad- 
vanced  ovarian  cancer,  have  been  recently  reviewed.  The  overall  response  rate  was 
30%,  with  response  durations  ranging  between 4 and  17  months. The authors  con- 
cluded  that  docetaxel  and  paclitaxel  have  similar  activity in ovarian  cancer (29). 

2.2.3. TOXICITY 
Hypersensitivity  reactions  complicated  treatment in the initial studies of 

paclitaxel  in  up  to  16% of patients (44). This was  thought  to  be due to the "cre- 
mophor EL" vehicle,  a  polyoxyethylated castor oil used to improve  paclitaxel's 
aqueous  insolubility. This complication  was  reduced  by  an  increased  infusion 
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duration  and  premedication  with  steroids,  antihistamines,  and  H2  antagonists. 
The current rate of severe  hypersensitivity is now less than  1 %, and  rapid  infu- 
sion with  appropriate  premedication is safe (40). 

The dose-limiting  toxicity  of  paclitaxel is neutropenia,  with  a  maximum  tol- 
erated  dose  of 200-250 mg/m2  in  most  studies (20). Neuropathy is the  next  most 
significant  dose-limiting  toxicity; it is  dose  dependant  and  cumulative  but  usually 
reversible (44). Alopecia  also  occurs in most  patients  (approximately  go%),  and 
myalgidarthralgia may also  occur  in  a  minority of  patients,  but  it is manageable. 

The docetaxel  toxicity  profile  differs  somewhat  in  that  fatigue  and  diarrhea 
occur more  commonly,  whereas  neuropathy is less frequent and  less  severe 
(I I). There is also the unique side effect of fluid  retention,  characterized by  pe- 
ripheral  edema  and/or  pleural  effusions. This is cumulative, occumng in  ap- 
proximately 50% of patients  after four cycles  at 100 mg/m2  and is probably 
related  to  a direct effect on small  blood  vessels. The onset of the edema can be 
delayed  by the use of glucocorticoids,  and the condition is slowly  reversible on 
stopping  therapy. (12,29,49). 
2.2.4. DOSING AND SCHEDULING 

A  particular  difficulty  with  paclitaxel  administration is that its pharmacoki- 
netics  follow  nonlinear  kinetics,  with saturable distribution,  metabolism,  and 
elimination (19). This  leads  to  unpredictability  in  both  toxicity  and  efficacy 
with  changes  in  dose  and rate of administration.  Docetaxel,  on  the other hand, 
follows linear pharmacokinetics;  thus its toxicity  and  efficacy are not as sched- 
ule dependent. 

In 1994 Eisenhauer  and  colleagues (16) examined the issue of both  sched- 
ule  and  dose of paclitaxel  in  recurrent  carcinoma of the ovary  in  a  large,  ran- 
domized  European-Canadian  trial. The 187 patients treated  with  a  3-h  infusion 
given  with  premedication of glucocorticoids  and H1 and  H2  antagonists  suf- 
fered  no  more  allergic  reactions  than the 204  patients  receiving the same pro- 
phylactic  regimen  and  paclitaxel  infusion  over  24 h. There was  also no 
statistically  significant  difference  in  lower  incidence of fever  and  grade 4 neu- 
tropenia.  Changes  in  quality  of life scores were no different  between the two 
groups,  and  there  were no significant  differences in response  rates or overall 
survival.  Subsequent  pharmacokinetic  and clinical studies  have  suggested  that 
shortening the infusion  time  to  1  h is safe (24), and  this  has  now  been  adopted 
as standard  in  many  institutions. 

Cumulative  data  suggest  there  may be a  dose-response  relationship for 
paclitaxel,  with  response  rates  increasing from 19%  in  patients  treated  with 
135  mg/m2  to 46% in  those  given  250  mg/m2 (22). In  the  randomized 
European-Canadian  study,  response  rates  with  175  mg/m2  were  higher  than 
with  135  mg/m2 (20 vs  15%),  but  this  did  not  reach  significance (p = 0.2). 
However,  a  significant  disease-free  survival  advantage  was  seen  with the higher 
dose (4.4 months  vs 3.2 months, p = 0.02). 
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Weekly  administration  of  paclitaxel  has  more  recently  been  investigated 
with  a  resulting increase in dose intensity  and  reducing  toxicity. The schedule 
appears  to be well  tolerated  and  although the numbers are very  small,  encour- 
aging  response  rates  in  heavily  pretreated  patients  have  been  reported (I). 

2.3. Platinum/Taxane Combinations 
2.3.1. CISPLATIN AND PACLITAXEL 

Once it was  established that the taxanes  offered  impressive  single-agent  ac- 
tivity  in  recurrent  ovarian  cancer, trials of paclitaxel  in  combination  with  plat- 
inum  agents as first-line treatment  began. The first  Phase  I  trial of the 
combination of paclitaxel  and  cisplatin (43), found that the sequence of 24-h 
paclitaxel  followed  by  cisplatin  was  tolerable. This schedule  was  therefore cho- 
sen for the first prospective  randomized trial comparing  cisplatin  and  paclitaxel 
with the standard  treatment of cisplatin  and  cyclophosphamide  performed by 
the Gynecologic  Oncology Group (GOG) 11 1  trial (35). This landmark trial 
was  undertaken  in  386  previously  untreated  patients  with  suboptimally de- 
bulked  stage I11 and  IV disease and  good  performance  status.  Patients  were 
treated  with  cisplatin 75 mg/m2  and  paclitaxel  135  mg/m2  over  24  h,  or  cis- 
platin 75 mg/m2  and  cyclophosphamide 750 mg/m2.  Significant  differences  in 
favor of the  cisplatitdpaclitaxel  combination  were  seen for response rate (73  vs 
6096, p = 0.01),  progression-free  survival (18 vs 13 months, p c 0.001),  and 
overall  survival  (38  versus 24 months, p c 0.001).  Neutropenia, febrile neu- 
tropenia,  alopecia,  and  peripheral  neuropathy  were all significantly  greater in 
the group  receiving  cisplatin  and  paclitaxel;  however, the differences in toxic- 
ity  between the arms of the trial  were  modest,  and the combination of cis- 
platitdpaclitaxel  was  regarded as well  tolerated. 

These findings  have  been  recently  confirmed in an  Intergroup  study  using 
the same  control  treatment as in GOG-111  but also including  earlier stage and 
optimally  debulked  patients,  with the shorter  schedule of paclitaxel  175  mg/m2 
over  3  h  as  opposed  to  135  mg/m2  over 24 h, as in  GOG  11 1. This trial also 
demonstrated  an  advantage  to  cisplatitdpaclitaxel  treatment for response rate 
(77 vs 6696, p = 0.02), progression-free  survival. (16 vs 12 months p = O.OOOl), 
and  overall  survival (35 vs 25  months, p c 0.001) (46). However,  significant 
neurotoxicity  was  encountered  in  patients  treated  with  cisplatitdpaclitaxel. 

A subsequent  GOG  trial  undertaken in suboptimally  debulked stage I11 and 
IV  patients  has  compared the combination of cisplatitdpaclitaxel  with each 
agent  individually (36). This study  found  that  response  rates  were  superior  with 
the combination  compared  with  single-agent  paclitaxel  but  not  compared  with 
single-agent  cisplatin  at  a dose of 100 mg/m2. There were  fewer  dose  reduc- 
tions  and  treatment  delays  with  a  higher  percentage  of  patients  completing  six 
cycles of  therapy in the paclitaxel/cisplatin arm. The combination  treatment 
yielded  similar  progression-free  survival  and  overall  survival to single-agent 
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Table 2 
Phase I Trials with Carboplatin and Paclitaxel in Ovarian Cancer" 

MTD 

Carboplatin  Paclitaxel RR Median PFs 
Study No. Stage (AUC) mg/m2) (%) (months) 

Bookman  39  111-Iv  7.5 135/24  h 75  15 

Huizing  35 111-IV 300  mg/m2 200/3  h 78 NS 

Bolis  27  IIc-IV  300  mg/m2 150-250 NS  NS 

ten  Bokkel  Huinink  46 111-IV 9 200/3  h NS  NS 

et al.,  1996 (8) 175/3 h 

et al., 1997 (28) 

et  al.,  1997 (7) Not  achieved 

et  al.,  1997) (49) 

"MTD, maximum tolerated dose; AUC, area  under the curve; PFS, progression-free survival. 

cisplatin,  but  better  progression-free  survival  than  single-agent  paclitaxel. 
Overall  survival  was  not  significantly  different  in all three  groups;  however, 
significant  crossover  occurred in this trial even before progression  was  docu- 
mented,  and  this  undoubtedly  confounds the results of this  study. 

The results of the above  three  studies are summarized  in  Table 1. 

2.3.2. CARBOPLATIN AND PACLITAXEL 
The favorable  therapeutic  index of carboplatin,  especially its relative  lack of 

neurotoxicity  coupled  with its ease of  administration,  has  prompted  many  in- 
vestigators  to substitute it for cisplatin  in  combination  with  paclitaxel  in  frrst- 
line studies. A number of Phase  I trials have  explored  different  doses  and 
schedules of this  combination (7,8,28,45,48). These are tabulated  in  Table 2. 
Toxicity  profiles  of the combination  have  been  found to be  highly  acceptable, 
with  neutropenia  being the dose-limiting  toxicity  in  most studies, followed by 
peripheral  neuropathy  and  thrombocytopenia. 

A consistent finding in  these  preliminary  studies is that although  neutrope- 
nia  has  been  additive as expected, the combination of carboplatin  and  paclitaxel 
has  caused less thrombocytopenia  than  anticipated.  Counterintuitively,  in two 
Phase I studies  with  a  fixed dose of carboplatin as the dose of paclitaxel  in- 
creased, platelet  nadirs  increased (7,45). There is no  indication of a  pharmaco- 
kinetic  interaction  between the drugs to explain this observation (28), and  a 
direct effect of paclitaxel  on  megakaryocytes is thought  to be the most  likely 
mechanism (9). 

There are three Phase III trials that  address the issue of cisplatin-carboplatin 
equivalence  in the context of platinum/paclitaxel  combination  therapy  (Table 3) 
(14,38,33). Interim  reports of two of these  studies (14,38) suggest  greater  non- 
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Table 3 
Ongoing Randomized Trids of Paclitaxel with Cisplatin 

or Carboplatin in Advanced  Ovarian  Cancer 

Cisplatin  Paclitaxel  Carboplatin 
Study No. Stage (mg/m2) (mdm2) ( A W  

Neij t 159  IIB-IV  75  17513 h 
et al.,  1997 (38) - 17513 h  5 

DuBois 660 IIB-IV 75 18513 h - 
et al.,  1997 (14) - 18513 h 6 

GOG 58  700  III  75 13513 h - 
(unpublished) - 17513 h 7.5 

- 

hematologic  toxicity  in the cisplatirdpaclitaxel arm, but it is still too  early  to 
evaluate  the  efficacy  results of these  trials.  Most  investigators  feel  that for 
poorer  prognosis  patients  in  whom  quality of life is a  major issue it is reason- 
able to  use carboplatidpaclitaxel. There is, however,  controversy  over the use 
of this  combination  in  patients  with  good-prognosis  disease. 

3. LUNG CANCER 
3.1. Introduction 

There has  in the past  been  pessimism  over the use of chemotherapy in lung 
cancer, the leading cause of cancer death  worldwide. Most patients  present 
with  non-small  cell  lung  cancer  (NSCLC),  and  only  a  small  proportion  (ap- 
proximately 20%) of these  patients are suitable for surgical  resection  (82). An 
even  smaller  proportion are actually  cured by surgery or radical  radiotherapy; 
hence  the  high  mortality  of this disease and the need  to find effective  medical 
means  of  improving  quality  of life and  survival. 

The prognosis of this  disease  has  changed little over the past 20 years,  with 
the  overall  median  survival for all stages  being 6-8 months  and  5-year  survival 
of  10-15%. In  most  patients  with  advanced  disease,  median  survival is only 
4-6 months  (82). 

3.2. Platinum Chemotherapy 
In  those  patients  with  unresectable disease, single-agent  chemotherapy 

achieves  response  rates of  up to 20%. Cisplatin is considered  to be the most  ac- 
tive single agent.  Single-agent  chemotherapy,  however,  rarely  induces  com- 
plete responses,  and  median  survival is not  significantly  prolonged (64). 

Combination  platinum  chemotherapy is used  more  often  than  single-agent 
treatment.  Agents  commonly  added  to  cisplatin  include  mitomycin, the vinca 
alkaloids,  etoposide,  and  ifosfamide.  Response  rates  range from 30 to 40%, but 
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complete remissions are seen in less than 5% of patients (64). The toxicity of 
combination  chemotherapy  in  this  patient  population  with  advanced disease 
and  often  poor  performance  status  must be balanced  against the benefits.  Many 
clinicians  have  been  sceptical  about  the  use of chemotherapy  in  advanced 
NSCLC,  but trials have  shown that chemotherapy  induces  good  symptomatic 
relief  and  improved  functional  status  over  best  supportive  care (70,80), as well 
as a  reduction in inpatient  time  and  costs of medical care (76). 

Two metaanalyses  have also shown that cisplatin-based  combination  regi- 
mens are associated  with  a  modest  survival  benefit (82,88). The largest of 
these,  a  study by the Non-Small Cell Lung Cancer Collaborative  Group,  looked 
at 52 randomized trials of chemotherapy  in  NSCLC  and  included  9387  patients 
(82). The survival  benefit  was  10%  at  1-year  (from  15  to  25%)  compared  with 
best  supportive  care,  with lesser benefits  when  added to surgery or radiother- 
apy settings (5 and  2%,  respectively  at 5 years). This gives  a  3-month  prolon- 
gation of overall  survival  from 4-6 months  to 6-12 months.  Chemotherapy 
therefore  offers  a  benefit  to  a  patient’s  chemotherapy,  but its role still depends 
very  much  on  individual  patient  circumstances  and  preferences. 

3.3. Taxanes 
Results on the  use of paclitaxel in NSCLC  have  been  recently  summarized 

(62). As with  ovarian  cancer, doses and  schedules  in  these  studies vary enor- 
mously, from 1-  to  24-h  infusions  and  weekly  to  3-weekly  dosing.  Results  of 
the 10 trials evaluating  paclitaxel  in  316  patients  show  an  overall  response rate 
of  27%  (range,  10-56%),  with  median  and  1-year  survivals  of  8.5  months  and 
41%  (range,  22-53%),  respectively. 

Docetaxel  has  similar  activity;  seven trials in  previously  untreated  patients 
demonstrate  response  rates of  31%  (range,  21-54%)  and  median  survival  of 9 
months (62,85). Two trials have  looked  at  docetaxel  in  the  difficult  area  of 
platinum-refractory  and  -resistant  patients  and  have  demonstrated  response 
rates  of  17%  and  median  survival  of  9  months,  comparing  favorably  with  other 
second-line  regimens,  including  paclitaxel (63,71). As in  other  malignancies, 
myelosupression,  especially  neutropenia,  was  the  most  significant.  toxicity.  Fluid 
retention  was also encountered  but  was  readily  treatable  with  corticosteroids. 

3.4. Plutinum/Taxane Combinations 
Over the last 2-3 years,  several  Phase I and 11 trials  have  examined  combi- 

nations of paclitaxel  with  cisplatin or carboplatin.  Six  trials  involving  215  pa- 
tients  have  demonstrated the efficacy  of the combination of cisplatin  and 
paclitaxel  with  response  rates of  11-55%,  (mean,  41%). The results of these tri- 
als are presented  in  Table  4 (59,72,77,84,87,89). As  with  ovarian  cancer,  neuro- 
toxicity  (and  to  a  lesser  extent  myelosuppression), are the  dose-limiting side 
effects.  More  recently,  both the Eastern  Cooperative  Oncology  Group  (ECOG) 
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Table 4 
Cisplatin and Paditaxel in Metastatic Lung Cancer 

Cisplatin  Paclitaxel RR 
Study No. (mg/m2)  (mg/m2/h) (%) 

Rowinsky  et  al., 1993 (87) 40  75 135-250196  43 
von Pawel  et  al.,  1996 (89) 67 75 17513  43 
Pirker  et  al.,  1995 (84) 20 50 X 217 17513  35 
Georgiadis  et  al., 1995 (72) 17 m m=JJmm 55 
Belli  et  al., 1995 (59) 29 ROO- 1 26 155-225 28 

Table 5 
Carboplatin  and  Paclitaxel in Metastatic Lung Cancer 

Study 
Carboplatin Paclitaxel RR 

No. (AUC mg/m2) (mg/m2/h) (%) 

Langer  et  al., 1995 (79) 
De  Vore et  al., 1996 (68) 
Belanir  et  al., E99V(58) 
Natale, 1990 (81) 
Rowinsky  et  al., 1995 (86) 
Greco  and  Hainsworth, 

Kosmidis  et  al., 1996 (78) 
Creaven  et  al., 1996 (67) 
Huizing  et  al., 1997 (75) 

Em (74) 

108  7.5 
51 6 or 300 mg/m2 
26 5-1 1 
49 6 
19 

100 6 

21 7 
26 44.5 
55 300-400 mglm2 

135-20013-24 
135-17513-24 
135-200124 
150-250B 
175-25013 

22511 

17513 

1 00-25013 
100-27011-3 

50 
27 
50 
62 
37 
38 

33 
13 
11 

and the European  Organization for Research  and  Treatment of Cancer  (EORTC) 
have  compared  cisplatin  and  paclitaxel  with  their  standard cisplatidepipodphy- 
lotoxin  regimens  (60,73).  In  both  studies  the cisplatidpaclitaxel response  rates 
were  superior; 26 vs 12% in  the  one (60) and 44 vs 30% in the other  (73). 
Median  survival  was  significantly  improved  by 2 months  from 7.7 to  9.8  months 
in  the  ECOG (60), but  not  the  EORTC  (73)  trial (9.4 vs 9.7 months). 

The  combination of carboplatidpaclitaxel  has  been  more  extensively  studied, 
because of its  superior  toxicity  profile  and  ease of administration, as outlined  ear- 
lier. A  wide  range of doses  and  regimens  have  been used carboplatin AUC 4-7 
and  paclitaxel 135-250 mg/m2  in  1-24-h  infusions.  As  with cisplatidpaclitaxel 
combinations,  myelosuppression,  and  to  a  lesser  extent  neuropathy,  are  the  toxic- 
ities  that  limit  dose.  Response  rates  are  variable (1 1-62%), but  the  mean  response 
in  all 518 patients  in 15 trials is very  similar  to  that  seen  with  the cisplatidpacli- 
taxel  regimen, 39% (Table 5). In addition, two studies  have  suggested  that  there 
may  be a  dose-response  effect  with carboplatin/paclitaxel(62,75). 
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Table G 
Cisplatin and Docetaxel in Metastatic Lung CanceP 

~ 

Cisplatin Docetaxel RR Estimated MOS 
Study No. (mg/m2)  (mg/m2) (%) (months) - 
Zalcberg 47  75 75 39  10 

Douillard 51 100 75 30 10 

Androulakis 53 80 100 48 13 

Cole 57  100-175 65-85 51 10.5 

et al., 1995 (90) 

et al., 1995 (69) 

et  al., 1996 (57) 

et al., 1995 (65) 

aMOS, median  overall  survival. 

A smaller  number of trials  have  looked  at  docetaxel/platinum  combinations. 
This combination appears more  attractive  than  paclitaxellplatinum  because of 
the absence of overlapping  neurotoxicity  seen  with  cisplatin  and  paclitaxel. 
Four trials in  previously  untreated  advanced-stage  patients  (Table 6 )  have 
demonstrated  the  effectiveness  of the combination of cisplatin  and  docetaxel 
given in doses of 75-100 mg/m2  and 75 mg/m2,  respectively. 

In  summary, platinudtaxane combinations  appear  active  and  well  tolerated 
in  advanced  lung  cancer.  Ongoing  randomized trials should  provide  more  in- 
formation  about  optimal  doses  and  schedules. 

4. HEAD AND NECK CANCER 

4.1. Introduction 
Squamous  cell  carcinoma  (SCC) of the  head  and  neck  constitutes  a  major  pub- 

lic  health  problem,  with  estimates in 1998 of more  than 500,000 new  cases  world- 
wide.  SCC  presents  with  stage 111 or IV disease  in  more  than  two-thirds of the 
cases.  Standard  treatment  for  head  and  neck  cancer  at  presentation is surgery  and 
radiotherapy.  Despite  optimal  local  therapy,  more  than  half  of  the  cases  will  ulti- 
mately  develop  local  recurrence,  and 30% or  more  will  subsequently  develop 
metastatic  disease (91). The  conventional  treatment  of  patients  with  advanced  la- 
ryngeal  cancer  consists  of  total  laryngectomy  and  postoperative  radiation  therapy, 
which  results in overall  5-year  survival  rates  ranging  from 0 to 50% (91). 
Chemotherapy is only  considered  to be standard  treatment  for  recurrent  or 
metastatic  disease,  with  responses  in  the  order of 15-30% using  single-agent 
drugs as methotrexate, cisplatin, carboplatin, 5-fluorouracil (5-FU) and 
bleomycin.  Median  response  duration  is 4-6 months,  and  survival  following 
chemotherapy is usually  only 6-10 months.  Neoadjuvant  chemotherapy  in  con- 
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junction  with  radiotherapy  and/or  surgery  has  been  shown  to  produce  responses  in 
up  to  90% in patients  with  stage III/IV disease,  and  there is a  complete  response 
rate  of  about  50%.  Neoadjuvant  chemotherapy  may  have  a  role  in  conjunction 
with  radiotherapy  in  patients  with  laryngeal  cancer  in  an  attempt  to  avoid  surgery 
and  to  preserve  the  larynx.  The  use  of  neoadjuvant  chemotherapy  to  reduce  the  in- 
cidence  or  delay  the  appearance  of  metastatic  disease  is  less  certain. 

The use of concomitant  chemotherapy  and  radiotherapy  potentiates  the  cy- 
totoxic  effects of radiation by the  inhibition  of  sublethal  damage  repair,  hy- 
poxic  cell  sensitization,  and  cell cycle synchronization.  Cisplatin  given  weekly 
with  concomitant  radiotherapy  has also demonstrated  an  increase  in  response 
rate to  conventional  radiotherapy  in  inoperable  head  and  neck  squamous cell 
carcinoma (73 vs  59%) (92), but  no  disease-free or overall  survival  advantage 
was  observed.  Optimal  integration of 5-FU and  radiotherapy  requires  a  high 
dose of  5-FU  (800-1000  mg/m2/d for 5  d)  and/or  continuous  protracted  expo- 
sure for synergy  to  occur (93). 

The data on  incidence  and  mortality,  and the results of our current  treatments 
clearly  demonstrate the need for new approaches  to  the  treatment of  head  and 
neck  SCC.  New  chemotherapy  agents  that  have  been  tested  include  the  taxanes, 
paclitaxel  and  docetaxel,  both  with  approximately  35%  response  rates  in  re- 
lapsed  disease. 

4.2. Platinum Chemotherapy 
Patients  treated  with  single-agent  cisplatin  have  shown  response  rates  of 

20-30% in  relapsed  disease,  and  this  has  become  the  mainstay  of  multidrug 
therapy. One of the major  advances  in  chemotherapy  was the development  of 
the 4-d  continuous  infusion  5-FU  plus  cisplatin  schedule.  Response  rates  of 
60-90% were  reported  in  previously  untreated  patients,  with  complete  remis- 
sions  in  30-50% of patients (94). The addition of leucovorin  has  been  shown 
to increase the cytotoxicity of 5-FU  by  enhancing the inhibition of thymidilate 
synthase (95), which  has  also  been  used  in  combination  with  cisplatin/infu- 
sional  5-FU  in  patients  with  head  and  neck  cancer  (Table 7). High-dose  cis- 
platin  has  been  used  in  a  Phase 11 study of 59 patients  with  unresectable  locally 
advanced  disease (96). The planned  cisplatin  dose  was 80 mg/m2  per  week,  but 
few  patients  achieved this dose  intensity. The response rate was  59%,  with  15% 
of  patients  achieving  a  complete  response, similar to that of  combination  regi- 
mens; the pattern of toxicity  was  different,  however,  with  a  higher  incidence  of 
ototoxicity  and  marrow  suppression  being  dose  limiting  (Table 8). 

Current  standard  treatment for metastatic disease is combination  chemother- 
apy. In  1992  Forastiere et al. (97) reported  the  experience  of the SWOG  in 277 
patients  with  locally  recurrent or metastatic  head  and  neck  cancer.  At  that  time 
methotrexate  was  considered  standard  therapy for this  group of patients  and 
previous  Phase I1 trials  reported  similar  response  rates to those  seen  with 
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Table 8 
Neoadjuvant  Single-Agent  Cisplatin 

in Locally Advanced  Head and Neck  Cancer 

RR 
~ ~~~ 

Study No. Treatment (%) CR SV/comments 

Slotman 53 Cisplatin 
et  al.,  1992  20  mg/m2/4 dwk 
(106) 1 &4/DXT,  surgery 

Planting  59  Cisplatin 
et  al., 1997 (96) 80 mg/m2/wk X 6, 

DXT,  surgery/ 
DXT or  second-line 
chemotherapy 

94  75  Median  survival 
45  mo 

os 55%/5 y 
59 OS 56 wk 

PFS  32  wk 
9  patients  achieved 
planned  dose 
intensity 

cisplatin (98). Patients  were  randomized  to  have three weekly  cycles  of  cis- 
platin/S-FU,  four  weekly  cycles  of  carboplatin/5-FU, or weekly  methotrexate. 
The response  rates  were 32,21, and lo%, respectively,  with  complete  response 
in 6, 2, and 2%  of  patients.  Taylor et al. (99) reported  on  an  alternate-week 
schedule of cisplatid5-FU given  with  radiotherapy  in  patients  with  locally  ad- 
vanced or recurrent  disease.  Fifty-five  percent of the patients  achieved  a  com- 
plete  response  with  a  median  survival of  37  months,  which  compared  favorably 
with  a  Radiation  Therapy  Oncology  Group  (RTOG)  study of  radiotherapy  alone. 

Neoadjuvant  chemotherapy  has  been  tested  in  randomized  trials of operable 
patients.  In  1992  the  Department of  Veteran Affairs Laryngeal  Cancer  Study 
Group (100). published  a  study of 332  patients  with  previously  untreated  stage 
111 or IV squamous  carcinoma of the larynx  who  were  randomly  assigned  to  re- 
ceive  three  cycles of cisplatin  and infusional5-FU induction  treatment  followed 
either by  radiotherapy or laryngectomy  and  postoperative  radiotherapy.  There 
was  a  response  rate of 85% to  induction  chemotherapy,  with  49% of patients 
achieving  complete  response.  The  larynx  was  preserved in 64%  of the patients 
in the  chemotherapy  group.  Local  recurrences  were  significantly  higher  in the 
chemotherapy arm (12  vs  2%, p = 0.001),  but  the  surgery arm presented  with  a 
significantly  higher  incidence  of  metastasis  (17  vs  11%, p = 0.001).  There  was 
no disease-free  (53.3  and 55.9%) or overall  survival (68% for both  groups)  dif- 
ference  with  a  median  follow-up of 33 months.  These  results  supported the find- 
ings of  non-randomized trials that  induction  chemotherapy  followed by 
definitive  radiotherapy is an  effective  strategy to achieve  laryngeal  preservation 
without  compromising  overall  survival or causing  increased  toxicity. 

Another  randomized  study of neoadjuvant  chemotherapy  vs  surgery  in  op- 
erable patients  was  reported  by the EORTC (101). ' h o  hundred  and  two  pa- 
tients  with  histologically  proven  squamous cell carcinoma of the pyriform 
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sinus or of the hypopharyngeal aspect of the ariepliglotic fold were  included in 
this  trial.  They  were  randomized  to  have  surgery  and  radiotherapy or induction 
chemotherapy  with  two or three cycles  of cisplatidinfusional 5-FLJ followed 
by  radiotherapy if  in complete response, or salvage  surgery  if this had  not  been 
achieved. The response  rate  in the chemotherapy arm was  86%,  with  a  com- 
plete  response  rate of  40-50%. The median  follow-up  was 5 1  months,  and  the 
3-year  overall  survival  was  43% for the surgical  plus  radiotherapy arm vs  57% 
for the chemotherapy  plus  radiotherapy arm, the disease-free  survival  was 31 
and  43%,  respectively,  and the median  survival 25 and 44 months,  respectively. 
The incidence of metastasis  at  3  years  again  favored the chemotherapy arm, 
with  40% of the patients  who  received  chemotherapy  being  metastasis free, 
compared  with  27%. The survival of patients  whose  surgery is delayed for a 
trial of chemotherapy does not  appear  to  be  compromised,  and  laryngeal 
preservation is feasible in  a  high  proportion  of  patients,  with  30%  being  alive 
and  disease-free  at  3  years  with  a  functioning  larynx. 

Aldestein  and  coworkers  published  their  results (102) on 100 patients  with 
resectable stage II-IV disease who  were  randomized  to  have  radiotherapy 
alone or concomitant  chemotherapy  with  cisplatin  and infusional5-FU for 4 d 
during  weeks 1 and  3  of  radiotherapy.  Salvage  surgery  was  reserved for resid- 
ual disease after 50 Gy  of radiotherapy, or recurrent  disease.  Relapse  Free 
Survival  (RFS)  was 52 and  67%,  respectively,  and  the  likelihood  of  developing 
metastasis  21  and lo%, favoring the chemotherapy-radiotherapy arm. Overall 
survival  with  successful  primary site preservation  was 35 vs 57% (p = 0.02), 
again  favoring the chemoradiation arm. 

Patients  with  locally  advanced  unresectable  disease  were  randomized  to  in- 
duction  chemotherapy  in  a  study  by  Taylor et al. (103) on  214  patients  who  re- 
ceived  three  cycles  of  neoadjuvant cisplatidinfusional 5-FU followed  by 
radiotherapy or seven  cycles of concomitant  chemoradiotherapy for 5 d  every 
other  week.  Overall  response  rates  were  significantly  different,  favoring  the 
concomitant  chemoradiation arm (78  vs  93%, p = 0.006) although  complete  re- . 
sponse  rates  were  similar. There were  no  overall  survival  differences  between 
the  two  treatments. A study  by  Merlano  and  colleagues (104) reported  on  157 
patients  with  unresectable stage 111-IV disease treated  with  neoadjuvant  cis- 
platidinfusional 5-FLJ for 5 d  alternating  with  radiotherapy or radiotherapy 
alone.  They  found  complete  response  rates  of 42 and  22%,  respectively (p = 
0.037),  and  a  median  survival of  16.5 vs  11.7  months (p < 0.05) in favor of the 
combined  treatment  group. 

Nonrandomized  studies of induction  chemotherapy  have  been  published in 
patients with resectable disease at the M.D. Anderson Cancer Center 
(MDACC) (105). Sixty-four  patients  with  untreated,  locally  advanced  re- 
sectable head  and  neck  cancer  were  enrolled into an  induction  regime of cis- 
platirdbleomycidinfusional 5-FU or cisplatidinfusional 5-FU. Radiotherapy 
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was  given  to all patients  after the chemotherapy.  Surgery  was  reserved for pa- 
tients  who  achieved  less  than  a  partial  response  to  chemotherapy  or  those  with 
recurrent or residual disease after  sequential  chemoradiotherapy. The overall 
response rate was  similar for both  treatments (75%), and the complete  response 
rates  after  radiotherapy  were 88,  83, and 50% for laryngeal,  hypopharyngeal, 
and  oropharyngeal cancers, respectively.  At  a  follow-up  of 15-54 months, 44% 
of  patients  with  laryngeal, 28% with  hypopharyngeal,  and 22% with  oropha- 
ryngeal  cancers  were  alive  and  disease free with  larynx  preservation. The over- 
all 2-year  survival  rates  were 71,46, and 38%, respectively. The lower rate of 
disease-free  survival  in  the  oropharyngeal  group  may reflect the fact  that  dis- 
ease at  this site that  requires  laryngectomy is generally  very  advanced,  with  a 
high rate of T3, 4 and N3 disease.  A  study of preoperative  cisplatin  chemora- 
diotherapy  followed by curative  surgery  was  published  by  Slotman et al. (106) 
and  involved 53 patients  with  advanced stage I1 and IV disease.  Response  rates 
to  chemoradiation  were 94%, with 84% of the patients  achieving  a  complete 
response. Tbenty-three percent of the patients  did  not  undergo  surgery for a  va- 
riety of reasons. The follow-up of this study  was 8 years,  and the median  sur- 
vival for all  patients  was 45 months. The 5-year  actuarial  survival  rate  was 43% 
for all patients, 55% for patients  who  had  chemoradiotherapy  and  surgery,  and 
18% for those who  did  not  undergo  surgery. 

Vokes  and  colleagues (107) have  used  induction  chemotherapy  on  inoperable 
patients  in  a  nonrandomized  setting.  They  administered  neoadjuvant  chemother- 
apy  to 64 previously  untreated  patients  with  locoregionally  advanced  disease.  All 
patients  received two cycles of induction  chemotherapy  with  cisplatin,  bleomycin, 
and  methotrexate (PMB) or cisplatidinfusional 5-FTJ (PFL). This was  followed 
by  surgery  when  possible andor chemoradiotherapy  with 5-FU, hydroxyurea,  and 
leucovorin.  The  response  rate  was 79% (21%  complete  response)  for  patients  re- 
ceiving PMB and 8 1% (29% complete  response)  for PFL. The  median  survival 
was 22 months  in  the PMB group,  and  the  median  survival  for  those  treated  with 
PFL has  not  been  reached,  with  a  median  follow-up  of 35 months. The locore- 
gional  recurrence  rates  were 30 and 26% for  patients  treated  with PMB and PFL, 
respectively.  This  equals  or  exceeds  that  for  patients  treated  with  induction 
chemotherapy  followed  by  standard  radiotherapy  in  previous  studies  at  the  same 
institution. The improved  regional  control  rate  appears  to  translate  into  favorable 
long-term  survival  for  patients  in  the PFL group.  Aldestein  and  coworkers (108) 
published  a  phase 11 study  on 57 patients  with  unresectable  stage III and IV dis- 
ease who  were  treated  with two cycles of cisplatidinfusional5-FU and  concurrent 
split-course  radiotherapy.  There  was  a  complete  remission  rate  of 77%, which  was 
markedly  better  than  the 44.5% in  the  radiotherapy-only  control arm of the ECOG 
study  in  patients  with  unresectable  disease (109). At 4 years  the  projected RFS 
was 45%, and  the  overall  survival  was 49%. The  author  noted  that 79% of  the  re- 
currences  were  locoregional. 
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The addition  of  chemotherapy to accelerated  fractionation  radiotherapy  to- 
gether  has  been  reported by Dragovic  and  colleagues (110) in  a  study  of  34  pa- 
tients  with stage IV previously  untreated  inoperable  disease. The rationale 
behind  accelerated  radiotherapy is that accelerated  tumor  repopulation  during 
conventionally  fractionated  radiotherapy  could be an  important  determinant of 
local  control  probability (111). Treatment  with  cisplatin  and  continuous  infu- 
sion 5-FU was given  on  weeks 1, 3, and 5 together  with  twice  daily  radiother- 
apy, the fractionation  being  more  than  6  h  apart. The response rate was  high 
(94%),  with  82%  patients  achieving  a  complete  response. The actuarial  3-year 
survival  at  a  minimum  follow-up of 36 months  was  38%.  Acute  mucosal  toxi- 
city  was  acceptable  although  greater  than  expected  with  standard  radiotherapy. 

4.3. Taxanes 
Paclitaxel  may  be the most  active single chemotherapeutic  agent for the 

treatment of head  and  neck  cancer.  Preliminary  results  show  a  response  rate of 
37% for single-agent  treatment in newly  diagnosed  patients  and  those  with  re- 
lapsed  disease (112). 

There is also  preclinical  evidence  of  radiation  enhancement by paclitaxel 
(113). The underlying  mechanism of this interaction is thought  to  be  cell  cycle 
arrest  in  the  G2/M  phase of the cell  cycle.  In  vivo  studies  with  murine  mam- 
mary  carcinoma (114) have  shown that the greatest  enhancement of radiation 
response is not  at the time of maximum  mitotic arrest by paclitaxel(9 hs),  but 
1  d after paclitaxel  treatment,  indicating  that  paclitaxel may also potentiate 
tumor  response by mechanisms other than  blocking  the cell cycle in  mitosis. 
Mucosal  toxicity  with  standard  doses of paclitaxel is uncommon,  and  therefore 
combining it with  radiation  therapy  may  be  possible  without  having  to  inter- 
rupt the radiation  schedule (115,116). 

Forastiere et al. (117) reported  an  ECOG  Phase I1 study of single-agent 
paclitaxel  in  patients  with  recurrent or locally  advanced  incurable  disease. 
Thirty  patients  received  250  mg/m2  over  24  h  with  granulocyte  colony-stimu- 
lating  factor,  (G-CSF)  and  courses  were  given  every  3  weeks  until  progression 
was  documented. The response  rate  was  40%.  Severe  granulocytopenia oc- 
curred in 9  1 % of the patients,  but this was  short-lived. The median  survival  was 
9  months,  with  33% of the patients  alive  at  1  year. This is in  contrast  to  the  me- 
dian  survival  of 6-7 months  and  1-year  survival  of  20-25%  usually  reported  in 
comparable trials using  cisplatin  and 5-FU. This study  established  paclitaxel as 
an  active  cytotoxic  drug for the treatment of squamous  cell  carcinoma of the 
head  and  neck. 

Docetaxel  (Taxotere)  showed  clinical  activity  in  patients  with  advanced or 
recurrent SCC of the head  and  neck,  with  a  response rate of  32%  in  a  report 
from the EORTC  on 39 patients (118). This was  recently  confirmed  in  a  study 
by  Dreyfuss et al. (119) on  31  patients  with  advanced or recurrent  disease  who 
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were  treated  with  docetaxel 100 mg/m2  every  3  weeks. The response rate was 
42% with  a complete response rate of  13%  and  a  median  duration  of  response 
of 5 months. 

4.4. Phtinum/Taxane Combinations 
Some studies  have  demonstrated  that  there is synergism  between  paclitaxel 

and  cisplatin (120). Hitt et al. (121) reported  a  Phase UII study  with  escalating 
doses of paclitaxel  and  a  fixed dose of cisplatin as neoadjuvant  treatment  in 28 
patients  with  locally  advanced  inoperable  head  and  neck  cancer.  Chemotherapy 
was  given for 3  weeks  and three cycles  with  G-CSF for paclitaxel doses over 
200 mg/m2. An overall  response rate of 78%  was  reported.  A  detailed  analysis 
of the data showed  that  tumors  arising  in  the  larynx or hypopharynx  seem  to 
respond  better  to  the paclitaxelkisplatin regimen  than  those  from the orophar- 
ynx,  oral  cavity, or nasal  cavity. No dose-limiting  toxicity  was  encountered at 
paclitaxel  doses  of 300 mg/m2  (Table  9). 

The ECOG  conducted  a  Phase I11 trial (122) comparing  two doses of  pacli- 
taxel  (135 or 200 mg/m2/24  h)  plus  cisplatin 75 mg/m2 in  197  patients  who 
failed  to go into complete response  with  a cisplatin/5-FU/leucovorin regime or 
who  had  previously  untreated  locally  advanced  disease.  Objective  response 
rates  were  similar in the two  groups  (34%).  Median  and  1-year  survival  in the 
two  groups  were  similar,  at  7.2  months  and  28%,  respectively. 

Researchers  at the Veterans  Administration  Medical  Center (123) designed 
a  pilot  study  to  determine the feasibility of combining  3-h  infusional  paclitaxel 
with 5-FU and  cisplatin in chemotherapy-naive  patients  with  recurrent or ad- 
vanced  disease.  Seventeen patients were  treated  with  paclitaxel at a dose of 
135  mg/m2/3  h  together  with  cisplatin  75  mg/m2  and  infusional5-FU  1  g/m2/24  h 
for 3 d for three  courses. The major  toxicities  were  neutropenia  and  mucositis. 

Another group (124) treated 23 chemotherapy-naive patients with relapsed 
and/or metastatic disease, with  a continuous infusion of cisplatin and 5-FU 
for 3  d (20 and 200 mg/m2/d, respectively), and escalating doses of paclitaxel 
starting at 100 mg/m2 with no G-CSF. The overall response rate was 38%, 
and the maximum tolerated dose of paclitaxel was determined to be at 160 
mg/m2. 

The addition of ifosfamide to the paclitaxelkisplatin combination  has  been 
investigated by Shin et al. (125) at the MDACC.  Fifty-three chemotherapy- 
naive patients with recurrent or metastatic disease were enrolled. The treat- 
ment  was  paclitaxel  175  mg/m2, cisplatin 60 mg/m2,  and  3  d  of ifosfamide at 
1 g/m2/d. Overall  response rate was 58%, with  17%  of patients achieving  a 
complete  response. The median  follow-up  was  17.7  months  and the median 
survival 8.8 months. The response rate was  almost  twice  that  reported  in the 
literature  with  standard cisplatinhnfusional 5-FU treatment in this setting 
(Table  10). 
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Table 9 
Neoadjuvant  Taxol in Advanced 

or Inoperable  Patients with Head and Neck  Cancer" 

RR CR 
Study No. Treatment (%) (%) sv 
B Dunphy,  36  Escalating  61  29 NS 

1997  Taxol  150-265, MTD 230  mg/m2 
mg/m2 W/O G-CSF 

Carboplatin AUC 7.5  250  mg/m2  w/G-CSF 

et  al.,  1997 175-300  mg/m2 No DLT at  Tax01300 
E Hitt,  28  Escalating  Taxol  78  13/28  60%/3 y 

(121) cisplatin 75  mg/m*  Larynx  and  hypo- 
pharynx  respond 
better 

"DLT, dose-limiting  toxicity. 

Docetaxel  has  been  used  with  cisplatin  in  patients  with  locally  advanced,  un- 
resectable, or metastatic  disease. The EORTC (126) reported  on  24  patients 
treated  with  docetaxel 100 mg/m2  and  cisplatin 75 mg/m2  every 3 weeks for 
two  to  six  courses;  24  were  evaluable for response  at  the time of the report, and 
a  response rate of  78%  (CR  1  1%)  was  achieved. The main  toxicity  was  neu- 
tropenia,  and  25% of the patients  experienced  mild  sensory  neuropathy. The 
combination of docetaxel  with  cisplatin, 5-W, and  leucovorin  has  also  been 
used as induction  treatment  in  a  Phase I/II study by Colevas  and  colleagues 
(127) in cases with  locally  advanced  disease;  patients  who  responded  went on 
to receive  radiotherapy.  They  treated 23 patients  with  an  overall  response  rate 
of 100% (61%  complete  response). The maximum  tolerated dose for docetaxel 
was  established at 60 mg/m2  with  neutropenia  being the dose-limiting  toxicity; 
other  significant  toxicities  were  mucositis,  diarrhea,  peripheral  neuropathy,  and 
sodium-wasting  nephropathy. 

4.5. Conclusions 
Platinums  have  been  considered the mainstay of multidrug  therapy in head 

and  neck  cancer. The reported  response rate for cisplatin as a single agent is 
20-30%. The combination of cisplatin  and  infusional 5-FU over  4  d  has  in- 
creased the response rate to 60-90%  in chemotherapy-naive  patients. The land- 
mark  study of the Veterans  Administration  group  supported the integration  of 
chemotherapy as induction  treatment  followed by radiotherapy  as  a way to  pre- 
serve the larynx  in  a  proportion of patients  without  having  a  detrimental  effect 
on survival. This has  been  corroborated in two  studies  that  have also used  con- 
comitant  radiochemotherapy  with  the  suggestion of a further improvement in 
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Table 10 
Relapsed or Metastatic Head and Neck Cancer: 

Combination Treatment with Taxol 

RR CR 
Study No. Treatment (%) (%) sv 
Forastiere, 

1995 
Husssain 
et al.,  1997 
(123) 

Benasso 
et  al.,  1977 
(124) 

Forastiere 

(11 7) 
Dong, 

et  al.,  1998 

1998 

13 Taxol  170  mg/m2 
Ifosfamide 5 g/m2 

17  Escalating  Taxol 
Cisplatin  75  mg/m2 
5-FU  1000  mg/m2/4  d 

23  Escalating  Taxol 
100-1 80 mg/m2 

Cisplatin  20  mg/m2/3  d 
5-FU  200  mg/m2/3 d 

34  Taxol  250  mg/m2/3  wk 
G-CSF 

53 Taxol  175  mg/m2 
Ifosfamide  1  g/m2/3  d 

5/11 NS 
PR 
71  2/14  Active 

38 NS 
Choose  Taxol  160 
Ciplatin  25/3  d 
5-FU  250/3 d 

40  33%/1 y 

58 17  Median 8.8 mo 

the results  compared  with  a  sequential  schedule. The survival  of  patients  whose 
surgery is delayed for a  trial of chemotherapy  does  not  appear  to  be  shortened, 
and  larynx  preservation is feasible in 64% of patients. 

Taxanes  appear to be  the  most  active  drugs for the treatment of  head  and 
neck  cancer,  with  response  rates  to  single-agent  therapy of 40% in  newly  diag- 
nosed  and  relapsed  patients. 

The combination of platinum  and  taxane  appears  to be promising, as there 
is synergism  between  both  drugs;  response  rates in inoperable  patients  ap- 
proach 80%, and  one-third  of  patients  with  platinum-resistant  disease  respond 
to  combination  platimun-taxane  treatment. 

5. BREAST CANCER 
5.1. Introduction 

Breast  cancer is the most  common  cancer  in  women,  affecting  approximately 
1 in 12 women  in the United  Kingdom  during  their  lifetime.  Like  ovarian  and 
lung  cancer,  once the disease  has  spread  to  distant  organs  it is rarely if ever  cur- 
able.  Unlike  these  malignancies,  however,  half of those  patients  with  metastatic 
breast  cancer  live  over  2  years,  and  up  to  10%  will  live  over 10 years.  Significant 
palliation  and  survival  benefit can be obtained by  chemotherapy  over  a  number 
of  years,  and  careful  patient  selection  and  sequencing  of  successive  chemother- 
apy  regimens is important  to  minimize  cumulative  toxicity. 
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Most  women  present  with  apparently  localized  disease;  a  number  of  these 
will be treated  with  adjuvant  regimens  of  proven  efficacy  such as cyclophos- 
phamide,  methotrexate,  and 5-FU (CMF),  5-FU,  epirubicin,  and  cyclophos- 
phamide (FEC) or Adriamycin and cyclophosphamide (AC). Patients 
representing  with  metastases  can  benefit  from further chemotherapy,  but  they 
are incurable  and  hence  the  search for new agents  with  novel  mechanisms of 
action. 

The average  response rate to chemotherapy for metastatic disease in 
chemotherapy-naive  patients is about 50% (152), but in previously  treated  pa- 
tients it is lower  (20-25%) (167). 

5.2. Platinum Chemotherapy 
Carboplatin  and  cisplatin are known to be active  in  the  treatment  of  breast 

cancer,  with  single-agent  response  rates  of 25-3796 in chemotherapy-naive  pa- 
tients (155,158). The combination of a  platinum  compound  and  anthracycline 
results  in  response  rates of 80436% in such  patients,  but  responses to second- 
line treatment are disappointing,  with the response rate falling to 4143%. If no 
anthracycline is used  and the accompanying  drugs are alkylating  agents or 
5-W, the response is in the order of  8-28% (143). Platinum  compounds are not 
used  routinely  in  first-line  therapy, as their  toxicity  relative  to other equally  ef- 
fective  agents  makes  them  less  attractive  in the adjuvant  setting.  This  does, 
however,  make  them  more  useful  in the treatment of disease recurrence  after 
adjuvant  treatment, as platinum  resistance is less likely. Initial studies  with  cis- 
platin in the treatment of metastatic disease were  obviously done as  single- 
agent trials in  heavily  pretreated  patients.  Consequently the response rate was 
very  low,  on the order of 9%, and of short  duration (170). Analysis of the rela- 
tion  between dose intensity  and  response  showed  that  no  patient  who  received 
less  than  25  mg/m2/wk  of  cisplatin  achieved  an  objective  remission,  compared 
with  an  approximately  25%  response rate in those whose dose was  higher  than 
33 mg/m2/wk.  In  first-line  therapy for metastatic disease, it has  been  shown 
that the overall  response  rate is up  to 50%, with  most  patients  achieving  a  par- 
tial  response  and  a  median  duration of 4-5 months  only.  Combination  studies 
of cisplatin  with  doxorubicin,  etoposide, or 5-FU  have  demonstrated  higher  ac- 
tivity,  with  response rates of 60-70% (144,149,154). Several  randomized trials 
have  compared  cisplatin-containing  regimens  with  standard CMF or CAP, 
some of them  showing  an  advantage for the former in  terms  of  response  rates, 
although no trial has  demonstrated  superiority  with  regard to overall  survival 
(168). The combination of cisplatin or carboplatin  with  epirubicin  and  infu- 
sional5-FU has  been  extensively  used  in  patients  with  metastatic or locally  ad- 
vanced  breast  cancer  at the Royal  Marsden  Hospital. These combinations  have 
given  an  overall  response rate of 8 1 % (17%  complete)  in patients with  metasta- 
tic disease and  56% in patients  with  locally  advanced disease (140,153). 
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Both  cisplatin  and  carboplatin  have  been  used  extensively  in  the  context  of 
high-dose  chemotherapy  and  autologous  bone  marrow  transplantation for 
metastatic  breast  cancer.  Cisplatin  in  combination  with  cyclophosphamide  and 
carmustine showed  a  response  rate  of  55%;  14%  of  patients  were  long-term 
survivors  (3.3-6.5  years, (163)). Cisplatin  has  properties that make it less than 
ideal for high-dose  chemotherapy  because the neuro-  and  nephrotoxicity  be- 
come  dose  limiting.  Carboplatin  has  been  used  instead of cisplatin  in the high- 
dose setting  with  similar results (129). 

Cisplatin  has  recently  been  used  in  combination  with  a  monoclonal  antibody 
against the growth factor receptor  Her2lneu.  Overexpression of HER2heu  is 
associated  with  a  number of other adverse  prognostic  factors  and occurs in 
25-30%  of patients  with  breast  cancer. The synergistic  cytotoxic  effect of cis- 
platin  and  antibodies  against HER2heu appears to involve  a  decreased  capac- 
ity of cells that  overexpress  HER2/neu  to  repair  cisplatin-induced DNA 
adducts  after  being  exposed  to  antibody. The response rate to this combination 
has  recently  been  reported by Pegram  and  colleagues (160), to be 24%  in 37 
patients  with  extensively  pretreated  advanced  breast cancer showing  overex- 
presion of the  gene. This appears  to  be  higher  than the 8% reported for cisplatin 
alone  in  this  context. 

5.3. Taxanes 
The introduction of the taxanes  has  been  a  significant  advance  in the treat- 

ment of advanced  breast  cancer.  Single-agent  paclitaxel,  using  administration 
schedules that vary  from  3  to 24 h  and  in  doses  ranging from 175  to  250  mg/m2, 
produces  overall  responses  in 29-63%  of patients  with  metastatic  disease  when 
given as first-line therapy (145). The antitumor  efficacy is lower  in  more  heav- 
ily pretreated  patients,  in  whom the response rate falls to 6 4 7 %  (143). 
Randomized trials comparing  dose  levels  and  administration  schedules of 
single-agent  paclitaxel  have  shown  that  175  mg/m2  gives  a  very  slightly  better 
response rate than  135  mg/m2  (29  vs  22%)  with  similar  toxicity  profiles for the 
3-h  or  24-h  infusion rate (157). Regression  analyses for overall  response  rate, 
time  to  progression,  and  survival  indicated  that  the  results  achieved  with  pacli- 
taxel  were  independent of previous  anthracycline  exposure  and  resistance. The 
median  duration of response in 11 studies  ranges from 4  to  9  months (157). 

A  large  multi-institutional  randomized  trial  was  reported  by Sledge and  col- 
leagues (169) on 739 patients  with  recurrent or metastatic  breast  cancer. 
Patients  received  doxorubicin  (D),  paclitaxel  (P), or a  combination of both as 
first-line  therapy.  Patients  receiving  single-agent  treatment  were  crossed  over 
to the other agent  at  time of progression.  Granulocytopenia  was  the  main  tox- 
icity. There was no increased cardiac toxicity  with the combination of D+P 
compared  with  D  alone. The response  rates  were  34% for D,  33% for P, and 
46% for D+P. Median  times  to  treatment failure were 6.2,5.9, and 8.0 months, 
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respectively. The authors  concluded  that  single-agent  D  and P have  equivalent 
therapeutic  activity; the combination  of  D+P  results in superior  overall  re- 
sponse  rate  and time to  treatment  failure.  Even so, the combination  was  not su- 
perior  to  sequential  single-agent  treatment  with  regard  to  overall  survival. 

Alkylating  agents  have  also  been  successfully  combined  with  paclitaxel.  A 
dose-finding  study  by  Pagani et al. (159) and  co-workers  reported  on  80  women 
with  metastatic  breast  cancer  treated  with  paclitaxel  and  cyclophosphamide. The 
overall  response  rate  was  25% for patients  with  prior  chemotherapy  and 50% for 
those  without  prior  chemotherapy for metastatic  disease. The recommended 
doses  were 200 mg/m2 for paclitaxel  and 1750 mg/m2 for cyclophosphamide 
given  every 3 weeks.  G-CSF  was  to  be  used  in  pretreated  patients. 

Paclitaxel,  when  used  as  neoadjuvant  therapy,  has  been  reported  to  produce 
response  rates of  61%  (9%  complete)  when  given as a single agent (200- 
300 mg/m2  every 3 weeks  x 4, with  G-CSF) (147) or up  to  74%  in  combina- 
tion  with  anthracyclines (128). Paclitaxel200 mg/m2  with  doxorubicin 60 mg/m2 
or epirubicin 60-90 mg/m2  was  found  to  be  well  tolerated  in  previously  un- 
treated  patients,  but  about  20% of patients  experienced  significant  cardiac  tox- 
icity (148). 

Docetaxel  when  administered  at 100 mg/m2 as a  1-h  infusion  produces  re- 
sponse  rates of 5668%. Dosages of 100 and 75 mg/m2  were  evaluated  in  three 
European trials of docetaxel  as  first-line  chemotherapy for metastatic  disease. 
The response rate was  52% for the lower  dose  and  68% for the higher (145). 
Response  rates of 10-57% are seen  in  more  heavily  pretreated  patients (143). 
A major  concern  regarding  treatment  with  docetaxel  was fluid retention,  with 
the median  cumulative  dose  to the onset of this  complication  being 400 mg/m2 
in  non-premedicated  patients.  Recent  data  demonstrate that the prophylactic 
use  of  dexamethasone  8 mg orally  twice  a  day for 5 days starting  24 h before 
docetaxel infusion.can significantly  delay the onset  and reduce the severity of 
fluid retention,  as  can  increasing the median  cumulative  dose of docetaxel  to 
746 mg/m2 (165). Several  studies  evaluating  second-line  docetaxel  in  patients 
with  previously  treated  advanced  breast  cancer  have  shown it to be  highly  ac- 
tive,  even  among  patients  with  a  prior  history  of  anthracycline  exposure.  In  an 
EORTC  study, the response  rate  was  58%  in  patients  with one prior  chemother- 
apy  regimen for stage IV disease (171), 53 and  57%  in  two  single-institution 
U.S. studies of strictly  defined  anthracycline-resistant  metastatic  breast  cancer 
(164,172), and  32%  in an EORTC  multicenter  study  of  patients  with  anthracy- 
cline-resistant  disease (173). Responses  were  seen  in  visceral  and  nonvisceral 
sites of disease,  and the median  duration of response  ranged  from  6 to 7 
months. 

Several  Phase I11 studies have  been  reported,  comparing  the  efficacy  and 
safety of docetaxel.  Chan  and  colleagues (142) reported  a  response  rate of  47% 
for docetaxel 100 mg/m2 as first- or second-line  therapy  in  patients  previously 
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exposed  to  an  anthracycline,  vs  32% for doxorubicin  at 75 mg/m2. The median 
time  to  progression  was  29  vs 21 weeks.  A  study  comparing  second-line 
docetaxel 100 mg/m2  with  mitomycin 12 mg/m2/6  weekly  plus  vinblastine 
6  mg/m2/3  weekly  in anthracycline-pretreated patients,  with  100  evaluable  pa- 
tients  on each arm, showed  a  response rate of 28  vs  14% in favor of docetaxel 
(156). 

Two U.S. multicenter  phase III studies are evaluating  docetaxel 100 mg/m2 
vs  docetaxel 75 mg/m2 or paclitaxel  175  mg/m2/3  h as first- or second-line 
treatment  in  metastatic  breast  cancer. 

The  combination of docetaxel  with  doxorubicin  has  been  reported in pa- 
tients  with  advanced  breast cancer as first-line  therapy for metastatic disease 
(146). The overall  response rate in evaluable  patients  was  90%. The significant 
activity  of  docetaxel as a single agent  and in combination  has  provided the ra- 
tionale  to  evaluate its role in neoadjuvant  therapy.  A  study by Gradishar ( 1 5 1 ~ )  
reported  on 43 patients  with stage I11 disease  who  were  treated  with four cycles 
of  docetaxel (100 mg/m2  every  3  weeks)  followed  by  surgery  and four cycles 
of  adjuvant  AC; the response rate was 78%, with  2%  of patients  achieving  a 
complete  response. 

5.4. Platinumffmane Combinations 
The rationale  behind  combining  cisplatin  with  paclitaxel is that  cisplatin is 

active  against  metastatic  breast  cancer  but is not  a  component of standard  ad- 
juvant chemotherapy,  which  means  that  patients  who fail after  adjuvant  therapy 
may  not  have  cisplatin-resistant  disease.  In  addition, the toxic  effects of  both 
drugs are not  overlapping,  with the exception of neurotoxicity.  Preclinical  stud- 
ies suggest synergism between cisplatin and paclitaxel, and sequence- 
dependent  interactions (166). Seven  trials  have  assessed the combination of  pa- 
clitaxel and  cisplatin in advanced  breast  cancer  (Table l l). These are all  small 
trials with  consequently  variable  response  rates  (21-88%). This combination 
has  not  found  widespread  favor, as response rates are not  significantly  better 
than  alternative  paclitaxel  combinations  and  in some studies  an  unacceptable 
degree of neurotoxicity  was  encountered (174). The commonest  schedule of 
administration is paclitaxel 200 mg/m' as a 24-h infusion  plus  cisplatin 75 
mg/m2. 

The combination of carboplatin  and  paclitaxel  has  recently  been  reported  in 
a  Phase 11 trial  in  patients  receiving  first-line  chemotherapy for advanced or 
metastatic  disease by the  North  Central  Cancer  Treatment  Group (161). They 
administered  paclitaxel 200 mg/m2 as a  3-h  infusion  followed by carboplatin 
AUC 6  with  cycles  repeated  every  3  weeks  to 53 patients.  Seventy  percent  of 
them  had  had  prior  exposure  to  doxorubicin,  and  56%  had  visceral-dominant 
disease. The response  rate  was  60%  and  the  median time to  progression 6.7 
months.  Median  overall  survival  has  not  yet  been  reached. 
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Table 11 
Cisplatin and Paclitaxel in Metastatic Breast Cancer 

No. enrollea Cisplatin Paclitaxel RR CR 
Study  evaluable (mg/m2) (mg/m2/h) (%) (%) 

Browne 13/14 75 135124 54 2 
et al., 1995 (141) 

et  al., 1995 (130) 

et al., 1995 (150) 

et al., 1996 (174) 

et  al., 1996 (151) 

Berry, 17/17 75 13513 88 41 

Frazier 34/39 75  200124 44 12 

Wasserheit 4 1/44 75 200124 53 6 

Gelman 27/29 60  9013" 85 11 

Sparano, 1996 14/16 60  9013" 21 0 
McCaskill, 1996 25/25 60  9013"  60 12 

*Given  2-weekly 
=Given  twice a week. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
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1. INTRODUCTION 
The discovery of cisplatin as an  active  antitumor  drug some 30 years ago 

( I )  led  to  a  search for more  active  and  less toxic analogs  even  before  the full 
potential of this class had  been  revealed.  In  1972,  Connors  and  colleagues 
(2) published  a  series  of  novel  platinum  structures  with  antitumor  activity  and 
first  proposed  a  role for different  substituents. Dr. Connors  made  the  prescient 
observation  that,  based  on  cross-resistance  profiles that resembled those of 
alkylating  agents,  cisplatin  might  not  be  sufficiently  different  from the com- 
pounds  then  available, the clinical  limitations of  which  were  well  known. 
Using  measures of therapeutic  index (ratio of efficacy to toxicity),  he  deter- 
mined that a  series of cyclic amine derivatives  had  particular  promise (2). 

The 1,2-diaminocyclohexane (DACH) derivatives were selected by 
Burchenal  and  colleagues (3,4) for preclinical  development  based on their ac- 
tivity in resistant  murine  leukemias  (Fig.  1). The laboratory of Kidani  exam- 
ined  various steric configurations of the DACH derivatives  and  found  that the 
trans-R,R-stereoisomer  yielded  the  optimal  therapeutic  index in both  sarcoma- 
180 and  P388  models.  Interestingly,  they also predicted  that  oxalato-DACH de- 
rivatives  (such as oxaliplatin)  would  have  superior  therapeutic  indices (56). 
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Fig. 1. Structures of platinum  complexes. 

Two more  recent  in  vitro  studies  indicated the potential for DACH-based 
platinum  derivatives  to  exhibit  a  spectrum  of  activity  different from that of cis- 
platin  and  carboplatin.  In two cell lines  derived  from the cisplatin-sensitive 
A2780 tumor by stepwise exposure to increasing  concentrations of cisplatin, 
DACH-tetrachloro-Pt(1V) (tetraplatin) exhibited substantially less cross- 
resistance  in the resistant lines (7). In  a  series of ovarian  cancer cell lines 
characterized at the Institute of  Cancer  Research in the United  Kingdom,  cis- 
platin  and  carboplatin  showed  a  similar  pattern of response,  whereas  that  to 
tetraplatin  was entirely different (8). These observations  implied  different 
mechanisms of cytotoxicity  among the two classes of  platinum  derivatives, 
which, as we shall see,  has  been  supported  by  recent  data. 

The conclusion  was  supported further in a  study by Rixe  and  colleagues (9) 
using the 60-cell line tumor  screen  developed  at the National  Cancer  Institute 
(NCI). The patterns  of  sensitivity to individual drugs in  these  lines  are similar 
for drugs of  known  similar  mechanisms (IO). Conversely, it has  been  shown 
that the  mechanism  of  an  unknown  antitumor  agent  can  be  predicted  (or  estab- 
lished to be different) by a  comparative  analysis  against  the  database of  previ- 
ously  studied  drugs,  using the COMPARE  algorithm (11). It  was  shown  that 
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the DACH derivatives  tetraplatin  and  oxaliplatin  exhibit quite different  profiles 
from  cisplatin  and  carboplatin in this screen. The potential for their activity  in 
cisplatin-resistant  tumors  was  thereby  supported. 

In  this  chapter  we  will  summarize  the  continuing  developments  with the 
DACH  derivatives. Clinical trials of these  compounds  were  slow in coming  to 
fruition:  tetraplatin  (also  known as ormaplatin for standard  nomenclature)  did 
not  reach the clinic until the early  nineties,  mainly  because of difficulties  with 
formulation.  Oxaliplatin  began  to be developed  contemporaneously  and  was 
shown to have  a  more  tolerable  toxicity  profile. The promise of this agent  in 
ongoing clinical studies  will  be  illustrated. 

2. INTERACTIONS OF DACH COMPOUNDS AND DNA 
DNA is believed  to be the primary cytotoxic target  of the platinum  drugs, 

and in order for this reaction to occur, the parent  compounds  must  become 
aquated. The biotransformation of oxaliplatin to form a  reactive  species, 1,2- 
DACH diaquo platinum(II), is facilitated  by HC03- and H2P04- ions (12). 
These weak  nucleophiles,  present  in the blood  and  intracellularly,  can displace 
the oxalate group of oxaliplatin. The resulting  intermediates are unstable  and 
are hydrolyzed  to the diaquated  species.  This  species  may  then  react  with  nu- 
cleophiles  such as the N7 position of guanine to form  various  types of  DNA 
adducts.  These  adducts  include  dG-Pt  monoadducts,  d(GpG)Pt,  d(ApG)Pt,  and 
d(GpNpG)Pt  intrastrand  crosslinks,  and d(G),Pt interstrand  crosslinks (13). 
The differences  between the adducts  formed  by  oxaliplatin  and  cisplatin reside 
primarily in the relative  amounts of adducts  formed.  Oxaliplatin  intrastrand 
adducts form more slowly due to a slower rate of conversion from 
monoadducts;  however,  they are formed  at  similar DNA sequences  and  regions 
as cisplatin  adducts. Saris et al. (14) reported  that  oxaliplatin forms predomi- 
nantly  d(GpG)Pt  and  d(ApG)Pt  intrastrand  crosslinks in vitro  and  in  cultured 
cells; however,  at  equitoxic  doses  oxaliplatin forms fewer  DNA  adducts  com- 
pared  with  cisplatin. This suggests  that  oxaliplatin  lesions are more  cytotoxic 
than those formed by cisplatin (14,15). 

Although it  is has  been  demonstrated that cells treated  with  platinum drugs 
undergo  apoptosis, the basis for the differences  in  cytotoxicity  observed  be- 
tween  DACH  compounds  and  other  platinum  drugs  such as cisplatin  and car- 
boplatin is unknown.  One  explanation  has  been  provided  recently in a 
computer  modeling  study of the  d(GpG)Pt  adduct  formed  by  oxaliplatin (16). 
This study  revealed that when  bound  to  DNA,  cisplatin  and  oxaliplatin  have 
similar DNA bend,  base  rotation,  and  base  propeller. The only  difference is in 
the protrusion of the DACH moiety  of  oxaliplatin  into the major  groove  of 
DNA,  which  produces  a  bulkier  adduct  than that seen  with  cisplatin.  Therefore 
it is possible  that the bulkier,  more  hydrophobic  adduct  formed  by  oxaliplatin 
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is a  more  effective  inhibitor of  DNA  synthesis  than that of cisplatin.  Page  and 
colleagues (17) studied the effect  of the DACH ligand  versus the ethylenedi- 
amine  ligand on inhibiting the transformation of repair-deficient Escherichia 
coli with  platinated  plasmid.  Platinum  adducts  with  the DACH carrier ligand 
were  significantly  more  effective  than those with the ethylenediamine  ligand, 
suggesting  that the DACH ligand is a  more  efficient  inhibitor of replication  and 
transcription. 

Another  important  finding  relates  to  the  manner  in  which  cisplatin  and 
DACH platinum  DNA  adducts are recognized  intracellularly.  Different  types  of 
adducts  may be recognized  by  different  proteins or protein  complexes,  which 
may  ultimately  influence cellular responses  such as repair,  survival, or death. 
For  example,  the  mismatch  repair  (MMR)  protein  complex  has  been  shown  to 
bind  to DNA damaged  by  cisplatin,  but  not  oxaliplatin (18). This may  be due 
to steric hindrance  by  the DACH ring,  preventing  the MMR complex  from  rec- 
ognizing the lesion. The binding of the MMR complex  to  cisplatin-damaged 
DNA  has  been  implicated  in  cisplatin  cytotoxicity. Cells that are defective  in 
MMR  may replicate DNA  uninterrupted  past  cisplatin-induced  lesions  and as 
a  result  may  not arrest and  undergo  apoptosis (19). MMR-deficient cells have 
been  reported  to be slightly  more  resistant  to  cisplatin  but  not  to  oxaliplatin 
(20,21). More  work in this  area,  however,  needs  to be conducted  in  order  to  in- 
crease our  understanding of  how  platinum-DNA  adduct  formation  leads  to cell 
death. 

3. CLINICAL  PHARMACOLOGY OF DACH COMPOUNDS 
In  general, the pharmacokinetic  differences  observed  between  platinum 

drugs  may be attributed  to the structure of their  leaving  groups.  Platinum  com- 
plexes  containing  leaving  groups that are less easily  displaced  exhibit  reduced 
plasma  protein  binding,  longer  plasma  half-lives,  and  higher rates of renal 
clearance. These features are evident  in the pharmacokinetic  properties  of  cis- 
platin,  carboplatin,  oxaliplatin,  and  ormaplatin.  Other  aspects of platinum  drug 
pharmacokinetics  have  been  thoroughly  reviewed  elsewhere (22-25). 

Following  oxaliplatin  infusion,  platinum  accumulates  into  three  compart- 
ments:  plasma-bound  platinum,  ultrafilterable  platinum,  and  platinum  associ- 
ated  with  erythrocytes.  Approximately  85% of the  total  platinum is bound  to 
plasma  at 2-5 h  post  infusion (26). The disappearance of total  platinum  and  ul- 
tr~lltrates is biphasic. The half-lives for the initial and  terminal  phases are 
26 min  and 38.7 h,  respectively, for total  platinum  and 21 min  and  24.2  h, 
respectively, for ultrafilterable  platinum (25). A  prolonged  retention of plat- 
inum is observed in red  blood cells, which  may  be  responsible for oxaliplatin 
toxicity.  Unlike cisplatin, which  accumulates as both  protein-bound  and free 
platinum,  total  plasma  platinum does not  accumulate to any  significant  level 
following  multiple  courses of oxaliplatin  treatment (26). This may  explain  why 
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neurotoxicity  associated  with  oxaliplatin  therapy is reversible.  Oxaliplatin is 
eliminated  predominantly  by the kidneys,  with  more  than 50% being  excreted 
in the urine  at 48 h. Although the data indicate that cumulative  oxaliplatin  ex- 
posure is the most  predictive of neurotoxicity of  any pharmacokinetic  parame- 
ter,  investigation  of  pharmacodynamic  correlates  will continue to be a focus 
during its ongoing clinical development. 

Oxaliplatin  pharmacokinetics do not  appear to be altered in combination 
therapy. This is supported  by data from  Phase I studies  of  oxaliplatin/5-fluo- 
rouracil (5-FU) and  oxaliplatirdirinotecan (26,27). However,  Papamichael  and 
colleagues (28) recently  reported  significantly  decreased 5-FU area  under the 
curve (AUC)  values  in  patients  who  received  oxaliplatin  prior  to  a 48-h con- 
tinuous  infusion of 5-FU as part of a  randomized  study. The authors  hypothe- 
sized that oxaliplatin  increased 5-FU anabolism;  the  exact  mechanism for this 
potential  interaction is unclear. 

We found the pharmacokinetic  profile  of  ormaplatin  to be essentially  simi- 
lar to  that of other  platinum  derivatives in our Phase  I  study of d 1 and 8 ad- 
ministration  over 30 min (29). Plasma  platinum  concentration  vs time curves 
declined  biexponentially  and  best  fit  a  three-compartment  model. We detected 
a  prolonged  tIl2-y  of 109 h  and  relatively  low  total  clearance of 9.4 mL/min/m2 
in patient plasma, indicative of platinum binding to plasma proteins. 
Approximately 60% of platinum  was  protein  bound  at the end of infusion,  with 
approximately  one-half  remaining  irreversibly  bound at 48 h. The AUCs  of 
plasma  and  ultrafilterable  platinum  increased  linearly  with  dose (3 = 0.707 for 
plasma,  and 0.765 for ultrdlltrate). We found  no  pharmacodynamic  relation- 
ship between  platinum AUC or clearance values  and  the  development of the pe- 
ripheral  neurotoxicity  that  became  dose  limiting in our trial.  Interestingly, 
mean  urinary  excretion  of  platinum  following  ormaplatin  dosing  was  only 
lo%, which is low in comparison  with  that  seen  with other platinum  agents. 
The low  urinary  excretion  of  ormaplatin  coupled  with the relatively  large  vol- 
ume of distribution of ultrafilterable  platinum  (range, 158-279 Wm2) we  ob- 
served is indicative of greater lipophilicity  and the potential for accumulation 
in neural  tissue. 

4. TOXIC PROFILE DIFFERENT 
FROM CISPLATIN AND CARBOPLATIN 

Much like their  COMPARE  profile, initial clinical  experiences  with the 
DACH compounds  revealed  a  novel  toxicity  pattern distinct from that of other 
platinum analogs (Table 1). Malonato-platinum  was  one  of the first DACH 
analogs to enter the clinic in  the 1970s. Gastrointestinal  toxicities in the  form 
of nausea  and  vomiting  were the principal side effects in Phase  I  studies,  and 
activity  was  observed in leukemias, less so in  solid  tumors (30). The poor  sol- 
ubility  of  malonato-platinum cut short its development;  however, the late 1980s 
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Table 1 
Toxicity Profiles of Cisplatin,  Catboplatin, and DACH Analogs 

Cisplatin  Carboplatin  Oxaliplatin Omplatin 

Myelosuppression e 

Nephrotoxicity e 

Neurotoxicity e e e 
Ototoxicity e 

Nausedvomiting e e e e 

and  early  1990s  saw the long-awaited  appearance of ormaplatin in the clinic. 
The ormaplatin  experience  was also rather  short,  as  will  be  described.  In the in- 
terim,  investigators  in France began  a  methodical  evaluation of oxaliplatin,  the 
one DACH analog  that  appears  to  have  fulfilled its early  promise. 

As  was  seen  with  malonato-platinum, the early  report  by  Mathe  and  col- 
leagues (31) suggested  that  nausea  and  vomiting  were the predominant side ef- 
fects associated  with  oxaliplatin  administration.  However,  they  escalated  to  a 
predetermined  dose of 45 mg/m2  every  3  weeks,  but  a true maximum  tolerated 
dose (MTD)  was not reached. No nephrotoxicity or hematologic  toxicity  was 
observed  at  these  doses;  interestingly, four tumor  responses  were  reported. 

The report  by Extra et al. (32) in 1990 shed  light  on the clinically  relevant 
toxicities of oxaliplatin, as they  reached  a true MTD  of 200 mg/m2  when  given 
as a  6-h  infusion  every 4 weeks.  Again,  nausea  and  vomiting  were  common, 
with  grade 314 episodes  occurring  in  over  half of the 44 patients  treated. This 
was  observed  even  at the initial dose level  of 45 mg/m2  and  did  not  appear to 
be dose  related;  antiemetic  pretreatment  instituted  at doses higher  than 90 
mg/m2  allowed further dose escalation.  Grade 112 diarrhea  occurred in 24%  of 
treatment  courses.  Myelosuppression  was  mild  (generally grade 112 thrombo- 
cytopenia that was dose related), and no  nephrotoxicity  was  encountered,  even 
though  aggressive  hydration  was  not  employed. No alopecia or ototoxicity  oc- 
curred.  Neurotoxicity  became  apparent  at doses of 135  mg/m2  and  was dose 
limiting  at 200 mg/m2. The onset,  time-course,  and characteristics of the neu- 
rologic side effects  were  very  dissimilar from those produced by cisplatin  and 
are described below. 

4.1. Neurotoxicity 
The substantial  Phase I and 11 clinical experience  with  oxaliplatin  has  indi- 

cated  that it consistently  produces acute, transient  neurologic  toxicity  in  most 
patients  treated at the recommended  Phase I1 dose of  130-135 mg/m2 as a  2-h 
infusion  every  3  weeks. The symptomatology  produced is generally  mild  and 
consists of a  peripheral  sensory  neuropathy  characterized  by  paresthesias  and 
cold-induced  dysesthesias  in  a  stocking-glove  and  perioral  distribution, fre- 
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quently  occurring  near the end of or shortly  after  drug infusion and  lasting for 
less than  1  week.  Electromyograms  performed  in six patients  treated  on the 
Extra et al. (32) study  revealed  an  axonal  sensory  neuropathy,  but  nerve  con- 
duction  velocities  were  unchanged,  and  peripheral  nerve  biopsies  revealed  de- 
creased  myelinization  and  replacement  with  collagen  pockets. The neurologic 
effects  appear  to  be  cumulative  in  that  they  become  more  pronounced  and of 
greater  duration  with  successive  cycles;  however,  unlike those with cisplatin, 
they are reversible  with drug cessation.  In  their  review of 682 patient  experi- 
ences,  Brienza et al. (33) reported  that  82% of patients  who  experienced  more 
than  grade 2 neurotoxicity  had  their  symptoms  regress  within 4-6 months. 
Laryngopharyngeal  spasm  and  cold  dysesthesias  have also been  reported  but 
are not  associated  with  significant  respiratory  symptoms  and  can be prevented 
by prolonging the infusion  duration. 

4.2. Ormaplatin (Tetraplatin) 
Ormaplatin  became the next DACH compound  to  undergo  clinical  investi- 

gation  in the early  1990s.  Several  administration  schedules  were  studied,  in- 
cluding  a single short  infusion  every  28  d,  d 1 and  8  every  28  d,  and  a  daily x 
5  infusion  monthly (29,34-36). Neurotoxicity  in the form  of  delayed  peripheral 
sensory  neuropathy  became  prohibitive  at  low  cumulative  doses,  including  all 
five  patients  who  received  total  doses of  more  than  165  mg/mz on the  daily x 
5  schedule  reported by O’Rourke et al. (341, and  its further development  was 
abandoned. The functional  impairment  experienced by some of the  affected  pa- 
tients was so severe that they  went from being  ambulatory  to  wheelchair  bound. 
A  unique  characteristic  of the disabling  neurologic  effects  was  that  they  pro- 
gressively  worsened  even  after  drug  cessation  and  did  not  appear  to be related 
to prior  platinum  exposure. 

We performed  nerve  conduction  studies  on  all  patients  treated  with  more  than 
45 mg/m2 in our  trial  of  the  d  1,  8  schedule  and  detected  decreased  amplitudes 
and  prolonged  latency  times  in  two  of  three  patients  who  experienced  grade 3 
symptoms,  consistent  with  axonal  damage  and  subsequent  demyelinization. 
This is not  unlike  the  nerve  conduction  patterns  associated  with  cisplatin- 
induced  neuropathy.  It  should be noted  that  whereas  mild  nausea  and  vomiting 
were also associated  with  ormaplatin  dosing,  no  significant  nephrotoxicity, 
myelosuppression, or ototoxicity  was  observed,  similar to other DACH analogs. 

4.3. Chronomodulation 
Chronobiology  and  the  impact  of  circadian  rhythms  on  the  pharmacokinetics 

and  toxicities  of  cancer  chemotherapy  was  actively  investigated  by  Levi  and 
Hrushesky (37,381 at  the  University  of  Minnesota  in  the  1970s. The continued 
study of this  field  at  the  Institut  du  Cancer  in  Villejuif,  coupled  with the nearly 
exclusive  French  development  of  oxaliplatin  during  the  1980s  led  to  the  initial  in- 
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vestigation  of  oxaliplatin  using  chronomodulated  delivery.  Caussanel  and  Levi 
(39) randomly  assigned 25 patients  to  receive  oxaliplatin  as  a  continuous  intra- 
venous  infusion  over 5 d  every 3 weeks  at  a flat rate  or  a  chronomodulated  rate, 
with  peak  drug  delivery in the  chronomodulated arm occurring  at 4 PM. The ini- 
tial  dose  administered  over 5 d in each arm was  125  mg/m2,  and  doses  were  es- 
calated  by 25 mg/m2/course  as  tolerated.  Doses  up  to  200  mg/m2/course  were 
tolerated  by 36% of  patients  with  chronomodulated  delivery,  whereas  no  patient 
who  received  a  constant  infusion  could  be  escalated  to  this  level.  Nausea  and 
vomiting  were  nearly  twice as common  with  the flat infusion  rate,  and  grade 2 or 
greater  neutropenia  occurred  in 19% of treatment  courses  on this arm and  only 
2%  with  circadian  delivery. The greatest  difference  observed  was  in  the  incidence 
of  neurotoxicity,  which  was 10 times  greater  in  the  patients  who  received  a  con- 
stant  infusion (28% of courses  vs  2%, p c 0.001).  It is of  note  that  all  tumor  re- 
sponses (2 partial  and 1 minor)  occurred  with  chronomodulated  delivery. The 
authors  concluded  that  oxaliplatin  could  be  administered  at  greater  dose  intensity 
and  was  significantly  less  toxic  as  a  continuous  infusion  with  circadian  variation. 
Phase II and 111 trials of this  schedule  were  then  investigated. 

5. OXALIPLATIN: ACTIVE IN COLON  CANCER 
The rather  striking  activity  displayed  by  oxaliplatin  against  colon  carcinoma 

cell lines and  preclinical  evidence of synergism  with  5-FU,  irinotecan,  and 
other thymidylate  synthase (TS) inhibitors  led  to  a  rather  substantial  develop- 
ment  effort  in  colorectal  cancer,  a  malignancy  with  limited  chemotherapeutic 
options.  Single-agent studies in untreated  and  5-FU-refractory  patients  have 
been  reported, as well as various  combination trials in  similar  populations 
(Tables 2 and 3). 

5.1. Single-Agent Studies 
Oxaliplatin  displayed  significant  activity  when  given as a  2-h  infusion  every 

3 weeks  to  previously  untreated  colorectal  cancer  patients  in  two separate 
Phase I1 studies.  Diaz-Rubio  and colleagues (40) in Madrid  treated  25  patients 
with  measurable disease and  observed  a 20% partial  response  rate,  with 32% 
of patients maintaining  stable  disease. The median  overall  survival  was 14.5 
months,  and  no  patients  experienced  grade 3/4 toxicity.  In  a  larger  study  of 39 
patients,  Becouarn et al. (41) reported  a  response rate of 24%  (41% stable dis- 
ease); 74% of  patients  were  alive  at 1 year,  and  median  overall  survival  was ap- 
proximately 13 months.  These  studies  confirmed the preclinical  effectiveness 
of oxaliplatin  in  colon  cancer  and  established it to  be at least  comparably  ac- 
tive  to the standard  treatment  options  5-FU  and  irinotecan. 

Oxaliplatin trials in  5-FU-pretreated  colorectal  cancer  patients  displayed  a 
consistent  response rate of lo%, indicating  detectable  activity in this heteroge- 
neous  population. Two studies of the 2-h  infusion  at the recommended  Phase 11 
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dose of 130 mg/m2  have  been  reported (42). Machover et al. (42) treated 58 pa- 
tients (57%  had  received  two  prior  chemotherapy  regimens)  and in addition  to 
the responses  observed  a 42% stable disease rate and  median  overall  survival 
of  8.2  months,  with  survival in responders  ranging  from  9  to 18.5  months. 
Overall  survival  was  not as striking  in the study of  Diaz-Rubio et al. (40) of 51 
patients,  31%  of  whom  maintained  stable  disease,  with  survival in the  five  re- 
sponders  ranging  from 4 to 12 months. The investigation  of  5-d  chronomodu- 
lated  oxaliplatin  infusion  by  Levi  and  colleagues (43) produced  similar  results 
in 29 evaluable  patients,  with  a  median  overall  survival of 9  months. 

5.2. Combination l k l s  
Most  combination studies have  incorporated 5-FU and  leucovorin (LV) at 

varying  schedules of administration,  given  their  known  activity  in  colorectal 
cancer  and  synergism  displayed  with  oxaliplatin  in  vitro.  Again,  French  inves- 
tigators  almost  exclusively  conducted  early  combination  trials,  and as a  result 
the 5-FU schedules  tested  were the biweekly  48-h infusion developed  by de 
Gramont  and the 5-d  chronomodulated  infusion  used by the group in Villejuif. 

The first  experience  of  Levi  and  colleagues (44) with  combined  oxaliplatin 
(125 mg/m2)  and 5-FU (3500 mg/m2)LV (1500 mg/m2)  chronomodulated  in- 
fusion  over 5 d  every  3  weeks  yielded  an  overall  response rate of 58% (5% 
complete  response)  and  median  survival  of 15 months in 93 colorectal  cancer 
patients,  of  whom  one-half  had  received no prior  therapy.  Response  and  sur- 
vival  rates  were  similar  regardless  of  prior  treatment  status.  Response  rates  of 
4047% and  median  survival  times  of  17-19  months  were  reported  in two sep- 
arate studies of intensified  chronomodulated  delivery  of the combination  over 
4 d  every  2  weeks (45,46). Superior results occurred in the multicenter  study  of 
Levi et al.  of 90 untreated  patients (45). Only one randomized  study to date has 
addressed the relative  contribution  of  oxaliplatin to the efficacy of chronomod- 
ulated  combination oxaliplatin/S-FULV (47). Giachetti et al. (48) treated 400 
patients  with the combination or 5-FU/LV chronotherapy  alone  and  noted 
greater  response  rates in the  oxaliplatin/5-FU/LV arm but no differences  in  me- 
dian  survival.  Crossover  effects  have  been  hypothesized as contributing to the 
observed  survival  equivalence. 

Two separate reports by Levi et al. (4930) describe  randomized data com- 
paring  chronomodulated  oxaliplatin/S-FU/LV  over 5 d  every  3  weeks  with  the 
same combination  given  as  a  constant  infusion. The initial  trial  enrolled 92 pa- 
tients;  a  higher  response rate and  4-month  survival  advantage (23 vs  19  months 
p = 0.03)  were  noted  in  the  chronomodulated arm; however,  this  study  was  ter- 
minated  early  when it became  evident  that the basic  pH  of  the 5-FU solution 
could  inactivate  oxaliplatin in the catheters of those receiving  constant-rate  in- 
fusions.  In the subsequent  study,  patients  had  double-lumen  catheters  placed, 
and  a  total of 186  patients  were  randomized.  Although a significantly  higher  re- 



242 Part I11 I Clinical  Antitumor  Activity  and  Toxicology of Platinum Drugs 

sponse rate was  noted  in the chronotherapy  group  (51%  vs  29%, p = 0.003), 
median  survival  times  (15.9  months  vs  16.9  months, p = 0.46)  and  3-year  sur- 
vival  rates  (22%  vs  21%)  were  similar  in  both  groups. The incidence of grade 
3/4 mucositis  and  peripheral  neuropathy  was  significantly  greater  with con- 
stant-rate  infusion. 

The more  widely  accepted  biweekly  regimen  of  48-h  high-dose 5-FU (3- 
4  g/m2)  infusion  developed by de Gramont et al. (51) in  Paris  has  also  been 
combined  with  oxaliplatin  in Phase II/III trials. This group  administered  oxali- 
platin 100 mg/m2  prior  to each dose of 5-FULV and  observed  a  46%  response 
rate (one  complete  response)  and  median  survival of  17  months  in 46 previously 
treated  colorectal  cancer  patients (51). Of note is that  half  of the responses  oc- 
curred in patients  who  had  previously  progressed  while  receiving  the  48-h 
5-FU regimen  alone,  confirming  oxaliplatin’s  preclinical  evidence of synergy 
with  and  lack of cross-resistance  to  5-FU. The results of a  European  multicen- 
ter randomized  trial of the de Gramont  regimen  with  and  without  oxaliplatin 
(85 mg/m2  over  2  h  on  d 1) every  2  weeks in 420 untreated  patients  were  re- 
cently  reported (52). A doubling of the response rate (57%  vs  26%,  p < 0.05) 
was  observed  with the combination,  and the progression-free  survival rate was 
nearly  3  months  longer  in the oxaliplatin-treated  patients  (39.6  vs  27.8  weeks). 
Neurotoxicity,  gastrointestinal  toxicity,  and  neutropenia  were  greater  with 
combination  therapy  but  tolerable  overall. The European  Organization for 
Research  and  Treatment of Cancer (EORTC) is presently  comparing the bi- 
weekly  oxaliplatinl48-h 5-FU regimen  with  the  intensified  chronomodulated 
combination  (96-h  infusion  every  2  weeks)  in  a  large  randomized  study of  un- 
treated  metastatic  colorectal cancer patients  (Table  4).  Welcome data regarding 
the overall  value of chronotherapy in this setting is anticipated as a  result. 

Limited  data  regarding  oxaliplatin  combined  with  more  commonly  used 5-FU 
regimens  in  colon  cancer  are  available.  Oxaliplatin  has  demonstrable  activity 
when  administered  every  3  weeks  (130  mg/m2)  or  weekly  (60  mg/m2)  prior  to 
24  h  high-dose 5-FULV (2.6  g/m2  over  24-h)  in  previously  treated  patients 
(53,54). A large  (800  patients)  multicenter  Phase 11 trial  evaluating  the  addition 
of  oxaliplatin  to  four  different 5-FU regimens  following  progression  on  the  same 
(daily  bolus x 5 “Mayo,”  weekly  bolus  with LV, weekly  high-dose  infusion,  pro- 
longed  continuous  intravenous  infusion)  has  recently  completed  accrual  in  the 
United  States.  Randomized  studies in  advanced  disease  will  follow in the United 
States,  and  Phase III adjuvant  colorectal  trials  are  planned  in  Europe. 

Recent  combination  studies  have  focused on other active  agents in colorec- 
tal  cancer,  including  irinotecan  and the TS inhibitor  tomudex.  Demonstrable  in 
vitro  synergy  and  lack of overlapping  toxicities  make the oxaliplatinlirinotecan 
combination  appealing (55), and  Phase I trials of the every  2-  and  3-week 
schedule of both drugs indicate activity in 5-FU-pretreated  patients,  with no re- 
ported  pharmacokinetic  interaction (56). Fizazi  and  colleagues (57) were  able 
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Table 4 
Ongoing Randomized Tiids of Oxaliplatin in Colored Cancer" 

Study Regimen 

EORTC  5963 

de  Gramont  et a1 (52) 

L-OHP 100 mg/m2/course 
5-FW 2800  mg/m2/course 
LV 1200  mg/m2/course 
All  by 4  d, CHR q  2 wk 

L-OHP 100 mg/m2 q  2 wk 
5-FU3g/m248hCIq2wk 
LV 500 mg/m2 daily X 2 
L-OHP 100 mg/m2 q  2 wk 
5-FU3g/m248hCIq2wk 
LV 500 mg/m2  daily X 2 

Irinotecan  200  mg/m2  q  2 wk 
5-FU 3  g/m2  48 h CI q  2 wk 
LV 500 mg/m2  daily X 2 

vs 

vs 

T H R ,  chronomodulated infusion; CI, continuous infusion. 

to administer  full doses of  tomudex  and  oxaliplatin  every 3 weeks  in  their 
Phase I study.  Stomatitis,  asthenia,  and  amaurosis  fugax  became  dose  limiting 
at  a  tomudex dose of 3.5 mg/m2  and  oxaliplatin  130  mg/m2. An ongoing  Phase 
III trial  in  France  randomizes  untreated  metastatic  colorectal  cancer  patients to 
either oxaliplatin or irinotecan  plus  the de Gramont  48-hour 5-Fu regimen. 

This bulk  of  evidence  establishes  oxaliplatin as the  third  agent,  in  addition 
to 5-FU and  irinotecan,  with  significant  activity  in  colorectal  cancer,  and its 
value is becoming  universally  accepted.  Acceptance  was  slowed by its limited 
geographic  development  in the clinic, but  emerging data from all of Europe  and 
the  United States provide  confirmatory  evidence. The responses  seen in 5-FU- 
refractory  patients  have  led  to the present  investigations of oxaliplatin as front- 
line therapy for patients  with  this  common  malignancy,  and its optimal  use in 
combination  continues to be  defined. 

6. DEVELOPMENT OF OXALIPLATIN IN OTHER TUMORS 
Oxaliplatin  exhibited  low  levels  of  cross-resistance  against  A2780  ovarian 

cancer  cell  lines  selected for cisplatin  resistance,  and  ovarian  cancer  has  thus 
become the other large  therapeutic focus in its clinical  development.  Activity 
in  platinum-refractory  patients  has  been  observed,  and  oxaliplatin  will  proba- 
bly  become  an  important  addition  to  the  chemotherapeutic  options  available  to 
the gynecologic  oncologist. 
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Chollet et al. (58) and  Dieras et al. (59) have  reported  two  separate  Phase II 
studies of single-agent  oxaliplatin  in  women  with  platinum-pretreated  ovarian 
cancers.  In the Chollet et al. (58) study,  31  evaluable  patients,  most  of  whom 
were  platinum  refractory,  received  oxaliplatin 100-130 mg/m2 as a  short  infu- 
sion;  a  29%  overall  response rate was  observed  (including  3 of 18 platinum- 
refractory  patients),  and  median  survival time was 12 months.  Dieras et al. (59) 
investigated  a  similar  schedule  and  observed  a  similar  response  rate of 30%; 
whereas  only 1 of 13 platinum-refractory  patients  had  a  radiographic  response, 
four others  maintained  disease  stability  and  had  a  more  than  50% decline in 
serum CA 125  level. 

These  promising  results  have  led  to further randomized  and  combination tri- 
als.  Misset  and  colleagues (60) reported  their  randomized  results  in  1998  com- 
paring the combination of oxaliplatin and cyclophosphamide with the 
cisplatirdcyclophosphamide regimen,  which  was the standard  initial  therapy for 
untreated  patients  at  the  time of study  initiation.  Results  from  this  multicenter 
study of 182 patients  indicated  no  significant  differences  in  response  rate  and 
median  survival  time,  whereas  patients  in the oxaliplatin arm experienced  sig- 
nificantly  less  grade  3/4  hematologic  toxicity, nausedvomiting, and  neurotoxi- 
city. The emergence of paclitaxel  and its incorporation  into  front-line  therapy 
with  cisplatin or carboplatin  has  led  investigators  to  study  the  oxaliplatirdpacli- 
taxel  combination.  Kalla et al. (61) found  that full doses of  both  drugs  could  be 
delivered  to  platinum-pretreated  patients  every  3  weeks,  with  no  additive or un- 
expected  toxicity;  9 of 18 evaluable  patients  manifested  responses,  and  median 
survival  was  greater  than 13 months. The interesting  combination of full-dose 
oxaliplatin  and  cisplatin  has  been  studied  in  25  pretreated  ovarian  cancer  pa- 
tients by Soulie et al. (62), and  responses  were  evident  in  both  platinum-refrac- 
tory  and  -sensitive  patients.  Hematologic  and  neurologic  toxicity  were  more 
pronounced  with  both  drugs;  the  characteristics  of  the  neuropathy  were  similar 
to that  seen  with  oxaliplatin  as it was  reversible  with  treatment  cessation. 
Epirubicidifosfamide and  paclitaxel  have  been  added  to  the  platinum  combina- 
tion in separate  studies,  and  these  approaches  seem  feasible  and  active (63,64). 
The carboplatirdoxaliplatin  combination is also being  investigated (65). 

The results of a randomized  study  recently  completed by the  EORTC  com- 
paring  single-agent  paclitaxel or oxaliplatin  in  pretreated  patients are awaited. 
U.S. trials in ovarian  cancer are expected  to  begin  soon. 

The data  on  oxaliplatin  activity in other  tumor  types are scant but  exist  nev- 
ertheless.  Monnet  and  colleagues (66,67) detected  a  13%  response rate to 
single-agent  oxaliplatin  in  untreated  non-small cell lung  cancer,  and  this same 
group  observed  responses in 6 of 15  patients  treated  on  their  Phase I/II combi- 
nation  trial  with  weekly  vinorelbine.  Responses  have  also  been  reported  in 
anthracycline-resistant  breast  cancer  (3/14  patients)  and  relapsed  non-Hodgkin’s 
lymphoma (9/22 patients) (68,69). The data in  lymphoma are interesting  in  that 
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the median  response  duration  was 14 months  and all responders  had  low-grade 
or intermediate-grade  disease,  yet  curiously  no other data have  been  obtained 
in this disease. No responses  were  observed in another  small  study of 14 pa- 
tients  with  malignant  astrocytomas (70). 
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1. INTRODUCTION 
The clinical  toxicology of the  platinum drugs is a subject area concerned 

with the adverse  effects  caused  by  platinum-based cancer chemotherapeutic 
agents in patients at doses conventionally  used in cancer  therapy. The topic  in- 
cludes the  description of the organ  systems  involved  in  these  adverse  reactions 
and their frequency,  severity,  time-course,  reversibility,  and  relationship  to dose 
and  administration  schedule  in  patients. Of potential  importance is information 
concerned  with their biochemical  mechanisms  and  relationships  to  pharmaco- 
kinetics  because  this  knowledge  can  possibly  lead to the development  of 
mechanism-based or rational strategies for predicting or preventing clinical 
drug toxicity. 

To this end, considerable progress  has  been  made  in  improving the tolerance 
of platinum-based  cancer  chemotherapeutic  agents since their  introduction  into 
human  oncology 25 years  ago. The development of methods of reducing  their 
renal  and  gastrointestinal side effects  has  been key to the widespread clinical 
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application of platinum drugs in  cancer  therapy.  Neurosensory  toxicity  and de- 
layed  nausea  and  vomiting  remain  problematic  and are challenges for the fu- 
ture.  In  this chapter the clinical toxicology  of the platinum-based cancer 
chemotherapeutic agents of  current clinical interest  (cisplatin,  carboplatin,  ox- 
aliplatin,  and  oral  JM216)  will be reviewed  with the focus on their  adverse ef- 
fect profiles  when  given as single agents. 

2. CISPLATIN 

2.1. Renal Effects 
Nephrotoxicity  was  observed in the very first clinical trials of cisplatin car- 

ried out in  the early 1970s,  and clinical investigators  commented at that time 
that the drug was too toxic to the kidney for general clinical use (I). However, 
with the use of intravenous  hydration  and  mannitol, the maximum tolerated 
dose of cisplatin was  increased by threefold, and doses of 100 mg/m2 were 
able to be given  with acceptable levels  of renal toxicity. Some patients with 
testicular cancer who  had failed to  respond  to cisplatin given  without  hydra- 
tion were noted  to  be sensitive to higher doses of cisplatin when  given  with 
hydration ( I ) .  

Renal  disturbances  associated  with  cisplatin are manifest  in  patients  by 
acute and/or chronic renal  insufficiency  and  renal  magnesium  wasting. A rise 
in  blood  urea  nitrogen  and serum creatinine levels  associated  with  decreased 
creatinine clearance are the usual  initial  manifestations of cisplatin  nephrotox- 
icity (2). Patients  develop  hypomagnesemia due to  urinary loss of magnesium 
and  disturbance of magnesium  reabsorption  mechanisms  within the renal 
tubule (2). The severity of nephrotoxicity  depends on the dose of cisplatin,  but 
there is no significant  schedule  dependence (3). Renal  damage is cumulative in 
that it becomes  more  severe  with  repeated  cycles  of  treatment (4). 

Clinical trials have  shown that the simultaneous  administration of intra- 
venous  hydration,  mannitol,  and  chloride-containing  vehicles,  as  well as the 
avoidance of other nephrotoxic  drugs,  significantly  reduces  the  incidence  and 
severity of nephrotoxicity  associated  with  cisplatin  chemotherapy.  A  review  by 
Comis (3) showed that the incidence of nephrotoxicity in patients  treated  with 
50-75 mg/m2 of cisplatin  was 22.5%  when  hydration,  mannitol, or diuretics 
were  not  used,  but  only 3.8% of patients  experienced  renal  toxicity  when 
nephroprotective  measures  were  employed.  At 100 mg/m2 or more,  79% of  pa- 
tients  experienced  nephrotoxicity  when  hydration,  mannitol, or diuretics are 
not  used,  compared  with 24% to  patients  receiving  nephroprotective  measures. 
These  maneuvers  may  protect  against  cisplatin  nephrotoxicity  by  reducing the 
concentration of cisplatin in the renal  tubule fluid, thereby  lowering the expo- 
sure of renal  tubule cells to the drug, or by  preventing  the  hydrolysis of cis- 
platin  and the formation of nephrotoxic  biotransformation  products (4). 
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Current  recommendations are that  cisplatin be given  in  a  chloride-containing 
vehicle,  with  intravenous  fluid  at 150-200 mVh during  and for 4-6 h  after the 
drug,  and  with  mannitol (5). 

Bissett  and  colleagues (6) studied the long-term  renal  sequelae of cisplatin 
treatment  in 74 patients  cured  of  testicular  cancer  at  an  average of 52 months 
after  treatment.  Creatinine  clearance  measurements  calculated  from the serum 
and 24-h urine creatinine values  indicated  that there was  a  significant  deterio- 
ration  in  glomerular  function  associated  with  chemotherapy. The mean  creati- 
nine  clearance  before  treatment  was 130 mL/min  (range, 41-233 mL/min); 
after  treatment,  the creatinine clearance was  101.5 mL/min (range, 49-338 
mL/min; p = 0.001). Serum magnesium  levels  were  normal  in  these  patients  as- 
sessed 52 months  after  therapy. Bventy-four percent of patients  had  raised 
blood  pressure,  but  blood  pressure  abnormalities  did  not correlate with  kidney 
function.  Together,  these data indicate that  cisplatin is associated  with  a  persis- 
tent fall in  glomerular  function that is not  associated  with  abnormal  blood  pres- 
sure.  Cisplatin-induced  disturbances  in  renal  tubular  function are reversible. 

Daugaard  and  Abildgaard (4) have  reviewed  the  current  understanding  of  the 
mechanisms  involved  in  cisplatin-induced  nephrotoxicity.  Both  vascular  and 
tubular  factors  contribute  to  the  pathogenesis of cisplatin  renal  toxicity. The dam- 
age is initiated  by  a  renal  tubule  abnormality  detectable  early  by  decreased  prox- 
imal  reabsorption  of  sodium  and  water,  followed 2-3 days  later  by  reductions  in 
renal  blood  flow  and  glomerular  filtration  rate. The main  sites  of  histologic  dam- 
age are in the distal  part of the  proximal  tubule  and  in  the  distal  tubule.  The  bio- 
chemical  target of cisplatin  in  the  kidney  remains  unclear.  In  short,  the  abnormal 
renal  function  in  patients  treated  with  cisplatin  can  be  attributed  to  impairment of 
proximal  and  distal  tubular  reabsorption  and  increased  vascular  resistance. 

A  new  nephroprotective  agent, amifostine (Ethyol)  was  recently  approved 
for use in patients  to reduce the cumulative  renal  toxicity  associated  with  re- 
peated  administration of cisplatin. A randomized  trial  reported  by  Kemp  and 
colleagues (7) involved 242 patients  with  ovarian cancer treated  with  cisplatin 
(100 mg/m2)  and  cyclophosphamide  with or without amifostine (910  mg/m2). 
At the sixth  and final cycle of treatment,  fewer  patients  treated  with  amifostine 
(13%)  had  40% or greater  reductions  in creatinine clearance than the control 
arm (30%). The side effects  associated  with amifostine included  vomiting,  low 
blood  pressure,  somnolence,  and  sneezing. This study suggests that amifostine 
may  have  a role in the prevention of cumulative  nephrotoxicity in patients 
treated  with  protracted  high-dose (100 mg/m2)  cisplatin  chemotherapy. 

2.2. Gastrointestinal Effects 
Nausea  and  vomiting are common  and  distressing side effects  associated 

with  cisplatin that not  infrequently lead patients  to be unable  to  comply  with 
their  cancer  therapy  regimen as prescribed.  Cisplatin-induced  nausea  and  vom- 
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iting is classified  into  two  distinct  types  that  differ  in  their  responsiveness  to 
antiemetic  drugs  and  probably in their  underlying emetic mechanism.  Acute 
nausea  and  vomiting is defined as that  occurring  within the first 24 h of  cis- 
platin  administration  and  typically is intense  but  highly  responsive  to  serotonin 
antagonist  antiemetics  drugs.  Delayed  nausea  and  vomiting  associated  with 
cisplatin is that occurring 24 h or more after giving  cisplatin; it is usually less 
intense  and  less  easily  controlled  with  currently  available  antiemetic  therapies 
that control acute nausea  and  vomiting. 

A placebo-controlled  antiemetic  study  conducted by Gralla  and colleagues 
(8) provides a useful  benchmark of the incidence  and  severity of acute nausea 
and  vomiting  associated  with  cisplatin  when no antiemetic drugs are given.  In 
this  study the number of episodes  of  emesis,  volume of emesis,  and  duration  of 
nausea  and  vomiting  were  recorded  during the first 24 h of giving  cisplatin  at 
a dose of 120 mg/m2.  In the placebo arm, the number of emetic  episodes oc- 
curring in the first  24 h ranged from 5 to 25 (median,  10.5  episodes),  the  vol- 
ume of emesis  ranged from 250 to 1870 mL (median, 404 mL), the duration  of 
nausea  ranged  from 0 to 19.2 h (median, 3.7 hs),  and the duration  of  vomiting 
ranged  from 2 to 17 h (median, 3.6 hs). This indicates  that  nausea  and  vomit- 
ing are very  severe  and occur in almost all  patients  given  cisplatin  without 
antiemetics at a dose of 120 mg/m2. Qpically, symptoms  begin  within 1-3 h 
of treatment  and  reach  their  worst 6-8 h after treatment. 

Cubeddu et al. (9) carried out a randomized  trial of the relationship  between 
altered  serotonin  metabolism  and acute emesis  induced  by  cisplatin  in  patients 
receiving a selective  antagonist  of the serotonin  type 3 receptor  called  on- 
dansetron or placebo. The urinary  excretion of 5-hydroxyindoleacetic  acid 
(5-HIAA), a major  metabolite of serotonin,  was  increased  between 2 and 6 h 
after  giving  cisplatin. The increase in urinary 5-HIAA paralleled the onset of 
intense nausea  and  vomiting  at 2-6 h after cisplatin in the patients  not  receiv- 
ing ondansetron.  Ondansetron  significantly  reduced the severity of nausea  and 
vomiting  and  delayed its onset  but  did  not  effect  the  release of 5-HIAA into the 
urine. The findings of this study are consistent with the idea that serotonin  re- 
lease,  probably  from  enterochromaffin cells in the  gut  wall,  mediates  the acute 
nausea  and  vomiting  associated  with  cisplatin by interacting  with  serotonin 
type 3 receptors,  possibly  on  afferent  nerve fibers in the gut  wall or within the 
central nervous  system. The findings explain the effectiveness of ondansetron 
and other serotonin  type 3 antagonists in the control of acute nausea  and  vom- 
iting associated  with  cisplatin  and  provide  insights  into the role of serotonin  in 
cisplatin-induced  gastrointestinal  toxicity. 

Randomized clinical trials  have  established  that  ondansetron  combined  with 
dexamethasone is the most  effective  and  least  toxic  antiemetic  regimen  cur- 
rently  available for the prevention  of  acute  nausea  and  vomiting  associated  with 
cisplatin  (reviewed in ref. 10). Ondansetron  and  dexamethasone  have  largely 
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replaced older antiemetic  regimens  based  on  high-dose  metoclopramide  be- 
cause of the failure of the latter to  control emetic symptoms in 3040% of  pa- 
tients  and  the  adverse  effects  associated  with  metoclopramide,  e.g.,  sedation, 
diarrhea, dystonic reactions, akathisia, trismus, and oculogyric crisis. 
Crossover  studies  have  shown  that  ondansetron-based  antiemetic  regimens are 
preferred  by  patients  over  metoclopramide-based  protocols for the control of 
nausea  and  vomiting  associated  with  cisplatin. 

Tavorath  and  Hesketh (11) recently  reviewed  the  literature on the current un- 
derstanding  and  management of delayed  nausea  and  vomiting  occurring  24  h  or 
more  after  cisplatin.  These  symptoms  have  been  estimated  to  effect  between 43 
and  89%  of  patients  and  to  peak  between  48  and 72 h  after  cisplatin  chemother- 
apy. A  limited  number of randomized  trials  have  been  carried  out  on  antiemetic 
regimens for the control of delayed  nausea  and  vomiting.  At  this  time, the com- 
bination of oral  dexamethasone  (8 mg twice  daily for 2  d  and  then  4 mg twice 
daily for 2  d)  with  oral  metoclopramide (0.5 mgkg 4  times  daily for 4  d) is the 
best  regimen  currently  available.  Ondansetron  has  not  proved  superior  to 
metoclopramide-based  regiments  in  controlled  studies for the  control of gastroin- 
testinal  symptoms  occurring  24  h  or  more  after  cisplatin  administration. 

2.2. Neurologic Effects 
Neurotoxicity is now considered  to  be one of the  most  important side effects 

associated  with  cisplatin since the reduction  of its renal  and  gastrointestinal 
side effects.  Cisplatin-induced  neurotoxicity  most  commonly  occurs  in the 
form of a  peripheral  neuropathy or ototoxicity, causing symptoms of  numb- 
ness,  tingling,  and  paresthesiae  in the extremities,  tinnitus,  difficulty  in  walk- 
ing, or deafness. Less common manifestations of cisplatin-induced 
neurotoxicity include Lhermitte’s sign, retrobulbar  neuritis,  encephalitic  symp- 
toms,  autonomic  neuropathy,  cerebral  herniation,  seizures,  cortical  blindness, 
opthalmologic  effects,  and  vertigo (12,13). This section focuses on the toxicity 
of cisplatin to peripheral  sensory  nerves.  Ototoxicity is discussed in Section 
2.4. 

Gerritisen van der  Hoop  and colleagues (14) studied the frequency of  pe- 
ripheral  neurotoxicity  in  patients  treated  with  cisplatin  by  reviewing the litera- 
ture and  carrying  out  an  analysis of toxicity data from their randomized trials 
of cisplatin  in  patients  with  ovarian  cancer. Their review of the available liter- 
ature on  cisplatin-induced  peripheral  neurotoxicity  indicated  that  this side ef- 
fect occurred in 47.5%  of  patients  given  cisplatin.  In the analysis  of the toxicity 
data from 292 patients  with  ovarian  cancer that were  treated  with  cisplatin in 
randomized  controlled  studies, the overall  incidence of peripheral  neurotoxic- 
ity  of  any  severity  grade  was also 47%. These two  studies indicate that periph- 
eral neurotoxicity  develops in about  half  of  the  patients  treated  with  cisplatin at 
conventional  doses. 
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Thompson  and  colleagues (15) carried out a  prospective  study of the  neuro- 
logic  signs  and  symptoms  occurring  in  patients  receiving  cisplatin. The first 
signs of peripheral  neurotoxicity  were  decreased  vibration sense in  the  toes  and 
loss of the ankle jerks after  a  mean  cumulative dose of 400 mg/m2.  With  fur- 
ther  treatment,  paresthesias  occurred  in the feet, which  were  painful  in some 
patients,  and the deficits  in  vibration sense and  deep  tendon  reflexes  became 
more profound  and  progressed  proximally. 

Ultimately,  peripheral  neurotoxicity is the major factor that limits the dose 
and  number  of  repeated  treatments  of  cisplatin  that  can be given.  A  study  of 
high-dose  cisplatin in patients  with  ovarian  cancer  carried out by 0201s and 
Young (16) found  that  peripheral  neurotoxicity  occurred  in all patients after 
two  doses of high-dose  cisplatin.  Further  cycles  of  treatment  were  associated 
with the onset of gait  disturbances,  difficulty  with  manual  dexterity,  and  diffi- 
culty  with  ambulation due to  profound  deficits in proprioception. 

Hovestadt et al. (17) attempted  to  define  the  time-course of cisplatin-induced 
peripheral  neurotoxicity  after  the  cessation of treatment  by  documenting  the 
neurologic  signs  and  symptoms  and  the  vibration  perception  thresholds  in 18 
patients  with  ovarian  carcinoma for 2 years  after  completing  a  course  of 
cisplatin-based  chemotherapy. The results  of this study  showed  that  there  was  sig- 
nificant  worsening  of  the  signs  and  symptoms of cisplatin-induced  neurotoxicity 
and  vibration  perception  threshold  in  the  first 4 months  after  stopping  cisplatin 
treatment.  After 4 months  there  was  some  improvement  in  these  parameters,  but 
recovery  was  generally  incomplete.  Bissett  and  colleagues (6) documented  per- 
sisting  sensory  neuropathy  in 23 of 74 patients, 52 months  after  cisplatin-based 
chemotherapy for testicular  cancer.  Therefore  peripheral  neurotoxicity  induced 
by  cisplatin is characterized  by  deterioration  in  the  first 4 months  after  stopping 
treatment;  subsequent  improvement  but  recovery is generally  incomplete. 

The  biochemical  mechanisms  involved  in  cisplatin-induced  peripheral  neuro- 
toxicity  are  poorly  understood.  Gregg  and  colleagues (18) studied  the  possible  role 
of  platinum  deposition  in  neurologic  tissues  by  correlating  the  concentration  of 
platinum  in  various  tissues  with  the  clinical  symptoms  and  histologic  damage  in 
patients  treated  with  cisplatin.  The  concentrations of platinum  in  tissues  from  the 
peripheral  nervous  system (dorsal root  ganglia,  peripheral  nerves)  were  higher 
than  those  in  tissues  from  the  central  nervous  system  (brain,  spinal  cord).  High 
platinum  concentrations  in  dorsal  root  ganglia  and  peripheral  nerves  were  associ- 
ated  with  clinical  symptoms  and  histologic  evidence  of  peripheral  neurotoxicity. 
These  findings  support  the  idea  that  platinum  accumulation  in  dorsal  root  ganglia 
and  peripheral  nerves  leads  to  damage  to  the  cell  bodies  and  axons  of  sensory  neu- 
rons  that  reside  in  these  tissues  located  outside  the  blood-brain  barrier. 

Alberts  and  Noel (19) recently  reviewed the various  attempts  that  have  been 
made  to  prevent  cisplatin-induced  peripheral  neurotoxicity  in  patients.  Several 
different  agents  have  been  studied for this purpose  including  nucleophilic  sul- 
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fur thiols,  adrenocorticotropic  hormone  (ACTH)  homologs  with  neurotrophic 
activity,  and  calcium  channel  antagonists. To demonstrate  their  neuroprotective 
effects,  and  to  determine their possible  effects  on  antitumor  activity  and sur- 
vival,  prospective  randomized  controlled trials are required  that are preferably 
blinded  and  placebo  controlled. 

Kemp  and  colleagues (7) undertook  a  randomized  controlled  trial  of  amifos- 
tine,  a  thiol-cytoprotective  agent,  to  evaluate  its  protective  effects  against  cisplatin- 
and  cyclophosphamide-induced  toxicities  including  peripheral  neurotoxicity. 
n o  hundred  and  forty-two  patients  with  ovarian  cancer  receiving  cisplatin 
(100  mg/m2)  and  cyclophosphamide  were  randomized  to  receive  amifostine 
(910  mg/m2) or no  amifostine.  After  the  last  cycle of  chemotherapy, the  incidences 
(% of  patients)  of  neurologic  toxicity  in  the  amifostine  and  no-amifostine arms re- 
spectively  were as follows:  grade 0,45% vs 33%; grade  1,2496  vs  26%;  grade 2, 
24%  vs  29%;  and  grade 3,7.3% vs  12.5%.  Although the  difference  between  the 
two arms in the  incidence  of  peripheral  neurologic  toxicity  reached  statistical  sig- 
nificance,  the  clinical  relevance of the  effect is probably  small. 

Gandara et al. (20) carried out a  randomized  placebo-controlled  study of an- 
other thiol-chemoprotective  agent, diethyldithiolcarbamate, in  221  patients  re- 
ceiving  cisplatin  (100  mg/m2)  in  combination  with  cyclophosphamide or 
etoposide. The incidence of peripheral  neurotoxicity  was  similar  in the two 
groups.  Moreover,  withdrawal for chemotherapy  toxicity  and  nephrotoxicity 
was  more  frequent  in the group  receiving diethyldithiolcarbamate. 

An Italian  group (21) have  carried  out  a  randomized  double-blind  placebo- 
controlled  study of the neuroprotective  effects of glutathione,  an  endogenous 
thiol  containing  tripeptide (glutamyl-cysteinyl-glycine) in 50 patients  with  gas- 
tric  cancer  receiving  a  dose-intensive  regimen of cisplatin  (40  mg/m2/week) 
with  fluorouracil,  epirubicin,  and  leucovorin.  Clinical  and  electrophysiologic 
evaluation  of  neurotoxicity  at  9  and  15  weeks  showed  significantly  less  toxicity 
in the glutathione arm. It is uncertain  whether  the  neurotoxicity  was  prevented 
or  simply  delayed in onset  since the toxicity  evaluation  was  not  continued  into 
the  posttreatment  interval  when  symptoms  and  signs  commonly  deteriorate. 

Smyth et al. (22) have  reported  another  randomized  trial of glutathione in 
patients  receiving  cisplatin  (100  mg/m2) for the treatment  of  ovarian  cancer. 
Neurotoxicity  was  evaluated  in  this trial during  the course of  treatment  but  not 
in the posttreatment  interval.  In  a  symptom  checklist  scored by patients  there 
was  a  statistically  significant  difference  in the response  to  a  question  about  tin- 
gling  and  numbness in the hands  and feet favoring the glutathione  group. The 
incidence of neurotoxicity  scored  by  the  physician,  however,  was  similar  in the 
glutathione  and  placebo  groups  (no. of patients):  grade 0,41 vs 45; grade 1,34 
vs  27;  grade 2 ,2  vs 2; and grade 3,O vs 0. To date, clinical trials of glutathione 
given  in  conjunction  with  cisplatin  have  not  been  reproducible in demonstrat- 
ing  a  neuroprotective  effect. 
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Nimodipine is a  dihydropyridine  calcium  channel  antagonist  that  has  shown 
neuroprotective  activity  in  a  model  system of cisplatin  peripheral  neurotoxic- 
ity.  A  randomized  double-blind  placebo-controlled  study of nimodipine  in  pa- 
tients with  ovarian cancer receiving  cisplatin  was  discontinued  by  Cassidy  and 
colleagues (23) before  its  completion  because of the toxicity of the neuropro- 
tective  agent.  Many  patients  receiving  nimodipine  were  unable  to  comply  with 
the treatment  because of nausea  and  vomiting  symptoms.  Neurotoxicity scores 
27  weeks  after  commencing  chemotherapy  in 40 patients who  completed the 
trial  showed  a  highly  significant  difference in the severity of neurotoxicity fa- 
voring the placebo  group. This suggests  that  nimodipine may enhance rather 
than  protect the neurotoxicity  associated  with  cisplatin. The experience of these 
investigators is a  sobering example of some of the difficulties  involved  with 
clinical trials of neuroprotective  agents  given in conjunction  with cancer 
chemotherapy. 

ORG 2766 is an  analog  of  ACTH  with  neurotrophic  activity  that  has  been 
extensively  investigated for the prevention of cisplatin-induced  peripheral  neu- 
rotoxicity. Initial clinical trials of ORG 2766  were  encouraging,  but  subsequent 
studies have  failed  to  reproduce  evidence of neuroprotection in patients  receiv- 
ing  cisplatin.  For  example,  in  a  study  reported  by  Roberts et al. (24) neurotox- 
icity  was  monitored  by  vibration  perception  threshold (VPT) in  women  with 
ovarian cancer receiving  cisplatin  (75-100  g/m2). VPT continued  to  deteriorate 
after the cisplatin  therapy  had  been  completed,  and there was no significant  dif- 
ference in VPT measurements  between the ORG 2766  and  placebo  groups. 

2.4. Ototoxicity 
Ototoxicity  symptoms  associated  with  cisplatin  include  tinnitus  (ringing in 

the ears) and  hearing  difficulties (25). Typically,  tinnitus is high-pitched,  inter- 
mittent,  and  not  particularly  bothersome to most  patients. The usual  hearing 
complaints include difficulty  hearing in noisy  environments,  difficulty  hearing 
the telephone  ringing, or difficulty  following  a  telephone  conversation. 

Changes  in  hearing  thresholds on audiometric  testing are very  common  in  pa- 
tients  receiving  cisplatin (26). The abnormalities are usually  bilateral  and  occur 
at  high  frequencies  but  may  involve the middle  frequencies  involved  in  speech 
communication  in  some  patients.  Audiometric  changes are more  frequent  than 
ototoxic  symptoms  and are not  necessarily  predictive  of  an  imminent  change  in 
hearing.  Opinions  vary  as  to  the  value  of  audiometric  monitoring  of  cisplatin 
therapy. 

Bokemeyer  and colleagues (27) recently  studied the hearing  symptoms  and 
audiograms of 86 patients treated  with  cisplatin for testicular cancer after  a 
minimum  follow-up  period  of  15  months.  Seventeen  (20%)  patients  had  per- 
sisting  symptoms  of  tinnitus (10 patients),  hearing loss (3 patients), or both 
(3 patients)  that  were  slightly or mildly  annoying in 14 patients  and  very 
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disturbing  in  only 3 patients. An additional  nine  patients  experienced  hearing 
symptoms  that  reversed  completely  during or after chemotherapy.  Significant 
abnormalities  on  audiogram  were  observed in 57 patients (60%), whereas  hear- 
ing  symptoms  were  not  always  associated  with  significant changes on the au- 
diogram. The most  important  factor  predicting  persistent  ototoxicity  symptoms 
was  a  cumulative  cisplatin dose of 600 mg/m2 or more. These findings were  in 
keeping  with a literature review  carried by  Bokemeyer  and  colleagues (27) 
showing  that the literature values for the incidence of cisplatin-associated  tin- 
nitus,  deafness,  and  pathologic  audiograms  in  patients  with  testicular  cancer 
range from  2 to 65%, 3 to 25%,  and 28 to 77%, respectively. 

The mechanism  involved in the ototoxic effects of cisplatin are poorly  un- 
derstood.  Histopathologic  studies  show the loss of inner  and  outer  hair cells of 
the basal  turns of the cochleary degeneration of the stria vascularis,  and loss of 
spinal  ganglion  cells (28). Saito and colleagues (29) recently  published  evi- 
dence for cisplatin  metabolites  mediating the ototoxic  effect  of this drug. 
Exposure of isolated  cochlear  hair cells to cisplatin  that  had  been  incubated 
with S9 fractions of guinea  pig  liver  resulted  in  toxicity,  but  hair cell viability 
remained  under  conditions in  which  enzymatic  activity  was  suppressed. 

3. CARBOPLATIN 
Carboplatin  has  a  chemical structure similar to that  of  a  cisplatin,  except  that 

it has  a  cyclobutane  dicarboxylate  leaving  group  in  place of the two  chloride 
leaving  groups of cisplatin.  Carboplatin's  mode of action  involves the genera- 
tion of  platinum-DNA  adducts that are similar  in  their  nature  to those formed 
by  cisplatin. The major  differences  between  carboplatin  and  cisplatin are their 
stability in biologic fluids and the rate of their  reactions  with  biologic  macro- 
molecules. 

The best data currently  available on the clinical spectrum of adverse  effects 
associated  with  carboplatin is a  database  compiled  by the Antitumor  Clinical 
Research  Department of the Bristol-Myers  Company (30). The database  con- 
tains  toxicity  information from 710 patients  who  received  single-agent  carbo- 
platin as part of Phase I1 and 111 clinical trials,  with data analyzed  according  to 
World  Health  Organization  (WHO)  toxicity  scales. An analysis of the fre- 
quency (% of patients) of adverse  effects  associated  with  carboplatin  showed 
that  myelosuppression  in the form of leukopoenia (55%), thrombocytopenia 
(32%),  and  anemia (59%) were  common  but  that  infection (4%), bleeding 
(6%), or the need for transfusion  of  blood  products  (21%)  occurred  infre- 
quently. The majority of patients  experienced  gastrointestinal  symptoms,  most 
frequently  in the form  of  nausea  and  vomiting (53%) or nausea alone (25%). In 
contrast to cisplatin, the incidence of abnormalities of serum creatinine (7%), 
peripheral  neurotoxicity (6%), or clinical ototoxicity  (1.1 %) associated  with 
carboplatin  were low. 
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3.1. Pharmacokinetics 
Duffull  and  Robinson (31) and  van  der  Vijgh (32) have  compiled  reviews of 

the literature  concerned  with the clinical pharmacokinetics of carboplatin. 
During the first 10-12 h  after  carboplatin  administration, the plasma  concen- 
tration-time  profiles  of  intact  carboplatin  and  ultrafiltrate  platinum  overlap, 
suggesting  that  most  of the freely  exchangeable  drug  in  plasma is in the form 
of carboplatin  and that little or no  metabolites are present  in the systemic  cir- 
culation. The clearance of carboplatin is highly  variable  between  patients,  but 
it correlates with the creatinine clearance  and other measures of glomerular fil- 
tration  rate.  Carboplatin is excreted in the  urine,  and  cumulative  urinary  excre- 
tion  accounts for between 43 and  78%  of the dose.  Renal  clearance is 
comparable  to  glomerular  filtration  rate,  indicating  that the drug is cleared by 
renal  filtration  with  only  limited  tubular  reabsorption or secretion. The greater 
chemical  stability  and  slower  plasma  protein  and  tissue  binding of carboplatin 
compared  with  cisplatin  mean that its distribution  and  elimination  half-lives are 
longer  than those of cisplatin.  However, at the maximum  tolerated  doses  of  cis- 
platin (100 mg/m2)  and  carboplatin (400 mg/m2),  the  amount of platinum  re- 
tained  in the body  bound to tissues  and  plasma  proteins is similar  for  both 
compounds. The volume  of  distribution  of  carboplatin  approximates the vol- 
ume of extracellular fluid. 

3.2. Hematologic Effects 
Myelosuppression  was  the  dose-limiting  toxicity  in the Phase I clinical tri- 

als of carboplatin (33,34). At the maximum  tolerated  dose, the effect on 
platelets  (thrombocytopenia)  was  more  marked  than the effect  on the white 
blood  cells  (leukopoenia). Qpically, the platelet  count fell to its lowest  level 3 
weeks after treatment  and  then  recovered by 4 weeks  after  treatment. 

The severity of thrombocytopenia is highly  variable  between  patients  treated 
with  carboplatin  at the maximum  tolerated  dose.  Several  factors  have  been 
identified  that  were  associated  with  severe  thrombocytopenia  in  Phase I (33,34) 
or subsequent  clinical  investigations (35). Patients that are elderly (>70 years) 
and/or  have  a  low creatinine clearance (<60 mL/min),  low  pretreatment  platelet 
count,  poor  performance  status, or history of prior  chemotherapy are at greater 
risk  of  severe  thrombocytopenia  than  patients  without  these  factors.  A  reduc- 
tion of the  carboplatin dose may  avoid  unacceptable  levels of thrombocytope- 
nia  in  patients  having one or more  risk factors for severe  toxicity. 

3.3. Relationship Between Hematotoxicity and Carboplatin AUC 
Jodrell and  colleagues (36) studied the relationship  between  carboplatin- 

induced  hematotoxicity  and  carboplatin exposure [area  under  the curve (AUC)] 
using data from 989 patients  with  ovarian  cancer  entered  in clinical studies of 
single-agent  carboplatin  who  had  glomerular  filtration rate (GFR) measure- 
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ments  by  'lCr  EDTA  or creatinine clearances. The carboplatin AUC  in each  pa- 
tient  was  calculated  using  a  reorganized  form  of the Calvert  formula,  carbo- 
platin AUC = dose/(GFR + 25).  Patients  were  ranked  according  to  their AUC 
into a  series  of  cells,  and the proportions of patients  with grade 1,  2, 3, or 4 
thrombocytopenia  and  leukopoenia  were  calculated for each cell. Fits to  sig- 
moidal E,, models  were  obtained  when the probability of hematotoxicity  was 
related to the carboplatin AUC.  In patients  who  had  no  prior  chemotherapy, the 
probability of grade 3 or 4  thrombocytopenia  at AUC cells 4-5,  6-7, and 8-9 
were 4,20, and 48% respectively. As the carboplatin AUC approached 10, the 
probability of grade 3 or 4 thrombocytopenia  was  100%.  In the same group of 
patients,  the  probabilities of grade 3 or 4 leukopoenia at the AUC cells of 4-6, 
6-7, and 8-9 were 1,7, and 30%, respectively. 

Huizing et al. (35) have also studied the relationship  between the severity of 
carboplatin-induced  thrombocytopenia  and  carboplatin exposure using  sig- 
moidal E,,, equations.  In  their studies, thrombocytopenia  was  expressed as the 
percent  decrease  in  platelet  count  rather  than the probability  of  obtaining  a 
certain  severity  grade of  toxicity.  According  to the parameters of their  model, 
the AUCso  (AUC predicted to yield  a 50% decrease in platelet  count)  was 
4 mg/min/mL,  and  the  Hill  constant  was 1.9. 

Newel1 et al. (37) also found  a  significant  sigmoidal  relationship  between 
thrombocytopenia  (expressed as a  percentage of the pretreatment count) and 
carboplatin AUC  in 22 children  aged 3 months  to  15  years. The AUCso in this 
pediatric  population  was 6 mg/min/mL,,  which is higher  than  in  adults (37). 
This finding  suggests  that the sensitivity of the bone  marrow  to the effects of 
carboplatin  may  be less in  children  than in adults. 

3.4. Prediction of Carboplutin-Induced Thrombocytopenia 
Egorin  and  colleagues (38) generated  a pair of equations for calculating the 

dose of carboplatin for individual  patients  based  on  patient factors that  they or 
others identified  to  influence the severity of thrombocytopenia,  e.g.,  creatinine 
clearance,  pretreatment  platelet  count,  status of prior  chemotherapy,  and  body 
surface area. Two separate equations  were  derived,  one for previously  untreated 
patients: 

dosage  (mg/m2) = 0.091 (% reduction  in  platelet  count) + 86 

and  another for patients  who  had  received  prior  chemotherapy: 

dosage  (mg/m2) = 0.091 [(% reduction  in  platelet  count) -171 + 86 

where  CrCl is creatinine clearance in mL/min  and  BSA is body surface in  m2. 
A  figure  must be entered  in  these equations for a  desired  and  acceptable  level 
of  platelet  toxicity  in the individual  concerned. The equations were  prospec- 
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tively  validated by evaluating their precision in 38 courses of carboplatin  and 
23 patients. The actual  decrease in platelet count was  compared  with that pre- 
dicted  from the calculation of the dose of carboplatin. There was  a  high  corre- 
lation  between  predicted  and  observed  reductions  in platelet count ( r  2 0.94), 
and the data formed  a line very close to the line of identity. 

The relationship  between  drug  concentration  and  drug  effect is often  best de- 
scribed  by  a  sigmoidal curve that is defined  by the Hill  equation  where E,, is 
the maximal  possible  effect, EC5o is the concentration of drug  producing 50% 
of the maximal  effect, C is concentration,  and  H is the Hill  constant; 

Huizing  and colleagues (35) described  such  a  relationship  between the throm- 
bocytopenia  induced  by  carboplatin  and the carboplatin AUC where the EC50 
(or AUCs0)  was 4 mg/min/mL  and the Hill  constant  was  1.9.  Assuming  that the 
maximal  possible  effect (Emax) of  carboplatin  on the platelet  count  was  a 100% 
reduction in platelet  count, the parameters  can be introduced into the Hill  equa- 
tion as follows: 

100 - AUC'.' 
[4'.9 + AUC'.'] 

% reduction  in  platelet  count = 

or 

100 * AUC'.' 
% reduction  in  platelet  count = 

[ 13 + AUC"'] 

From this equation, it  is possible to predict the percentage by which the platelet 
count will fall in an  individual  patient if the carboplatin AUC in that individual 
is known. 

It is possible  to  predict the carboplatin AUC achieved  in  an  individual  pa- 
tient  using the Calvert (39) or Chatelut (40) formulas,  and  in  doing so, intro- 
duce  these values into  the  Hill equation for carboplatin-induced 
thrombocytopenia.  Using  a  reorganized  Calvert formula, the  carboplatin AUC 
can be simply  calculated  from the carboplatin dose (mg)  and the patient's  renal 
function where GRF is glomerular  filtration  rate: 

dose 
carboplatin AUC = (GFR + 25) 

Alternatively,  carboplatin  clearance  (mL/min) for an  individual  patient  may be 
calculated  using the Chatelut  formula,  where  wt is body  weight  in kilogram, 
age is years,  sex = 0 if male or 1 if female, and  serum creatinine concentration 
is exmessed in W: 
clearance = (0.134 X wt) + [218 X wt (1 - 0.00457 X age) X (1 - 0.314 X sex)] 

serum  creatinine  concentration 
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Carboplatin AUC can then  be  calculated  by  introducing  carboplatin  clearance 
and dose values  into the following  equation: 

dose 
clearance 

AUC = 

3.5. Gastrointestinal Eflects 
Nausea  and  vomiting are common side effects  associated  with  carboplatin. 

In the toxicity database compiled by the Antitumor Clinical Research 
Department  of the Bristol-Myers  Company, 53% of patients  experienced  nau- 
sea and  vomiting,  and  an  additional 25% of patients  experienced  nausea  with- 
out vomiting (30). In  Phase I studies  of  carboplatin  (33,34),  nausea  and 
vomiting  was  a dose related  adverse  effect  and  tended  to come on 6-12 h  after 
carboplatin  administration  and  resolve by 24 h. 

du  Bois  and  colleagues (41) have  studied the metabolism  of  serotonin  in  pa- 
tients receiving  carboplatin since serotonin release has  been  implicated in acute 
nausea  and  vomiting  associated  with  cisplatin. The urinary  excretion  of the 
serotonin  metabolite  5-HIAA  increased  after  treatment  with  carboplatin  by  an 
average of 35%. Urinary  5-UIAA  levels  peaked at 12 h  after  treatment. 
Combining  carboplatin  with  alkylating agents increased  both the urinary  ex- 
cretion of 5-HIAA  and  severity of emesis. These findings  suggest the involve- 
ment  of  serotonin  in the nausea  and  vomiting  associated  with  carboplatin  and 
provide  a  rationale for giving  serotonin  antagonists  with  carboplatin. 

An Italian  group (42) has  reported  a  prospective  randomized  double-blind 
trial comparing  a  serotonin  antagonist  (granisetron)  given  alone  with  dexa- 
methasone  alone or granisetron  combined  with  dexamethasone  in 408 patients 
receiving  moderately  emetogenic  chemotherapy  including 56 patients  treated 
with  carboplatin  at doses 2 300 mg/m2.  Granisetron  and  dexamethasone  were 
more  effective  than either antiemetic agent given  alone in the complete or 
major  protection of nausea  and  vomiting  on  d 1-3. Constipation  and  hot flushes 
were  more  common in patients  receiving the combination of antiemetics. 
Although  most  patients in this  study  were  given  chemotherapy  not  including 
carboplatin, it  is some  of the best  evidence  currently  available to support the 
treatment  policy of giving  a  serotonin  antagonist  in  combination  with  dexa- 
methasone  to  prevent the nausea  and  vomiting  associated  with  carboplatin. 

4. OXALIPLATIN 
Oxaliplatin is the R,R-isomer of a  diaminocyclohexane  platinum(1I)  com- 

plex  containing  an oxalato leaving  group. Similar to other platinum  complexes, 
oxaliplatin’s  mode of action  involves the generation of aquated  platinum 
species within cells and the formation of  DNA adducts  (43).  Oxaliplatin  has 
shown  significant  antitumor  activity in patients  with  advanced stage colorectal 
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cancer  when  given  alone or in combination  with  5-fluororacil (44) and is ap- 
proved for clinical use in France for this  indication. 

Misset (45) and Extra et al. (46) have  recently  reviewed  the  safety  profile of 
oxaliplatin  in  more  than 2000 patients  who  were  given the drug in clinical tri- 
als.  Oxaliplatin does not  appear  to cause significant  ototoxicity or nephrotox- 
icity or to require  nephroprotective  measures (45). Hematological  toxicity is 
generally  mild  when  oxaliplatin is given as a single agent but  was dose related 
in Phase I dose-finding  clinical trials (46). Of 124 patients  given  oxaliplatin  as 
a single agent,  grade 3 or 4 anemia,  thrombocytopenia, or neutropenia  occurred 
in 3, 2, and 1% of patients,  respectively (45). The major  toxicities  associated 
with  oxaliplatin,  however, are nausea  and  vomiting, as well as peripheral  sen- 
sory  neurotoxicity. 

4.1. Gastrointestinal Effects 
In the initial Phase I clinical trials of  oxaliplatin (46), almost  all  patients  ex- 

perienced  nausea  and  vomiting,  and  these  symptoms  were of grade 3 or 4 
severity in over 50% of patients.  Diarrhea  also  occurred  but  was  less  frequent 
(24% of courses) and less severe  than  emesis.  Gastrointestinal  toxicity  was  not 
dose related  at doses ranging from 45 to 200 mg/m2  and is not  influenced  by 
the duration of the drug  infusion.  Antiemetics  were  not  given  routinely  during 
this  study  until the dose level  of 90 mg/m2,  and  many patients had  been  previ- 
ously  exposed  to  emetogenic  chemotherapy;  these  factors  may  have  increased 
the frequency  and  severity  of  nausea  and  vomiting. 

Subsequent  experience  with  oxaliplatin (45) given  in  conjunction  with 
antiemetics  including  serotonin  antagonists  has  shown  less  gastrointestinal  tox- 
icity.  In 262 patients  treated  with  oxaliplatin  alone, the overall  incidence of 
nausea  and  vomiting  was 64.9%, and  only 10.7% of patients  experienced  grade 
3 or 4 toxicity.  Diarrhea  occurred  in 30.4% of patients  and  was of grade 3 or 4 
severity in only 4% of patients. The incidence  and  severity of nausea,  vomit- 
ing,  and  diarrhea  increases  when  oxaliplatin is combined  with  5-fluororacil. 
This experience indicates that  gastrointestinal  symptoms are of mild  to  moder- 
ate severity  and  manageable  with  modern  antiemetic  regimes  in  most  patients 
treated  with  oxaliplatin as a single agent. 

4.2. Peripheral Neurotoxicity 
Peripheral  neurotoxicity is a  very  common side effect  associated  with  oxali- 

platin.  Eighty-five  to  95% of patients  treated  with the drug  experience  neu- 
rosensory  symptoms to some  degree (45). 

The most  common  symptoms (43,4546) are paresthesias  (spontaneous  ab- 
normal  tingling  sensations  often  described  by  patients as pins  and  needles)  and 
dysesthesias  (abnormal  and  unpleasant  sensations felt when the skin is 
touched) that are induced or exacerbated  by the cold, such as when  patients 



Chapter 11 / Clinical  Toxicology 265 

touch  cold  surfaces or drink  cold fluids. Typically,  these  symptoms  occur in the 
fingers,  hands,  toes,  and  lips,  but  many  also  involve the legs,  forearms,  mouth, 
and  throat.  Severe  oxaliplatin  neurotoxicity  may  be  associated  with  sensory 
ataxia  causing  walking  and  handwriting  difficulties, or transient  laryngospasm 
and  a  feeling  of  difficulty  breathing or swallowing. 

Neurosensory  symptoms  typically come on  during the drug  infusion  and 
persist for a  variable  time  but  have  normally  resolved  within  7  d of the first 
dose of oxaliplatin (43,46). A  progressive  increase  in the duration  and  intensity 
of symptoms  occurs  with further administration of oxaliplatin.  At the end of the 
course of  treatment,  there is a  tendency for the neurotoxicity  symptoms  to  re- 
solve (45). After 6 months, the symptoms  have  completely  disappeared  in  18% 
of  patients  and  partially  disappeared  in  35%  of  patients. lbelve months after 
treatment, the symptoms  have  completely  disappeared  in  41%  of  patients,  par- 
tially  disappeared  in  41% of patients,  and  not  changed in 18%  of  patients. 

In Phase  I  studies,  oxaliplatin-induced  neurotoxicity  was  shown to be dose 
related (46). At doses of 90 mg/m2 or less, neurotoxicity  was  not  observed.  On 
the first cycle of treatment of higher doses, however, 50,64,71, and  100%  of 
patients  experienced  neurotoxicity  symptoms  at  135, 150,175, and 200 mg/m2, 
respectively. The severity of neurotoxicity is dependant  on the cumulative  dose 
of oxaliplatin  given.  Severe  neurotoxicity,  manifest as functional motor  distur- 
bances or sensory  ataxia,  occurred in 10,50, and  75%  of  patients  receiving cu- 
mulative  doses of 780,  1170,  and 1560 mg/m2,  respectively (43). 

Levi  and  colleagues (44) found that the commonly  used WHO and  National 
Cancer Institute-Common  Toxicity  Criteria  (NCI-CTC)  grading  systems for 
neurosensory  toxicity  were  inadequate for scoring the  severity of oxaliplatin 
neurotoxicity.  They  developed  an  oxaliplatin-specific scale whereby  grade 0 is 
no  symptoms;  grade  1 is when  paresthesias and/or dysesthesias  (induced  by the 
cold) are present  with complete regression  within  1  week; grade 2 is when 
paresthesiae  and/or  dysesthesiae are present  with  complete  regression  within 
21 days;  grade  3 is when  paresthesias  and  dysesthesias  have  incompletely  re- 
gressed  at  day  21;  and  grade  4 is when  paresthesias and/or dysesthesias are as- 
sociated  with  functional  consequences (45). In  this  scoring  system, the severity 
of toxicity is assigned  solely on the basis  of the duration of symptoms  and 
whether  symptoms are associated  with  functional  difficulties.  Intensity  of the 
symptoms  or the presence  of  neurologic  deficits,  such as glove  and  stocking 
sensory loss or reduced  tendon reflexes, are not  taken  into  account. 

The mechanism  of the neurotoxicity  associated  with  oxaliplatin  and other 
platinum  diaminocyclohexane  complexes is poorly  understood.  Screnci  and 
colleagues (47) hypothesized  that  the lipophilic diaminocyclohexane  ligand, 
which  has two chiral centers and three possible  isomeric  forms,  could  be  im- 
portant for their  accumulation  and  toxicity  in  peripheral  nerves.  They  prepared 
the pure R,R- and  S,S-enantiomers  of  oxaliplatin  and  some other platinum  di- 
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aminocyclohexane  (DACH)  complexes  and  studied their neurotoxicity in a rat 
model.  Both  R,R-  and  S,S-enantiomers  of  oxaliplatin  caused  slowing  of  sen- 
sory  nerve  conduction  velocity  during  repeated  dose  treatment in this  model, 
but the R,R-enantiomer  (the  constituent of the clinical preparation of oxali- 
platin)  caused  neurotoxicity at an earlier time and at lower  cumulative doses 
than its S,S-enantiomer. There was no enantiomeric  selectivity in the concen- 
trations of  platinum  in  samples  of sciatic nerve,  dorsal  root  ganglia,  spinal cord, 
or brain  taken  at the end of the experiment despite differences  between the 
enantiomers in their  neurotoxicity. The investigators  concluded  that  Pt  (DACH) 
complexes  such as oxaliplatin  exhibit  enantiomeric  selectivity of their  periph- 
eral neurotoxicity  possibly due to  stereoselective  interactions  on  or  within large 
proprioceptive  neurons since their accumulation  in  nerve  tissue is similar. 

4.3. Chronomodulation of Oxaliplutin Toxicity 
Researchers  from France have  been  investigating  the idea of modulating the 

clinical toxicities of oxaliplatin  by  giving the drug as a  continuous  infusion at 
variable  dosing  rates  based  on  circadian  rhythms  rather  than  at  a  constant  rate. 
Causanell  and  colleagues (48) carried out a  Phase  I clinical study of oxaliplatin 
in which  patients  were  treated  with  a  5-d  continuous  infusion  and  randomly  as- 
signed  to either a  constant  infusion rate or a  dosing rate altered  in  a sinusoidal 
fashion  with  peak  delivery  at 1600 h  coinciding  with  circadian  rhythms. The 
incidence of neutropenia,  neurotoxicity,  nausea,  and  vomiting  was  lower  with 
chronomodulation of the oxaliplatin  infusion  rate.  Higher  doses  were  able to be 
given,  and  more  patients  were  able  to complete the planned  treatment  with the 
chronomodulated  infusion. 

These findings  have  been  confirmed in a  randomized  controlled  study  re- 
ported  by  Levi et al. (44) of oxaliplatin (20-25 mg/m2/pd)  given  over 5 con- 
secutive  d  in  combination  with  5-fluorouracil  and folinic acid to patients  with 
metastatic  colorectal  cancer.  In all, 186 patients  were  randomly  assigned  to  ei- 
ther constant  infusion  rates of oxaliplatin,  5-fluororacil,  and folinic acid or con- 
trol. The incidence of severe neurotoxicity associated with functional 
impairment  was  16%  in  patients  treated  by  chronotherapy  vs 3 1% in the con- 
trol arm (p < 0.01). The incidence of vomiting  was the same in both  groups. 
Treatment  had  to be withdrawn,  mainly for neurotoxicity,  more  frequently  in 
the constant  infusion  group.  Tumor  responses  occurred  in 51% of patients  in 
the chronotherapy  group  vs 29% of the control  group (p = 0.003). 

4.4. Pharmacokinetics 
The pharmacokinetics of oxaliplatin  have  been  studied  using  inductively 

coupled  plasma  mass  spectrometry (43,49). In  blood,  oxaliplatin is sequestered 
into free, protein-bound,  and  erythrocyte-bound  platinum. The pharmacokinet- 
ics of  platinum  in  plasma  ultrafiltrate  reveal  a  large  volume  of  distribution 
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(582 L) and  high  clearance (10.1 Lh). Biotransformation  products  appear in 
plasma  ultrafiltrate  including (DACH)PtC12, (DACH)PtClH20, (DACH)Pt(me- 
thionine),  and  (DACH)Pt(glutathione).  About  half of the dose is excreted  in the 
urine. 

Gamelin et al. (49) studied  the  pharmacokinetics of oxaliplatin  given  at  a 
dose  of 130 mg/m2  over 2 h for eight  courses.  Platinum  did  not  accumulate  in 
plasma or plasma  ultrafiltrate  but  showed  progressive  accumulation  in  red  blood 
cells  with  repeated  courses. It may be that the lack of accumulation of oxali- 
platin  in  plasma  explains the reversibility of its neurotoxicity  and  the  lack  of cu- 
mulative  nephrotoxicity.  Correlations  between  platinum  concentrations  and 
neurotoxicity  showed no clear  relationship.  However,  patients  experiencing  ane- 
mia  had  higher  red  blood  cell  levels  than  those  who  did  not  have  anemia. 

5. JM216 
JM216 is a  new  platinum  analog that is given  by  mouth  rather  than  intra- 

venously.  It  differs from cisplatin, carboplatin,  and  oxaliplatin by  being  a  plat- 
inum(1V)  complex rather than  platinum(II)  complex. This feature may  make 
the molecule  more stable, which  could  be  important as it  moves  through the 
contents of the gastrointestinal  tract. JM216 is also more  lipophilic  than the 
other platinum  drugs  currently of clinical  interest,  a feature that  may  aid its ab- 
sorption  through the membranes of the gastrointestinal  wall. 

Currently,  a  limited  amount of information is available  on  the  effects  of  oral 
JM216 in patients. The best  indication of its clinical toxicity  profile  comes 
from  recent  reports  of  Phase II trials (50,51). Hematological  toxicity is com- 
mon,  in the form of thrombocytopenia  and  neutropenia,  and the major  non- 
hematologic  toxicities of oral JM216 are  nausea,  vomiting,  diarrhea,  and 
constipation. It appears that toxicity to the hearing,  kidney, or peripheral  nerves 
occur  infrequently  in  patients  treated  with  oral JM216. 

Recently, some preliminary  results of a clinical t ial  were  reported  in  ab- 
stract  form  providing details on the comparative  adverse  effect  profiles of oral 
JM216 and  intravenous  cisplatin (51). In  this  study, 31 patients  with  advanced 
non-small  cell  carcinoma of the lung were  randomly  assigned  treatment  with 
either oral JM216 (120 mg/m2/d  on  d 1-5) or cisplatin (100 mg/m2 iv on d 1). 
Grade 111 and IV toxicities  occurred  with the following frequencies (% of 
courses)  in  patients  treated  with JM216 and cisplatin, respectively:  thrombocy- 
topenia, 25 or 0%; leukopoenia, 18 and 2%; neutropenia, 17 and 0%; nausea, 
28 and 60%; vomiting, 13 and 44%; nephrotoxicity, 2 and 15%; and  neurotox- 
icity, 0 and 2%. These data  suggest that grade 111 or IV hematologic  toxicities 
occur  more  frequently in patients  treated  with oral JM216 than  in  those  receiv- 
ing  intravenous  cisplatin  but that nonhematologic  toxicities  involving the gas- 
trointestinal,  renal,  and  neurosensory  systems are less common  than  with 
cisplatin. 
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5.1. Hematologic Effects 
During Phase I trials of oral JM216 given once daily for 5 consecutive d at 

doses ranging from 30 to 140 mg/m2/d, the severity  and incidence of throm- 
bocytopenia and neutropenia was dose related, and these toxicities were the 
major dose-limiting factors present at the maximum  tolerated dose (52). 
Hematologic toxicity  was more severe in patients who  had  been  previously 
treated  with  chemotherapy  compared  with  chemotherapy-naive  patients. 
Platelet and  neutrophil  nadirs occurred between  17 and 21 d after treatment 
and  had  recovered to normal  in  most patients by  28  d.  Neutropenia  associated 
with sepsis or thrombocytopenia associated with  hemorrhage  occurred infre- 
quently. 

5.2. Gastrointestinal Effects 
In  Phase I trials antiemetics  were  given in conjunction  with  oral  JM216  in 

an attempt  to reduce nausea  and  vomiting  symptoms (52). The antiemetic  reg- 
imen  was oral dexamethasone 4 mg  given 3 times  daily  with  oral  metoclo- 
pramide  20 mg  given 4 times  daily or ondansetron 8 mg once daily for 5 d. 
Despite  these  emetics,  nausea  and  vomiting  occurred  on 5045% of courses. 
The symptoms  were  not  related  to the dose of JM216  given,  and  most  often 
they  were  of  grade 1 severity.  Nausea  usually  came  on  after  24 h of starting the 
5-d course of oral JM216 and  usually  lasted 5 d.  Vomiting  typically came on 
75 h after starting the treatment  and  lasted 1 d. Diarrhea was  dose  related  and 
lasted  usually 2 d on  average. 

Subsequent  Phase I1 experience  with  JM216  has  provided a clearer picture 
of the frequency of gastrointestinal  symptoms in patients  receiving JM216 
(50). Antiemetic  treatment  was  not  specified for this trial,  and  several  different 
antiemetic  treatment  regimens  were  used. In 17 patients, the frequencies (% of 
patients) of 1 grade 2 nausea,  vomiting, diarrhea, and  constipation  were 41,47, 
24,  and  18%,  respectively. This suggests that gastrointestinal  symptoms  asso- 
ciated with  oral  JM216 are mild or absent  in  most  patients  when the drug is 
given  in  conjunction  with  oral  antiemetic  therapy. 

5.3. Pharmacokinetics 
The pharmacokinetics of platinum after oral administration of JM216 were 

studied as part of its Phase I clinical trial (52). The pharmacokinetic  parame- 
ters of platinum in plasma ultrafiltrate at the recommended dose for Phase I1 
studies (100 mg/m2/d x 5 )  were as follows: C,, d 1,61 f 37  mg/L; d 5 ,  8 1 f 
39 mg/L: T,,,, d 1, 1.7 f 1.2 h and 5 ,  1.9 f 0.7  h; AUC,-, d 1 0.44 f 0.2 
mg/h/L  and d 5,0.76 f 0.3 mg/h/L; tIl2; d 1, 7.7 f 3.3 h and d 5 ,  12 f 4.7  h). 
There was accumulation of platinum in  plasma  and  plasma ultrafiltrate with 
repeated  daily  dosing. There was a linear relationship between JM216 dose 
and the plasma  ultrafiltrate AUC; the T,,,, t1/2, and  urinary  recovery (4.742% 
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of the dose) showed no dose-related  changes. These findings indicate that the 
pharmacokinetic behavior of oral JM216 is dose independent at doses of 
30-140 mg/m2. 

There was  considerable  variability  between subjects in the plasma  ultrafil- 
trate platinum AUC and  in the severity of thrombocytopenia  at  the  dose of 
JM216 recommended for Phase I1 studies (52). However,  these  pharmacoki- 
netic  and  pharmacodynamic  parameters  were  significantly  related in a  rela- 
tionship  described  by  a  sigmoidal E,,, equation  with the following  parameters: 
Emax, 5.6% (platelet nadir  expressed as the % of pretreatment  platelet  count; 
AUCs0, 0.82 mg/h/L,; Hill  slope, 1.1; and R2, 0.83 1 .  This finding  suggests  that 
the  between-subject  variability  of the hematotoxicity of oral JM216 may  be 
due to its pharmacokinetic  variability. 

A further complexity  in  the  pharmacokinetic  behavior  of JM216 in  patients 
has  been  demonstrated  by  Raynaud  and  co-workers (53) in  studies of the meta- 
bolic profile in plasma  ultrafiltrate after the oral administration of JM216. 
These  investigators  have  identified  a  total of six  platinum-containing  platinum 
species in the plasma  ultrafiltrate of patients,  including four that had  been  pre- 
viously  identified  during  in  vitro  incubations  in  plasma  and  two  that  had  not 
been  seen  in  vitro. No parent JM216 was  seen in plasma  ultrafiltrate  taken  from 
patients  given the drug.  Further studies of the  biotransformation of JM216 have 
been  hampered  by  their  low  concentrations in vivo  and  methodologic  difficul- 
ties in  their  analysis. Their individual  pharmacokinetic  properties  and role in 
mediating  the  effects of JM216 in  patients  remain to be fully  characterized. 

6. COMPARATlVE  ADVERSE  EFFECT PROFILES 
6.1. Gastrointestinal Effects 

Nausea  and  vomiting are common  adverse  effects  associated  with  all the 
platinum  derivatives  currently  of clinical interest. These symptoms  occur  more 
frequently  with  cisplatin  than  with  carboplatin (30) or oral JM216 (51) and 
have  been  associated  with  oxaliplatin as well.  Antiemetic  treatment  with 5- 
hydroxytryptamine  type 3 receptor  antagonists  in  combination  with  dexametha- 
sone  reduces  emetic  symptoms  occurring  within the first 24 h of  chemotherapy 
to  manageable  levels in most  patients.  Serotonin  release  appears  to  be the major 
emetic  mechanism  operating  within the first 24 h of  platinum-based  chemother- 
apy.  Diarrhea  and  constipation  also  occur in patients  treated  with  cisplatin, 
carboplatin,  oxaliplatin,  and  oral JM216 but  may  be  due  at  least in part  to  the 
side effects of antiemetic  drugs  given  with  the  chemotherapy. 

6.2. Hematologic Effects 
Myelosuppression is the dose-limiting  adverse  effect  associated  with  carbo- 

platin  and the newer  orally  administered analog JM216. The myelosuppression 
associated  with  carboplatin is highly  variable  but is predicted  by the carbo- 
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platin  AUC,  renal  function,  prior  treatment,  performance  status,  and  pretreat- 
ment  white  blood cell and  platelet  counts (5). Similarly,  myelosuppression  as- 
sociated  with  JM216 is highly  variable  but is related  to the free plasma AUC 
(52). Otherwise,  carboplatin  (and  possibly  JM216)  have  favorable  nonhemato- 
logic toxicity  profiles  and are well  accepted  by  patients. 

6.3. Neurosensory Effects 
Peripheral  sensory  neurotoxicity is currently the major  dose-limiting side ef- 

fect of cisplatin  but is poorly  understood.  Neurotoxicity  symptoms  and  signs 
come on after  cumulative doses of 300 mg/m2 or more  and  worsen  during the 
first 1-4 months  after  treatment.  Long-term  survivors of testes  and  ovarian  can- 
cer frequently  have  permanent signs or symptoms of cisplatin-induced  periph- 
eral nerve  damage. 

Oxaliplatin is also associated  with  dose-limiting  cumulative  sensory  neu- 
ropathy,  but  the  toxicity  differs  from that of cisplatin in its time-course,  exacer- 
bating  factors,  reversibility,  and  schedule  dependency.  Oxaliplatin  neurotoxicity 
is characterized by paresthesias  and  dysesthesias of the extremities,  lips,  mouth, 
and  throat  coming  on  during the infusion  and  reversing  within  minutes  to  d  after 
the  end  of the infusion. The symptoms may be brought  on or worsened  by  ex- 
posure to the  cold. The incidence  and  severity of  neurotoxicity  associated  by  ox- 
aliplatin is reduced  by  chronomodulated  administration  schedules. 

Cisplatin  frequently  causes  ototoxic  symptoms  and  audiometric  abnormali- 
ties, but  tinnitus and symptomatic  hearing loss are often  reversible  at  cumula- 
tive doses less  than 600 mg/m2 (27). Other  platinum analogs very  uncommonly 
cause clinically  significant  ototoxicity  at  conventional  doses. 

6.4. Renal Effects 
Nephrotoxicity  seriously  limited the early clinical experience  with  cisplatin; 

however, the use of intravenous  hydration,  mannitol,  and  chloride-containing 
drug vehicles  has  reduced  kidney  damage  to  acceptable  levels.  Long-term sur- 
vivors of cisplatin  treatment  typically  have  mild-to-moderate  deficits in 
glomerular filtration and  normal  renal  tubular  function. The other platinum 
analogs of current clinical interest neither induce significant  nephrotoxicity  nor 
require  neuroprotective  measures. 

7. CONCLUSIONS 
Since the introduction of the antitumor  platinum  complexes into human  on- 

cology in the early 1970s,  considerable  progress  has  been  made  in  understand- 
ing  their clinical toxicology  and  in the development of preventive  and 
predictive  techniques for improving  their  safety  and  tolerance by patients. 
Advances in three  areas, in particular,  have  been  key  to  reducing  their  host  tox- 
icities to manageable  levels: 



Chapter 11 / Clinical  Toxicology 271 

1. Intense  acute  nausea  and  vomiting  associated  with  serotonin  release  within  the 
first 24 h of  giving  cisplatin  or  other  platinum  derivatives  is  essentially  abol- 
ished  in  most  patients  by  antiemetic  therapy  with  selective  serotonin  type 3 re- 
ceptor  antagonists in combination  with  dexamethasone. 

2. Thrombocytopenia  associated  with  carboplatin  is  readily  predictable  from  an 
individual’s  renal  function,  carboplatin  clearance,  prior  treatment  history,  per- 
formance  status,  and  pretreatment  platelet  count.  Individualized  dosing  of  car- 
boplatin  based  on  these  patient  factors  (especially  renal  function  and 
carboplatin  clearance)  achieves  more  consistent  levels  of  hematotoxicity  com- 
pared  with  giving  doses  calculated  according  to  the  patient’s  body  surface 
area. 

3. The  use  of  intravenous  hydration,  mannitol,  and  chloride-containing  drug  ve- 
hicles  with  cisplatin  to  reduce  the  exposure  of  renal  tubule  cells  to this drug  or 
its  toxic  biotransformation  products  has  significantly  reduced  the  clinical 
nephrotoxicity  associated  with  this  platinum  agent  to  acceptable  levels. 

8. FUTURE CHALLENGES 
Significant  challenges  remain,  concerned  with the clinical toxicology  of 

platinum  derivatives,  particularly  in the control of neurosensory  toxicities  and 
delayed  nausea  and  vomiting. 

8.1. Neurosensory Toxicity 
Neurosensory  symptoms  resulting from peripheral  sensory  neurotoxicity or 

ototoxicity are common in patients  treated  with  cisplatin and oxaliplatin.  For 
some patients,  symptoms  such as numbness or pins and  needles  in the hands or 
feet or ringing  in  the ears represent  a  mild  annoyance,  whereas for others the 
symptoms  may be painful or associated  with  proprioceptive or hearing  disabil- 
ities.  Neurosensory  toxicity,  particularly in the form of peripheral  sensory  neu- 
ropathy, is the major factor limiting the amount of cisplatin  and  oxaliplatin 
(both single and  cumulative  doses) that can be given. 

The molecular  and  biochemical  mechanisms  underlying the peripheral  neu- 
rotoxicity of cisplatin  and  oxaliplatin are poorly  understood.  It is not  appreci- 
ated  why  cisplatin  and  oxaliplatin  neurotoxicity  should  differ  in  time-course, 
reversibility,  exacerbating  factors,  and  schedule  dependence  or  why  other  plat- 
inum  analogs do not  damage  peripheral  neurons. It is  not  understood  why  a  sub- 
set of large  proprioceptive  postmitotic  sensory  neurons are selectively  damaged 
by  these  agents.  Until  such  mechanistic  information  becomes  available,  the  de- 
velopment  of  neuroprotective  strategies  will  remain  largely  empirical. 

To date,  randomized clinical trials  have failed to demonstrate the repro- 
ducible  evidence of  prevention  of  cisplatin  neurotoxicity  by  thiols,  neu- 
rotrophic  factors, or calcium  channel  antagonists. The trials  have  highlighted  a 
number  of  potential  difficulties  with  carrying out studies of putative  neuropro- 
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tective  agents  during  cancer  chemotherapy,  such as (1) how to measure  neuro- 
toxicity; (2) when to measure  neurotoxicity; (3) adverse  effects of the 
neuroprotective  agent,  and; (4) the possibility of pharmacokinetic  and  pharma- 
codynamic  interactions  between the neuroprotective  and  chemotherapeutic 
agents. 

8.2. Delayed Nausea 
Nausea  and  vomiting  occurring 24 h or more  after  chemotherapy is frequent 

in  patients  treated  with  cisplatin,  and  possibly  in  patients  treated  with other 
platinum  analogs. The currently  recommended  antiemetic  regimen for delayed 
emesis [oral  metoclopramide (0.5 mgkg 4 times  daily for 4 d)  and  dexa- 
methasone (8 mg  twice  daily for 2 d  followed by 4 mg twice  daily for the next 
2 d)] controls  symptoms  in  only 50% of patients  and is associated  at  times  with 
metoclopramide  adverse  effects,  i.e.,  sedation,  diarrhea,  and  extrapyramidal  re- 
actions.  Serotonin  antagonists  have  limited  efficacy  in the control of emesis 
after 24 h,  suggesting that emetic mechanisms other than  serotonin  release 
occur  at this time.  Identifying  those  mechanisms  and  better  antiemetic  regi- 
mens for delayed  nausea  and  vomiting is now a  priority. 
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1. INTRODUCTION 
The goals  of  preclinical  toxicology studies for oncology  drugs are (1)  to 

identify  a  starting dose that is both safe and that minimizes the number of  pa- 
tients  treated  with  ineffective  doses, (2) to identify  important  potential clinical 
toxicities,  and (3) to assist in the design of  human  dosing  regimens  and  escala- 
tion  schemes ( I ) .  Toward  these  goals,  studies are performed  in  animals  to esti- 
mate the human maximally tolerated dose (MTD) and characterize 
drug-induced  toxicities. Studies in  both  rodents  and  non-rodents  to support 
Phase I trials  have  been  expected  by the U.S. Food  and  Drug  Adminstration 
(FDA) since 1982 (2,3). In  contrast, since 1981 clinical trials  conducted  under 
the  auspices of the  Cancer  Research  Campaign  and the European  Organization 
for the Research  and  Treatment of Cancer have  relied on preclinical  testing  in 
rodents  only for oncology  drugs (4). The European  Agency for the Evaluation 
of Medicinal  Products  has  recently  formalized  this  rodent-only  approach as 
only  acceptable for entry of cytotoxic  oncology drugs with  known  mechansims 
of action into Phase I trials.  For  drugs  with  novel  mechanisms of action,  stud- 
ies  in  rodents  and  non-rodents are currently  expected (5). 
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The success of the rodent-only  approach for preclinical  testing of anticancer 
drugs,  including  alkylating,  tubulin-binding,  DNA-binding,  and  antiendocrine 
agents,  has  been  examined (6,7). For  these  drugs,  unacceptable  toxicities  were 
never  encountered  at the Phase  I  starting  dose.  Although the acceptance of 
rodent-only  toxicology  studies  may  have  decreased the expense  and  time  of the 
nonclinical  development of  an anticancer  agent, for some drugs  this  approach 
may  have  led  to  extended  development  times in the  Phase  I  setting (6). 
Regarding the use of  both  rodents  and  non-rodents  in  preclinical  testing  of  an- 
ticancer  agents, as practiced  in the United  States,  Grieshaber  and  Marsoni (2) 
have  documented the success of  this  approach for seven  drugs  developed  by  the 
U.S.  National  Cancer  Institute.  More  extensive  analyses  examining  this  ap- 
proach  have  not  been  reported. 

To examine  the  regulatory  practices of the  FDA,  including  the  use  of  both  ro- 
dents  and  non-rodents  for  preclinical  testing  of  cancer  drugs,  we  evaluated  how 
well  rodents  (mice  and  rats)  and  non-rodents  (dogs)  estimated  the  starting  dose, 
predicted  human  toxic  doses,  and  predicted  the  spectrum  of  toxicities  experienced 
by  patients  exposed  to  the  platinum  anticancer  agents.  Data  for this analysis  were 
garnered  either  from  studies  submitted  to  the FDA supporting  investigational  new 
drugs or from  the  biomedical  literature (8-19). Due  to  confidentiality  restrictions, 
we  are  prevented  from  identifying  the  specific  platinum  analogs  in this document. 
Only preclinical  and  clinical  studies  employing  single-dose  drug  administration 
schedules are presented  here.  Eleven of the 12 drugs  were  administered  intra- 
venously,  and  the  remaining  drug  was  orally  administered. 

In  this  chapter,  we  report the following  findings: (1) calculation of the start- 
ing dose  based  on  1/10 the rodent LDlo may be too  conservative for platinum 
anticancer  drugs, (2) either rodents or dogs  may be used  to  predict  safely the 
starting  doses of platinum drugs in  humans,  and (3) rodents  and  dogs  were 
equally  accurate for predicting  dose-limiting  toxicities  in  humans. 

2. DETERMINAmON OF  STARTING 
DOSES FROM PRECLINICAL TOXIC DOSES 

The starting  dose for first-in-human  studies  of  anticancer  agents in the 
United States is 1/10 the rodent LDlo, provided this dose is tolerated in a non- 
rodent,  usually  a  dog ( I ) .  If this dose is not  tolerated  in the non-rodent,  then the 
starting  dose is defined as one-sixth the non-rodent  toxic  dose  high  (TDH), 
which  we  define as the highest  nonseverely  toxic  dose  (HNSTD).  Severe  toxi- 
cities include  convulsions,  coma,  bloody  diarrhea,  and  death.  This  algorithm 
for determining the starting  dose  was  examined  in  the  context of  both  safety 
and  trial  efficiency. If a  starting dose is too  high, the first humans  exposed  to 
the agent  would  experience  unacceptable  toxicities.  On  the other hand,  if  a 
starting  dose is too  low,  then  an  unacceptable  number  of  escalation  steps  would 
be  required  before  reaching the human  MTD for the drug. 
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2.1. Sources of Dl&, TDHs, and MTDs 
In  oncology  drug  development, the human  MTD for a  drug is believed  to be 

estimated by that dose that causes  lethality or severe  toxicity in 10%  of rodents 
(LDlo) or by the highest  nonlethal  dose  in  dogs  (TDH).  Therefore,  the  term 
MTDanimI refers  to  either  a  rodent LDlo or a  dog  TDH  in  this  chapter.  Not all 
12 platinum  anticancer  agents  examined  had  an  LDlo  determination  from  mice 
and rats and  a  TDH  determination for dogs: 11 drugs had LDlo determinations 
in  mice, 9 drugs  had LDl0s defined  in  rats,  and 9 drugs  had  TDH  determina- 
tions  in  dogs. One drug  was  excluded from quantitative  comparisons  since 
Phase I trials were  terminated  before  an  accurate  MTD  was  reached. 

LDl0s in  rodents  were  determined  by  probit  analysis  or,  if  insufficient  data 
were  available  for  a  probit  calculation,  the LDlo was  determined  as  that  dose  that 
actually  caused  10%  lethality in the  animals.  If  an LDlo was  not  available  by  ei- 
ther  of  these  approaches,  then  the LDlo was  taken as the  highest  nonlethal  dose. 

All  preclinical  doses  were  normalized  to  body  surface  area  (mg/m2). 
Although  there is evidence  that  dose  normalization to body  surface  area  may  not 
be the most  accurate for this  drug  class (20), body  surface  area  normalization is 
the  convention for oncology  drugs. LDlo values  reported  in mgkg in  mice  and 
rats  were  multiplied by 3 and 6, respectively,  and the dog  TDH  values  were  mul- 
tiplied by 20 to convert  from mgkg to  mg/m2 (21). The MTD  values  used  in 
the analysis  were  defined  and  reported  by  the  investigators  and  therefore may  be 
above or equal  to  the  recommended  Phase 11 dose.  When the preclinical or clin- 
ical  studies  provided  equivocal  results,  final  values  were  chosen  while  investi- 
gators  were  blinded to the  corresponding  animal  or  human  value. 

2.2. Starting Dose Safety 
Applying the starting dose algorithm  to the 12 platinum  analogs  would  have 

provided  a safe starting dose for every  drug.  One-tenth the rodent LDlo or one- 
sixth the dog  TDH  was  significantly  below the MTD for every  drug.  In  no case 
would  the  MTD  have  been  reached  with  this  hypothetical  starting  dose. 

2.3. Phase I Trial Efficiency 
In  addition to the safety of the starting  dose, the efficiency of  dose  escala- 

tion trials must  also be considered. An excess of dose escalations  to  reach the 
MTD  causes  many  patients to be  exposed  to  nontherapeutic  doses,  prolongs the 
trial, and is unnecessarily  costly.  For  determining  the  efficiency of the Phase I 
trials, the average  number of dose levels  required  to  reach the MTD  from  the 
starting dose was  calculated  assuming  a  modified  Fibonacci  escalation  scheme. 
The starting dose for this  calculation  was  determined  according  to the process 
discussed  above  and may  not reflect the actual  starting  dose.  Likewise, the ac- 
tual  escalation  scheme  and the subsequent  number  of dose levels  needed to 
reach the MTD,  may  have  differed  from  this  hypothetical  model. 
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Table 1 
Effect of Starting Dose on Theoretical Phase I Trial  Efficiency“ 

Animal 

Fraction of LDlo  or TDHb 

I N  0 or 1/6‘ 1/3 Difference 

Mouse 8.7 ? 1.8 4.7 2 1.5  4.0 

Rat 7.6 5 1.9  3.7 2 1.3  3.9 

Most  sensitive  rodent 9.0 ? 1.5 4.8 2 1.5  4.2 

~~ 

(6-1  1) (3-7) 

(4-10)  (2-6) 

(7-1 1) (3-7) 
Dog 5.6 2 1.7  3.3 2 0.9  2.3 

(3-7)  (2-4) 

“Number of  modified  Fibonacci dose levels  required to reach  the  MTD if the starting dose were 

bMean -C SE (range) 
‘One-tenth the rodent LDlo or one-sixth the non-rodent  TDH. 

determined from one-third  the LDlo or TDH  versus  one-tenth  the LDIo or one-sixth the TDH. 

Determining the starting dose from  rodents  would  have  required  an  average 
of 7.6-9.0 dose  levels to reach the MTD;  a  starting  dose  determined  from  one- 
sixth of the TDH  would  have  required  an  average  of 5.6 dose levels  to  reach  the 
MTD  (Table 1). The data  available  suggest  that  an  alternative  model  would 
have  been  acceptable for these 12 platinum  anticancer  agents.  Selecting  one- 
third of the LDlo for the  most  sensitive  rodent  species or one-third of the TDH 
for dogs  (rather  than 1/10 or 1/6, respectively) for the starting  dose  would  have 
permitted  both safe and  efflcient  Phase I trials under  a  modified  Fibonacci  dose 
escalation  scheme.  Using  one-third  of the LDlo of the most  sensitive  rodent 
species for the  starting dose would  have  allowed the MTD  to be reached in an 
average of 4.2 fewer dose levels  than if the starting dose was  chosen  using the 
conventional  method of 1/10 the rodent LDlo. The higher  starting dose would 
have still allowed  a  reasonable  degree of safety since a  minimum of two  addi- 
tional  dose  levels  would  have  been  evaluated  prior to reaching  the  MTD. 
Similarly,  using  one-third of the dog  TDH as the starting dose would  have  re- 
sulted  in  an  average of 2.3 fewer dose  levels  to  reach the MTD,  compared  with 
a  starting dose of one-sixth  the  TDH. 

Several  approaches  have  been  proposed  to  optimize  the  efficiency of  Phase I 
testing of  oncology  drugs.  Simon et al. (22) recently  published an analysis that 
supported  the  use  of  a  dose-doubling  escalation  scheme  and  single-patient  co- 
horts  to  define  the  MTD  more  rapidly  with  fewer  patients. The modified  con- 
tinual reassessment (23) and pharmacokinetically guided (24,25) dose 
escalation  methods  have  also  been  proposed to “to escalate  quickly”  to the 
MTD.  Alternatively,  the  time  and  patients  needed  to  define the MTD  could be 
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minimized  by  simply  beginning  trials  at  higher  doses (26,27). The  data for these 
platinum  drugs  show  that  starting  doses  could  have  been  up  to  three  times  higher 
without  compromising  patient  safety. It remains  to  be  determined  whether 
higher  starting  doses  could  be  safely  used for other oncology  drug  classes. 

3. PREDICTIVE VALUE OF PRECLINICAL  SPECIES 
In  addition  to  evaluating  the  starting  doses  determined by preclinical  toxic 

doses, it is also  useful  to  examine  the  accuracy of rodents or non-rodents  in  es- 
timating the human  MTD.  This is a  fundamental  assumption  in  starting  dose 
determinations,  but  we  wish  to examine explicitly the toxic  dose  levels  reported 
in preclinical  and  clinical  settings.  In  addition, we wish  to  examine  whether 
preclinical  studies  also  accurately  forecast side effects or toxicities  that  are  en- 
countered  when  the  drug is administered to humans. 

3.1. Quantitative Evaluation of Toxic 
Dose Levels in Preclinical Species 

To evaluate  how  well LDlos and  TDHs  reported in experimental  animals  ap- 
proximated  human  MTDs,  we  developed  a  measure of the predictive  value  and 
then  applied  this  measure  to  platinum  drugs for which  both  human  MTD  and 
estimated  human  MTD  based  on  animal doses are known.  Linear  regressions, 
descriptive  statistics,  and  hypothesis  testing  were  calculated  using SAS (SAS 
Institute, Cary, NC). 

3.1.1. RELATIVE DIFFERENCES BETWEEN PRECLINICAL L D l 0  OR TDH 
AND CLINICAL MTD 

The relative  differences of  MTDs,  which  compare  preclinical  LDl0s  or TDHs 
(MTDanimal) with  actual  MTDs (mhuman), were  determined for each  drug  and 
for each  species. The formula for the  relative  differences is shown  below: 

relative  difference of MTD = (MTDanima1 - MTDhuman)/MTDhuman X 100 

The sign  of the relative  difference  indicates  whether the preclinical  results 
were  greater  than or less  than the human  MTD. A positive  value  indicates  that 
the animal LDlo or TDH  overpredicted the human  MTD  and,  conversely,  a  neg- 
ative  value  indicates  that the animal data underpredicted the human MTD. A 
relative  difference of zero implies that MTDanimal  was  equal  to  MTDhUman. 

In  general,  the  animal MTDs underpredicted  human MTDs for  these  platinum 
drugs  (Fig.  1).  All  the  relative  differences  were  negative  except  for  a  single  drug 
in the  mouse,  a  single  drug in the  rat,  and two drugs in the  dog.  One  drug  over- 
predicted  the MTD (i.e.,  had  a  positive  relative  difference)  in  both  the  mouse  and 
the  dog,  but  the  relative  difference  was  negative  for  this  drug  in  the  rat.  The  drug 
that  had  the  single  positive  relative  difference  in  the  rat  had  a  negative  relative  dif- 
ference  in  mice;  relative  difference  data  for  this  drug  were  not  available  in  the  dog. 
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Fig. 1. Relative  difference of human MTD  from the  MTD  predicted  by  animals. The rela- 
tive difference  is  defined  as (MTDanimal - MTDhUma,) / M I D h u m a n  X 100. All  doses  were 
expressed  in mg/m2 for platinum  anticancer  drugs  administered  on  a  single  dose  schedule. 
Each  symbol  corresponds to the  same drug in  all  three  species. 

The mean  relative  differences f SE for the mouse,  rat,  and dog were 
- 46.5 f 9.5, - 29.2 f 12.5,  and - 32.4 f 11.3,  respectively.  Based  on these 
means  of  relative  differences,  MTDdog  and MTD,, are each closer to  zero  and 
hence  better  predictors of MTDhuman than MTD,,,,,. However,  there  were no 
statistically  significant  differences  between  species  with  respect  to the means 
of relative  differences (ANOVA, p = 0.36). This implies  that,  when  considering 
the mean  relative  differences, one species  was  not  superior  to the others in es- 
timating the human  MTD,  rather  all  species  generally  underpredicted the 
human  MTD for this  drug  class. 

3.1.2. MTD PREDICTION BASED ON PRECLINICAL LDlo OR TDH 
The relative  difference  measure  examines the direct relationship  between 

preclinical  and clinical MTDs.  However, it fails to  describe the relationship  of 
toxic dose levels  between  preclinical  species  and  humans.  For  example, it does 
not  address  whether  a  meaningful  correlation  between  mouse LDlos and 
human  MTDs exists other  than  relative  comparisons  between  drugs. To address 
this,  we  performed  a linear regression  between the predicted  human  MTD de- 
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Fig. 2. Collective comparisons of animal  estimates of the MTD with  the  actual MTD. All 
doses were  expressed  in  mg/m2.  Linear  regression lines were  calculated and  are included in 
the  graph.  Mouse (-, O), Rat (- - -, O),  Dog (*****, A), most  sensitive  rodent (-e*). 

rived  from  each  of the preclinical species (rodent LDlo or dog TDH) and the 
known  human  MTD.  If  there  was  a  direct  correspondence  between  the  preclin- 
ical  and  clinical  MTD, we would  expect  a slope of 1.0 and  a  y-intercept  of 0.0 
for the linear regression  line. We tested  whether  there  was  a  significant  differ- 
ence between the regression line and the line of unity  (i.e., the line defined  by 
MTDhuman = MTDmimal or y = x )  using F-tests for the slope and  intercept  pa- 
rameters  using  generalized linear modeling  methodology.  If  an LDlo has  a 
marked  departure  from the line of unity  with  respect to human MTD, this may 
imply  that the LDlo does not  necessarily  have  a  one-to-one  correspondence 
with  human  MTD,  and  therefore the ability  of this preclinical  species  to  predict 
human  MTD  may be questionable. 

Plots of  human  MTD  versus the rodent LDlo and  dog TDH appear in Fig. 2, 
as well as the  corresponding  regression  lines for each species. The most-sensi- 
tive  rodent  group  was  constructed  by selecting the lowest LDlo in either mice 
or rats.  Table 2 shows the slopes and  intercepts of the regression  lines, as well 
as their 3 values. The p-values in Table 2 correspond  to  the  hypothesis  test of 
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Table 2 
Linear Regression Results Between  Preclinical  Species and Humans (see  Fig. 1) 

p  value of departure 
Animal  y-Intercept  Slope r 2   f m m y  = x  

Mouse 60.7 -+ 82.9 1.47 2 0.32 0.722 0.165 
Rat -12.8 2 31.8 1.57 2 0.10 0.977 0.001 
Most  sensitive 30.7 2 44.7 1.90 2 0.21 0.901 0.026 
rodent 

Dog 57.0 2 126.2  1.26 2 0.39  0.640  0.240 

whether  each  regression line is statistically  different  from the line of  unity.  Any 
p-value less than 0.05 implies  that the given  regression line produces  an  im- 
proved fit over y = x. The results are described in the following  subsections. 

3.1.2.1. Rodents and Humans. The slopes of the  regression  line for all  three 
rodent  groups  (mice,  rats,  and  most-sensitive  rodents) are approximately 1.5 or 
greater  (Table 2). The regression  line  for  rat LDlo and  human MTD is a  particu- 
larly  good  fit (? = 0.98); however,  the  estimated  regression line is statistically 
different  from  the line of  unity (y = x; p = 0.001). Although LDlo values  deter- 
mined  from  rats  composed  the  minority of points  in  the  most-sensitive  rodent 
data  set,  the  linear  regression  line  comparing  most-sensitive  rodent LDlos with 
human MTDs is also  statistically  significantly  different  from y = x (p = 0.026). 
This suggests  that  human MTDs are  not  necessarily  directly  scalable  from LDlos 
from  rats  or  the  most-sensitive  species.  In  contrast  to the rat  and  most-sensitive 
rodent  groups,  the  regression  line for the  mouse  does  not  differ  statistically  sig- 
nificantly  from  the  line of  unity.  However, the  regression  fit for the  mouse is 
worse  than  the  rat  and  most-sensitive  rodent  group, as evidenced  by the ? value. 

3.1.2.2. Non-Rodents  and  Humans. Out of the four groups of preclinical 
toxic doses examined,  dog  TDHs  generated the regression line that  had the 
largest p-value (p = 0.240). This implies that it best  approximated  the  human 
MTD. However,  the ? value  indicates  that the regression  line for dog TDH vs 
human MTD was also the  most  variable.  Comparing  all  preclinical  predictions 
for the human MTD, it appears  from the limited  data  that the more  robust the 
regression line is, the more  likely it will  diverge from y = .x in  this  analysis. 
Clearly,  additional data are required  to  explore  this  more fully. 

3.2. Qualitative Evaluation of Preclinical Species 
In addition  to  predicting the human MTD and the appropriate  starting  dose 

for Phase  I  trials,  preclinical  studies  may also forecast side effects or toxicities 
that will  be  encountered  when the drug is administered  to  humans.  Preclinical 
and  clinical studies differ  in  their  design  and  execution.  First,  there are no  dose- 
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limiting  toxicities (DLTs) per se identified  in  animals, as it is often  difficult  to 
distinguish  which of numerous  toxic findings are the most  deleterious  to the 
animals. It follows  that  it is impossible  to  determine  whether  a  dose-limiting 
toxicity in humans  was  predicted  to be dose  limiting  from  studies  in  animals. 
Instead,  what is able  to be determined is whether  the  toxicity  was  evident or not 
in  preclinical  studies.  Nonetheless,  as  dose-limiting  toxicities are of the most 
concern  to  the  clinician,  it is helpful  to separate dose-limiting  from  non-dose- 
limiting  toxicities  in  assessing the predictability of preclinical  studies. 

Second,  studies of multiple  cycles of  drug  administration are most  often  not 
performed  in  experimental  animals. If a  toxicity is cumulative  and  only  evident 
after  more  than  one  cycle of drug  exposure,  then  it  will  not  be  detected  in 
single-dose  studies  in  animals  conducted  for U.S. regulatory  purposes.  However, 
for  the  current  analysis,  whether the toxicity  was  evident in the first or a  subse- 
quent  cycle of drug  administration  in  humans  was  not  taken  into  consideration. 

For  these  platinum  drugs,  not  every  drug  had  preclinical  studies  that  investi- 
gated  end-organ  toxicity in all three  experimental  species.  Mouse  end-organ 
toxicity  data  were  available for 7 of the 12 drugs; rat end-organ  toxicity  findings 
were  available for 10 drugs;  and  dog  end-organ  toxicity  findings  were  reported 
for 11 drugs.  Preclinical  end-organ  toxicity  data in three  experimental  species 
were  available for three  drugs.  Furthermore, the predictability of preclinical 
studies in animals  can  only  be  investigated  when  the  toxicity  has  been  reported 
in  humans  and  a  corresponding  study  performed  in the preclinical  species.  Thus, 
the  number of comparisons for which  we  are  able  to  determine  predictability is 
variable  according  to  the  particular  toxicity. This is reflected  in the variability  of 
the  denominator of the  reported  values  in  Tables 3 and 4. Conversely,  false  pre- 
dictions of toxicities  from  preclinical  studies  can  only be determined if the  drug 
did  not cause the toxicity  in  humans  and  a  corresponding  study  was  performed 
in  the  preclinical  species.  Unfortunately,  the  number of  platinum  drugs  that  have 
studies  satisfying  both of  these  criteria is rather  small.  Therefore,  this  analysis 
is intended  to be descriptive  rather  than  conclusive. 

Included  in  our  analysis are toxicities  that  were  evident from clinical, labo- 
ratory,  and  histopathologic  findings. The absence of a  preclinical  finding  may 
have  resulted  from the design of the  study rather than its true  absence  (e.g., 
serum  chemistry  was  not  measured,  which  might  have  detected  renal  toxicity). 
Additionally, this is a  retrospective  analysis.  Non-reporting of a  toxicity is not 
a  guarantee  that the toxicity  was  not  observed. This is especially  true for toxi- 
cities reported in humans. Very often, only  grade 3 or 4 toxicities in clinical tri- 
als are published  and  discussed. More minor  toxicities are not  consistently 
reported,  especially  in  a  patient  population  with  a  terminal  illness. 

Toxicities  observed in Phase  I trials of platinum  anticancer  drugs  were  pre- 
dominantly  hematologic,  gastrointestinal,  renal, or neurologic in origin. DLTs 
for the platinum  anticancer  drug class were  limited  to  myelosuppression (nine 



286 Part In / Clinical Antitumor Activity and Toxicology of Platinum Drugs 

Table 3 
Number of Drugs in Which the Dose-Limiting  Toxicities  Encountered in Phase 
I Trials of Platinum  Anticancer  Drugs  Were  Predicted  from  Preclinical Studies“ 

Correctly  predicted by 

Dose-limiting  toxicity  Mice  Rats  Rodents  Dogs 
~~ 

Hematologic 616 515 11/11 7/8 
Renal o/o 1/1 111  111 
Neurologic 1/1  1/2 2/3  1 I2 
Total 717 718 14/15 911 1 

“The denominator equals the number of drugs in  which the toxicity was  reported  in clinical 
studies and corresponding preclinical studies were  performed. 

drugs),  neurologic  toxicities  (two  drugs),  and  damage  to the kidney  (one  drug). 
Whereas  gastrointestinal  distress  was  often  a  serious  toxicity  in  humans for this 
drug class, the  use  of  antiemetics  and  hydration of the patients  enabled  inves- 
tigators  to  prevent  gastrointestinal  toxicities  from  becoming  dose  limiting. 

3.2.1. TOXICITIES PREDICTED BY PRECLINICAL SPECIES 
Importantly,  the  DLT  (either  myelosuppression,  nephrotoxicity, or neurotox- 

icity)  in  this  class of drugs was  predicted  preclinically  in  most  of the corre- 
sponding  preclinical  studies.  Human DLTs  were  observed  in  100% (7/7) of the 
relevant  mouse  studies, 87%  (7/8) of the  relevant rat studies  (14/15 of the  rodent 
studies  combined),  and  82%  (9/11) of the  relevant  dog  studies  (Table 3). We 
compared  the  total  number  of  DLTs  correctly  predicted  by  rodent  studies  vs  the 
total  number  of  DLTs  correctly  predicted  by  dog  studies  using  Fisher’s  exact 
test. The p-value for this  test  was  0.556,  and  this  implies  that  there is no  differ- 
ence between  rodent  and  dog  studies  with  respect  to  predicting  DLTs  correctly. 

Every  platinum  anticancer  drug  caused  myelosuppression  when  adminis- 
tered  to  patients;  however, the myelosuppression  was  not  always dose limiting. 
Every drug caused  leukopenia in humans,  11/12  drugs  caused  thrombocytope- 
nia,  and 4/12 drugs also  caused  anemia.  Among  those  animals that exhibited 
hematologic  toxicity,  a  similar  distribution of myelosuppression  was  reported. 
Overall,  rodents  (mouse  and  rat  combined)  predicted  hematologic  toxicity 
(whether  dose  limiting or not)  in  13/15 (87%) of the  corresponding  human 
studies,  and  dogs  predicted  myelosuppression  in 9/11 (82%)  analogous  studies 
in  humans  (Table  4). 

It is difficult to compare  nephrotoxicity  between  animals  and  humans for 
this  class of drugs since patients  often  received  prophylactic  measures to pre- 
vent  nephrotoxicity  (e.g.,  hydration  and/or  forced  diuresis),  whereas  experi- 
mental  animals did not.  Nephrotoxicity  in  humans,  usually  evidenced  by 
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Table 4 
Number of Drugs  in  Which  the  Toxicities  (Dose-Limiting 

or Non-Dose-Limiting)  Encountered in Phase I Trials of Platinum 
Anticancer Drugs Were  Correctly  Predicted  by  Preclinical  Studies" 

Toxicity 
(non-DLT  and DLT Mouse Rat Rodent Dog 

Hematologic 617 718 13/15 911 1 
Renal 010 212 212 313 
Neurologic 111 314 415 115 
Gastrointestinal 317 518 8/15 911 1 

'The denominator  equals the number of  drugs  in  which the toxicity  was  reported  in  clinical 
studies  and  corresponding  preclinical studies were  performed. 

increased  blood  urea  nitrogen or decreased creatinine clearance,  was  reported 
for three drugs. Two of the human  nephrotoxic drugs had  toxicity  studies  per- 
formed in rats,  and  renal  damage  was  observed  with  both of them.  All drugs 
causing human  nephrotoxicity  were  also  nephrotoxic  to  dogs. There were no 
studies  in  mice  that  assessed  kidney  damage for the three human  nephrotoxic 
drugs. 

Although  difficult  to detect and  interpret  in the oncology  drug  development 
setting, neurotoxicity  with  platinum drugs was  often  predicted by the  animal 
studies.  Neurotoxicity  was  detected  in  Phase I trials of  five  drugs as evidenced 
by  parasthesia,  myalgia, or coma.  Investigations  in rats were  performed  with 
four of these  five  neurotoxic  drugs.  For  three of these  drugs, rats exhibited  neu- 
rotoxicity  (e.g.,  ptosis,  ataxia,  tremor,  or  coma).  Toxicology  studies  in  both 
mice  and rats were  performed  with  only  one of the neurotoxic  drugs. ptosis, 
trembling, or seizures  were  observed in the mice,  but  not in the rats for this 
drug. The dog  appeared  to be less  susceptible to measurable  neurotoxicity:  only 
one of the five drugs caused  neurotoxicity  (e.g.,  tremor,  ataxia). 

Every  platinum  anticancer  drug also caused  gastrointestinal  toxicities  (nau- 
sea and  vomiting)  in  patients.  As  mentioned  previously,  this  was  not  a DLT, due 
to coadministration of antiemetics.  Rodents (8/15; 53%) manifested  gastroin- 
testinal  distress as diarrhea,  and  dogs  exhibited either vomiting or diarrhea in 
9/11 (82%) of the studies. 
3.2.2. INCORRECT TOXICITY PREDICTIONS 

Another  way to assess the predictive  value of preclinical  studies is to  deter- 
mine the rate of false  predictions,  that  is,  when  a  toxicity is apparent  in the pre- 
clinical setting but  not  evident  in  humans  exposed  to the same drug.  Four  drugs 
caused  elevated  liver  enzymes in dogs (Table 5). One of these drugs also  caused 
hepatotoxicity  in  rats.  However,  no  liver  toxicity  has  been  reported  in the 
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Table 5 
Number of Drugs in Which  the  Toxicity 

Was Reported  Preclinically,  but Not Reported Clinidlf 

No. of drugs in which  the  toxicity 
No. of drugs  was  reported  in  preclinical  species 
in  which  the  but  not in humansa 
toxicity  was 

reported in humans  Mouse  Rat  Rodent  Dog 

Hematologic 
Gastrointestinal 
Renal 
Hepatic 
Neurologic 
Pulmonary 
Dermal 
Cardiac 

12/12 
12/12 
3/12 
011 2 
5/12 
0/12 
1/12 
0/12 

010 
o/o 
1 /7 
0/7 
0/6 
1 /7 
1 /7 
017 

010 
o/o 
4/6 
118 
0/4 
218 
217 
0/8 

o/o o/o 
010 010 
5/13 518 
1/15 4/11 
0/10 016 
3/15 1/11 
3/14 1/10 
0115 1/11 

"The  denominators  equal the number of preclinical studies performed  only for those drugs  in 
which the toxicity was  not observed  in  humans 

Phase I setting with  these  platinum  analogs, despite being  reported  in  both  a ro- 
dent and  a  non-rodent.  Rats  and dogs also suffered  renal  toxicity  from four and 
five,  drugs  respectively;  two  of the four drugs  caused  kidney  damage  in  both 
rats and  dogs. One drug  caused  renal  damage in all three experimental  species 
(mice,  rats,  and  dogs).  Nephrotoxicity  was  not  reported  in  Phase I trials for any 
of these drugs.  However,  patients were most  often  pretreated to prevent  nephro- 
toxicity, so it is difficult  to  interpret  these  observations. 

Although  pulmonary  toxicity  was  never  reported  in  humans  during  a  Phase 
I trial,  pulmonary  edema  and  hemorrhage  were  reported in mice  and dogs for 
one drug,  and  dyspnea  was  reported  in the rat for two additional  drugs.  Only 
one preclinical  study  suggested  cardiotoxicity  from  platinating  agents: dogs ex- 
hibited  bradycardia  with one drug, although no cardiotoxicity  has  been  re- 
ported in patients. The presence of a  toxicity  in  both  a  rodent  and  a  non-rodent 
did  not  necessarily  increase the likelihood that the  toxicity  would be experi- 
enced by patients in a  Phase I tial. 

3.3. Summary 
There was  no  statistically  significant  difference  among  the  preclinical 

species in the  relative  difference for the preclinical  estimate of the  MTD  and 
the  actual  MTD. This implies  that one species  was  not  superior to the others  in 
estimating the human  MTD, rather all species generally  underpredicted the 
MTD.  This is consistent  with the findings  from  the  starting  dose  evaluation. 
Moreover, the starting  dose is determined  from  the LDlo or TDH values,  and 
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we determined that 1/10 of the LDlo or 1/6 of the TDH  allowed  a safe starting 
dose,  yet one that would  have  required  several  dose  escalations to reach the 
MTD for some  platinum  anticancer  drugs. 

Comparing the collective  ability of preclinical  species to predict the human 
MTD,  the  regression line generated  with  dog TDH values  more  closely  ap- 
proximated  the line of  unity  than the lines  generated  with  mice,  rats, or most- 
sensitive  rodent LDlo values. This implies  that  there is a direct correspondence 
between  dog  TDH  and clinical MTD  values.  However, the regression  coeffi- 
cient for this line was  notably  smaller  than the regression  coefficient for ro- 
dents.  In fact, it appears  from the limited data that the more  robust the 
regression line is that  compares  preclinical LDlo or TDH  values  with  human 
MTDs,  the  more  likely it will  diverge  from y = x. More data are required  to  test 
this  hypothesis. 

When  comparing toxic doses between species, another factor to consider is 
whether the exposures [areas under the curve (AUCs)] at the preclinical  and 
clinical MTDs  were  equivalent for these drugs. Perhaps,  if  AUCs  at toxic 
doses rather than the toxic doses themselves were compared  between species 
(as in  Fig. l), a different pattern of accuracy might have  been  observed, as 
Collins et al. (28) has  reported for three platinum anticancer agents. Such an 
analysis was  precluded for the entire dataset, however, since plasma  levels  of 
ultrafilterable platinum  were  not  available in more than one species for most 
of these drugs. 

There was no obvious  difference  between  species  in the accuracy of the  pre- 
diction of  human toxicities in response to platinum anticancer drugs. 
Hematologic  and  gastrointestinal  toxicities were observed  preclinically  and 
clinically for most  drugs;  however, there were  few  opportunities  to  evaluate the 
ability of preclinical  species  to  predict  neurologic  and  renal  toxicities  in  hu- 
mans.  Additionally,  there  was  no  obvious  difference  between  the rate of false 
predictions  when  comparing one species  with  another. 

4. CONCORDANCE  BETWEEN  PRECLINICAL  SPECIES 
Although the extrapolation of doses  in  preclinical  species  to  human  doses is 

an  important  consideration, it is also useful to measure the consistency of  pre- 
clinical species.  Specifically,  we  wish  to  examine  whether there is consistency 
in the information  provided by mice  and  rats  and  whether there is a  difference 
in the information  provided by rodents  and  non-rodents.  In this section,  we  dis- 
cuss  this  question  in  both  a  quantitative  and  qualitative  sense. 

4.1. Quantitative Evaluation Between Preclinical Species 
The regulatory  practice  of  requesting  toxicologic  assessments  in  a  second 

species is based on the supposition that the  second  species,  whether  a  rodent or 
a  non-rodent,  may  provide  findings  alternative  to  those of the first species. 
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We refer the reader  to  Section  3.1 ., in  which  we  introduced  measures  to  ex- 
amine  the  predictive  value of preclinical  species. We apply  the  same  methodol- 
ogy  in  this  section,  but  in  this  setting,  we  relate  preclinical  species  to  each  other 
instead  of  relating  each  preclinical  species  to  humans.  Performing  an ANOVA to 
compare  the  mean  of  the  relative  differences for these  groups,  however,  is  not 
particularly  instructive  since  there is no  meaningful  interpretation  of  the  hypoth- 
esis  that  the  means are equal  among  our  set  of  pairwise  groupings.  It is more  in- 
structive  to  consider  the  relative  differences  separately for each  set of species. 

4.1.1. RELATIVE DIFFERENCES BETWEEN PRECLINICAL LDlo AND TDH 
We used  relative  difference  to  measure the agreement  between  rodent LDlos 

or between  rodent LDlos and  dog  TDHs. The four comparisons  that  we  exam- 
ined  were  mouse  vs rat, mouse  vs  dog,  rat  vs  dog,  and  most-sensitive  rodent  vs 
dog.  When  comparing  mice  vs rats, we  calculated: 

relative  difference = (LDlo, mouse - LDl0, rat)/LDlo, X 100. 

When  comparing  any  rodent  group  vs.  dogs  the  relative  difference  was  given  by 
(LDlo, - TDH)/TDH X 100. Figure  3  shows  the  relative  differences  among 
these  four  species  combinations.  For  mice  vs  rats,  six  of  the  eight  drugs  have 
mouse LDlos ranging  from 41 to 80% of the  rat LDlo. The mean  relative  differ- 
ence * SE in  this  case  was  -20.3 * 14.2.  When  we consider  the  three  rodent  vs 
dog  comparisons  using  relative  differences,  we  see  that  only  two  drugs  in  rat  had 
larger LDlos than  the TDH in  the  dog. In all  other  cases,  the  TDH  value  was 
higher  than  the  corresponding  rodent LDlo. This implies  that  dogs  were  gener- 
ally  less  sensitive  than  rodents in this  set  of  platinum  anticancer  drugs. 

4.1.2. LDlo OR TDH PREDICTION BASED ON SINGLE  RODENT  LDlo 
Plots of rat  vs  mouse LDlo and  dog  TDH  vs  mouse,  rat,  or  most-sensitive  ro- 

dent LDlo appear  in  Fig.  4,  as  well  as  the  corresponding  regression  lines. We again 
consider  regression  as  a  method of quantifying  the  relationships  between  preclin- 
ical  species.  In this setting,  our  regression  models  use LDlo from  the  smaller 
species  to  predict  the LDlo or TDH  of  the  larger  species.  Table 6 shows  the  slopes 
and  intercepts  of  the  regression  lines,  as  well  as  their 3 values.  The  p-value  col- 
umn  in  Table 6 corresponds  to  the  hypothesis  test  of  whether  each  regression  line 
is statistically  different  from  the  line of unity. The  interpretation  of  these  hypoth- 
esis  tests  and  their  corresponding  p-values is the  same  as  in  Section  3.1.2. 

4.1.2.1. Comparability Between Rodents. Eight of the 12 platinum  anti- 
cancer drugs had LDlo determinations  in  both  mice  and  rats. The linear  re- 
gression  line  comparing the LDlos was  not  significantly  different  than the line 
of  unity (p = 0.083),  and  therefore  we  may  conclude  that  there is a  general  one- 
to-one  agreement  in LDlo doses  between  rodents. This would  imply  that  per- 
forming  a  toxicologic  assessment  in  a  second  rodent may  not  yield  any 
additional  useful  information for regulatory  purposes. 
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Fig. 3. Relative  difference of preclinical “MTDs”. After  normalization of the  doses to 
mg/m2, the LDlos between  mice  and  rats  and  the  rodent  (mouse,  rat,  and  most-sensitive ro- 
dent) LDlos with  the dog TDH were  compared for the  same drug.  Each  symbol  corresponds 
to  the  same  drug in all species. 

4.1.2.2. Comparability Between  Rodents  and  Non-Rodents. The results 
of the dog  TDH  vs  three  rodent LDlo regressions  appear in  Table 6.  The re- 
gression of dog  vs  mouse  resulted  in the slope closest  to 1 .O, but the p-value  to 
test  divergence  from y = x was  significant  at p = 0.002. This is largely  because 
the intercept  of  this  regression  was  statistically  different  from  zero. This im- 
plies that there is an  agreement  between the findings  in  mice  and  dogs,  but  this 
agreement does not  follow the model TDH = LDlo, mouse. 

In  contrast,  there  was  no  statistically  significant departure from y = x with 
the dog  TDH  vs  rat LDlo regression (p = 0.23). The regression  slope  was less 
than  1.0 for this comparison,  which  implies  that  dogs  are  more  sensitive  than 
rats to platinum  anticancer  agents.  However,  only  two drugs had  positive  rela- 
tive  differences  when  comparing rat LDlos and  dog  TDHs  (Fig. 3), and so the 
influence of these  two  drugs  forced  the  regression  slope  to be less than 1.0. It 
should also be noted that the dose of one of these  two drugs was greater than 
600 mg/m2 for both  species,  which is substantially  larger  than the five drugs 
with  negative  relative  differences. 
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Fig. 4. Linear regression of preclinical "MTDs" comparing mouse and  rat (A), mouse and 
dog (B), rat  and dog (C), and most-sensitive  rodent  and dog (D) after doses were  normal- 
ized to mg/m2. 

In the case of most-sensitive  rodent  vs  dog,  the  slope of the  regression line 
reflected the tendency of dogs to be less sensitive  than  rodents  (Fig. 3). The p -  
value for divergence from y = x approached  statistical  significance (p = 0.061). 
This is consistent  with the large  difference  between  most-sensitive  rodent  and 
dog slopes when  using each species  to  predict  human MTD (Table 2). 

4.2. Concordance of Toxicities  Between  Preclinical  Species 
Determining the agreement of toxicity  manifestations  between  preclinical 

species is difficult due to the small  number of directly  comparable  preclinical 
studies  performed  with  these  drugs.  Eleven of the 12 drugs had  toxicity  as- 
sessments  performed  in  either  mice or rats.  In  only four drugs were  end-organ 
toxicities  examined  in  both  mice  and rats. Despite the small  number of com- 
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Table 6 
Linear Regression  Results  Between  Preclinical  Species  (see  Fig. 4) 

Animals 

~~ 

p value 
for departure 

y-Intercept  Slope r2  fromy = x 

Rats  vs  mice 24.0 f. 82.0 1.15 f 0.22 0.815 0.083 
Dogs  vs  mice 57.7 2 22.1 1.05 ? 0.07 0.974 0.002 
Dogs  vs  rats 78.7 ? 97.4 0.79 f. 0.27 0.678 0.234 
Dogs  vs  most- 60.8 ? 47.6 1.15 & 0.20 0.843 0.061 

sensitive  rodent 

parisons  possible, the greatest  concordance  between  studies  in  mice  and rats 
was  with  hematologic  toxicities  (Table 7). Only one drug  was  consistent in pro- 
ducing  nephrotoxicity or gastrointestinal  toxicity  in  both  rodents. Ten drugs 
were  examined  in dogs plus  a  rodent  (mouse or rat).  Combining the findings in 
mice  and  rats  and  comparing the toxicities  reported  in  rodents  with  toxicities 
reported  in  non-rodents, the greatest  concordance  was also with  hematologic 
toxicities. 

4.3. Summary 
When  we  compared  rodent LDlo with  non-rodent  TDH  values, we found 

that the rodent LDlo value  was  almost  always  lower  than the TDH  value for the 
same drug.  However,  mouse or rat LDlo values  were  not  statistically  different 
from  dog  TDH  values  when  collectively  examined  via linear regression. 
Qualitatively, there are insufficient data to  determine the likelihood of observ- 
ing  a  toxicity due to platinum  anticancer  drugs in one  species if the  toxicity  was 
observed  in  another  preclinical  species.  Generally,  with the small  number  of 
cases that we are able to  compare, the agreement  between  preclinical  species 
was  not  great for nonhematologic  toxicities. 

5. CONCLUSIONS AND REGULATORY CONSEQUENCS 
To determine  the  value  of  rodent  and  non-rodent  toxicology  studies  in  on- 

cology  drug  development,  we  retrospectively  examined  submissions  to the 
FDA and  reports  in the biomedical  literature. By comparing  quantitative  and 
qualitative  findings  between  experimental species and  humans, we  evaluated 
the current  regulatory  practices at the FDA. Specifically,  we  examined  more 
closely the algorithm for choosing  a  starting dose and  toxicologic  evaluations 
in  both a rodent  and  a  non-rodent  prior  to  initiating  trials in humans. We chose 
the platinum  anticancer  agents as the initial  drug class to  examine.  In  summary, 
we  conclude that safe and  efficient  starting doses could  have  been  obtained by 
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Table 7 
Number of Drugs in Which  Toxicities  Were  Observed 
in  Both  Mice  and Rats or in  Both  Rodents  and Dogs" 

Toxicity Mouse and  rat  Rodent  and  dog 

Hematologic 
Renal 
Neurologic 
Gastrointestinal 

3/4 
1 /4 
o/ 1 
1 /3 

7/10 
4/8 
1 /4 
5/9 

"The denominator equals the  number of drugs in which a toxicity was observed in one 
species of the pair and a toxicity assessment was  performed  in  the alternate species. 

using  larger fractions, such  as  one-third  rather  than 1/10, of  the  rodent LDlo or 
dog TDH for these  platinum  anticancer  drugs.  Additionally,  similar  informa- 
tion  was  available  from  preclinical  toxicologic studies conducted  in  rodents 
and  non-rodents.  From the data we  examined,  there  was no obviously superior 
preclinical  species for estimating the clinical  MTD or predicting  toxicities  in 
humans  exposed  to  these  platinum  anticancer  drugs.  Between  preclinical 
species,  rodent LDlo values  were  generally  lower  than dog TDH values. There 
were  limited  data  to  evaluate the agreement  between  species  with  regard  to  tox- 
icities, but generally,  the  concordance  between  preclinical  species for non- 
hematologic  toxicities  was  not  particularly  striking. 

Based  on  these  findings, it is not  apparent  that  toxicologic  studies  in dogs 
provide additional information  to that obtained from toxicologic  characteriza- 
tions in rodents. We therefore  encourage  potential  sponsors  of  new  platinum 
analogs to discuss with the Division of Oncology  Drug  Products  within the 
FDA rodent-only  toxicology  testing  prior  to  submitting an IND  to the Agency. 
Considerations for proceeding  with  rodent-only  toxicology  would  include 
(1) the structural  similarity of the novel  platinum  agent  with  those  agents that 
were  examined in this analysis, (2) the spectrum of toxicities  that  were  ob- 
served  in  those  preclinical  studies  that  were  performed,  and (3) any  other rele- 
vant  preclinical  findings. 
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1. INTRODUCTION 
Around 120 years  elapsed  between  the original chemical  identification of 

Peyrone’s chloride [cis-diamminedichloroplatinum(II), now  known as cis- 
platin]  and the realization of its potent  anticancer  properties in the late 1960s 
and  introduction  into clinical oncology  in the early  1970s. Since then,  there  has 
been  an  explosion of activity  aimed  at  optimizing the antitumor  potential of this 
class of inorganic  coordination  complex.  Many  hundreds of cisplatin  analogs 
have  been  described,  concentrating  on  two  broad  themes: (1) attempts  to  re- 
duce the severe side effects of the parent  drug  (namely,  nephrotoxicity,  nausea 
and  vomiting,  and  neurotoxicity);  and (2) attempts  to  find agents active  against 
cisplatin-resistant tumors. 

Shortly  after  the  early  clinical  trials  with cisplatin, a  collaborative  research 
program  was  established  between the Drug  Development  Section of the 
Institute of Cancer  Research  (ICR;  Sutton, UK) and the Johnson  Matthey 
Company  (JM). The initial aim of this  collaboration  was to discover  a  less  toxic 
but  equally  efficacious  platinum  analog. The resulting  lead  compound  was cis- 
diammine, 1,l-cyclobutane dicarboxylato platinum (11), carboplatin, 
Paraplatin@,  marketed  by  Bristol  Myers Squibb ( I ) .  Carboplatin  entered  clini- 
cal trial at the Royal  Marsden  Hospital,  London,  in 1981 and  has  been  shown, 
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Cisplatin Carboplatin 

CI 
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Fig. 1. Chemical  structures of cisplatin,  carboplatin,  and  tetraplatin; JM compounds 118, 
216, 274,  473 and 335; and orally  active  compounds "216, -274,  AMD473, and C5- 
OHP-Cl. 

at  least  in  most  tumor  types,  to  fulfil the above-mentioned  desired criteria 
(myelosuppression is the dose-limiting  toxicity).  Carboplatin  remains the only 
cisplatin  analog to be widely  registered.  Indeed,  in the United States, it has  now 
essentially  replaced  cisplatin  as  front-line  therapy for many  tumor  types.  In 
1991, the Drug  Development  Section  of the ICR, JM, and  the  Royal  Marsden 
Hospital were jointly awarded the Queen's Award for Technological 
Achievement for the development of carboplatin. 

This  chapter  describes  platinum  drug  development  from  the ICIUJM collab- 
oration  perspective,  post  carboplatin.  Initially,  the  major  focus  of  research  con- 
cerned  the  discovery  of  orally  administerable  platinum  complexes.  Arising  from 
the  collaboration, the first  orally  active  platinum  compound  to  enter  clinical 
trial,  JM216  [bis-acetato  ammine dichloro(cyclohexy1aine) platinum(IV)],  en- 
tered  the  clinic  in  1992.  Post  JM216,  the  focus  has  been  on  agents  that  circum- 
vent  cisplatin  resistance. The first  "lead"  compound  was  JM335  [trans-ammine 
(cyclohexylamine)  dichlorodihydroxo  platinum(IV)],  and  the  second  was  JM473 
[AMD473,  ZD0473, cis-amminedichloro(2-methylpyridine) platinum(II)], 
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which  entered  a  phase  I  clinical  trial  in  1997. The preclinical  chemical,  biologic, 
pharmacologic,  and,  where  applicable,  clinical  properties of these  three “JM” 
compounds are described  (see  Fig.  1 for structures). 

2.1983-1992: CARBOPLATIN TO JM216, 
THE FIRST ORAL PLATINUM 

The success of the  less  toxic  cisplatin  analog,  carboplatin,  provided  early  tes- 
timony  to  the  importance  of  addressing  patient  quality  of life in the chemother- 
apy of cancer.  This is particularly  the case with  palliative  therapy  and  in 
permitting  combinations  with  other  cytotoxics.  Both  cisplatin  and  carboplatin 
are administered by  intravenous  infusion;  some  patients  have  a  “fear of the  nee- 
dle.” Therefore,  the idea of  developing  an  orally  available  platinum  drug  with 
“carboplatin-like” side effects  emerged  shortly  after  the  introduction  of  carbo- 
platin  itself  into  Phase I. Preclinical  studies  began by determining  the  antitumor 
properties of “standard”  platinum  drugs of the time,  cisplatin,  carboplatin,  and 
CHIP [cis-dichloro-trans-dihydroxy-bis-(isopropylamine) platinum(IV)] in 
mice  bearing  the  subcutaneous  (sc)  murine ADJPC6 plasmacytoma (2). This 
tumor  had  been  widely  used  in  defining  the  structure-activity  rules for platinum 
analogs (3), including  in  the  discoveries of carboplatin  and CHIP,  and  was 
widely  believed  to  predict  well  for  clinical  activity (4). 

Although  antitumor  activity by the oral route can be demonstrated for cis- 
platin  and  carboplatin in mice  bearing ADJPC6 (2) (Table l), the low  level  of 
absorption  makes  this  impractical  in  patients. This is illustrated  (Table  1) by the 
reduction  in  therapeutic  index  [TI; the ratio of the  median  lethal  dose, (LDS0), 
and the dose causing  a  90%  reduction in tumor  mass  (EDg0)]  when  these drugs 
are administered  orally  compared  with  intraperitoneally  (ip).  Cisplatin  and  car- 
boplatin are both  less  toxic and less  active  when  given  orally  with  their  thera- 
peutic  indices  being  lower.  Carboplatin  possesses  a  greater  aqueous  solubility 
than  cisplatin,  which,  although desirable for an  intravenously  administered 
drug of  lower  potency, the resulting  low  organic/aqueous  partition  coefficients 
are far from  ideal for oral  absorption.  Indeed,  oral  bioavailability  studies in 
mice  indicated  values of only 11-1596 for carboplatin,  with the major  part 
(6040%) of the dose excreted  in the feces (2). Nevertheless,  a  pilot clinical 
trial of oral carboplatin in two  patients  (with drug made  up  in  lemonade  syrup) 
was  conducted  in the Netherlands  and  reported in 1989 (5). Confirming the 
mouse  studies,  poor  absorption  with  a  bioavailability of  only 45% (and  severe 
gastrointestinal  toxicity)  was  observed. 

Thus, it became  clear  that,  to  achieve  clinically  useful  oral  bioavailability  with 
a  platinum  complex,  novel  chemistry  was  required.  During  the  remainder  of  the 
1 9 8 0 ~ ~  the  collaborative  studies  between ICR and JM concentrated on preclinical 
studies  (again  largely  using  the ADJPC6 tumor)  with  a  variety  of  asymmetric 
platinum (11) and (IV) complexes,  the  so-called  mixed  amines.  Primarily,  these 
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Table 1 
Oral vs Intraperitoneal  Antitumor Activity: ADJ/PCG  Murine  Plasmacytoma 

Oral  Intraperitoneal 

m 5 0  ED90 LD50 ED90 
Compound (mgkg)  (mgkg) TI (mgkg)  (mgkg) TI 

Cisplatin 140  24  5.8  11.3  0.6  18.8 
Carboplatin  235  99  2.4  180  14.5  12.4 
Tetraplatin  480  45  10.6  22.5  0.8  28 
JM118  140 11 13  14  1  14 
JM216  330  5.8  56.9  30  5.7  5.3 
JM274  1120  3.6  31 1 14  5  2.8 
AMD473 560  6.2  90.3  43  3  14.3 

~~ 

were  made  to  provide  optimal  physicochemical  properties  compared  with  corre- 
sponding  bis-substituted  complexes. It was  also  thought  that  platinum  complexes 
with  asymmetric  carrier  ligands  might  bind  to  alternative  regions  of  DNA  or  in  a 
different  spatial  orientation  than  cisplatidcarboplatin.  Additional  human  tumor 
models,  largely  concentrating  upon  ovarian  cancer,  were  also  established  during 
this  period.  These  in  vitro (6) and  in  vivo  xenograft (7) models  were  to  become 
increasingly  important  in the ICR Drug Development  Programme  (see  below). 
Two events in the  late  1980s  then  stimulated  the  rapid  realisation of a  lead oral 
platinum  suitable for clinical trial: (1)  the  synthesis of the  platinum (IV) 
ammine/amine  dicarboxylates,  and (2) the  signing  of  a  5-year  research  agree- 
ment  in  December  1989  among ICR, J M ,  and  Bristol  Myers,  the  first  objective 
of  which  was  to take an  oral  platinum  into  phase  I. 

2.1 The Ammine/Amine Platinum (IV) Dicarboxyhtes 
Oral  versus ip dosing  with  platinum (II) mixed  amine  complexes  (such  as 

JM118  shown  in  Table  1)  to  mice  bearing  the ADJPC6 tumor  produced  similar 
results  to  those  described  for  cisplatin  and  carboplatin,  i.e.,  no  gain  in  therapeu- 
tic  index.  Similar  results  were  exhibited  by  platinum(IV)  dihydroxo  complexes, 
e.g.,  JM149  (the pt IV dihydroxo  homolog of  JM118: TI ip of 44, TI oral  of  only 
7). As  the  amine  ligands  of  platinum  complexes  had  been  shown in early  struc- 
ture-activity  relationship  studies  to be essential  for  antitumor  activity (3), it was 
considered  that  modification  of  this  part of the structure  would  probably  be  detri- 
mental  to  antitumor  activity.  Thus,  to  improve oral absorption,  chemistry  con- 
centrated  on  platinum(1V)  complexes  and,  specifically,  modification  of  the  axial 
ligands  from  dihydroxo  (as  in  JM149)  to  more  lipophilic,  neutral  complexes. 
Although  the  synthesis of the  target  molecules  was  not  straightforward  [since 
platinum(IV)  molecules are relatively  inert  to  substitution  under  most  conditions] 
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this was  overcome  by  exploiting  the  strong  nucleophilic  character  after  binding 
to  platinum  of  the  oxygen  atom  of  the  hydroxo  ligand (as in CHIP  and  JM149). 
This  then  allowed  participation  in  reactions  with  appropriate  electrophiles  while 
the  inertness  of  the  bond  with  platinum  prevented  the  structure  from  breaking 
down.  Specifically, for most  of  the  resulting  dicarboxylate  series,  reaction of the 
platinum(IV)  dihydroxo  complex  with  an  acid  anhydride as the  electrophile  was 
used.  Stirring  at  ambient  temperature  for  several  hours  achieved  essentially  100% 
conversion  to  dicarboxylate  products  containing  simple  alkyl  and  aryl  axial  lig- 
ands (8). Carbamate  and  carbonate  complexes  were  also  obtained  by  reaction 
with  isocyanates  and  pyrocarbonates,  respectively,  as  electrophiles. 

JM216  (containing acetato axial  ligands  and  ammine/cyclohexylamine car- 
rier  ligands)  was one of  the first of around 30 platinum(1V)  mixed  amine  di- 
carboxylates to be  evaluated  against  the  ADJ/PC6  tumor  (Table  1).  There  was 
tangible excitement  when  this  result  was  produced  since, for the first  time,  a 
clear gain in TI was  observed  by  oral  versus ip dosing: TI of 57 with  oral  dos- 
ing but  only 5 by the ip route.  Interestingly, the antitumor  effectiveness  (EDg0) 
was  maintained  while  there  was  a  substantial  reduction in toxicity.  Before  long, 
as  additional  complexes  were  tested,  there  was  a surfeit of molecules  exhibit- 
ing marked  oral  antitumor  activity.  Some,  such  as  JM274  (see  Fig.  1 for struc- 
ture),  exhibited  a TI in  this  model of over 300 (Table  1). 

The preclinical  properties of the lead  platinum(IV)  mixed  amine  dicarboxy- 
lates  were  first  described at the 6'h  International  Symposium  on  Platinum  and 
other Metal  Coordination  Complexes in Cancer  Chemotherapy  at  San  Diego  in 
January,  1991 (9,lO). OctanoVwater  partition  coefficients  ranging  from  0.1 for 
JM216,  to  7 for JM229  (propionato  homolog),  and  up  to 41 for JM22  1  (butry- 
ato homolog)  were  reported (9). JM221  exhibited  a TI by the oral route in mice 
bearing the ADJPC6 of 54 (9). Absorption  in the mouse  was  shown  to be sub- 
stantially  higher for the dicarboxylates: 71 % dose absorbed  over 48 h for 
JM216  and  76% for JM221,  vs  only  22% for carboplatin (10). 

To select one dicarboxylate  compound for clinical trial  from  the  20 plus 
showing  good  oral  antitumor  activity  against the ADJ/PC6,  two  additional  se- 
ries of experiments  were  then  conducted  in  parallel.  These  were  oral  dosings  to 
nude  mice  bearing  human  ovarian  carcinoma  xenografts  of  varying  respon- 
siveness to cisplatin  and  emesis-inducing  properties  in the ferret model  (as 
mice do not  possess  an  emetic  response).  All of the 10 most  orally  active  com- 
pounds  in  the ADJPC6 experiments  showed  marked (60 days growth  delay or 
greater)  oral  antitumor  activity  against the cisplatin-sensitive PXN/lOO model 
(11). Conversely,  all  compounds  were  less  active  against  a  tumor  (SKOV-3) 
that also did  not  respond  to  cisplatin,  although  JM216,  JM221,  and  JM244 [bis- 
benzoato  ammine dichloro (n-propylamine)  platinum(IV)]  induced  growth de- 
lays of greater than 10 days. With three xenografts of intermediate 
responsiveness to cisplatin  (OVCAR-3, HX/llO, and  PXN/109T/C),  good  ac- 



304 Part IV / New Platinum Drugs of the  Future 

tivity  was  observed  with  JM216,  JM244,  JM225  (bis-acetato  ammine  dichloro 
[cyclopentylamine)  platinum(IV)],  and  JM269  (as for JM225  and  JM216  but 
cycloheptylamine),  whereas JM274 (see  Fig.  1 for structure)  was less active. 

At the time,  significant  emphasis  was  placed  on the results of the ferret eme- 
sis studies  in  the  final  selection  process. It  is possible  that  today,  with the 
proven clinical benefit of the 5-hydroxytryptamine 3 5-HT3  receptor  antagonist 
antiemetics,  more emphasis on  absorption  and  antitumor  activity  might  have 
prevailed.  However, after JM221  and JM244 were  shown  to  be  highly  emetic 
in this  model  compared  with the acetato  series of JM216,  JM225,  and  JM269 
(IO), these  two  compounds  were  dropped.  Notably, the three remaining acetato 
compounds  were  shown to be comparably  emetogenic  to  carboplatin  and  less 
so than either JM244/JM221  or  cisplatin. 

The final  choice  among  JM216,  JM225,  and  JM269  rested  with  a  combina- 
tion  of  head-to-head  antitumor  studies of the  three  compounds  (administered  by 
oral  gavage)  vs  equitoxic  iv  cisplatin  and  carboplatin  using  four  human  ovarian 
carcinoma  xenografts (11,12). These  studies  confirmed  that  the  dicarboxylates 
produced  broadly  comparable  antitumor  activity  to  that of cisplatin  and  carbo- 
platin.  Other  studies  using  additional  tumor  models  (A2780  human  ovarian 
xenograft  and  M5076  murine  reticulosarcoma)  were  conducted  within  Bristol 
Myers (13). JM216  appeared  to  be  most  active  against the M5076  tumor. 

Overall,  the  final  choice  of  JM216  represented  a  compromise  of  good oral an- 
titumor  activity  (at  least  comparable  to  iv  carboplatin  in  most  models),  low  emetic 
properties  in  the  ferret,  and  favorable  physicochemical  properties  (especially  com- 
pared  with  the  much  less  aqueous  soluble  JM269).  JM216  possesses  a  solubility 
in  water  of  around 0.3 mg/mL  and  in  saline of 0.4  mg/mL. Also, in  relation  to  pos- 
sible  reactions  in  the  stomach  prior  to  absorption,  the  compound  showed  good 
stability  in  acid  (a  half-life of  several  hours  in 1 M hydrochloric  acid). 

2.2. JM216- Preclinical  Properties 
2.2.1. RODENT TOXICOLOGY 

As the initial goal of the oral  program  was to develop  a  compound  with  car- 
boplatin-like  toxicology  and  comparable  antitumor  activity,  rodent  toxicology 
studies were  an  important  part of the preclinical  program.  In  mice  receiving  a 
single oral  dose of 200 mgkg, myelosuppression  was the dose-limiting  toxic- 
ity,  with  leukopenia the prominent  effect.  A  nadir  occurred at d 2-10 post  treat- 
ment  but  with  recovery  by  d  14.  In  addition,  mild  thrombocytopenia  and 
anemia  were  observed.  In  contrast,  on  repeated  dosing (55 mgkg daily for 
5 d), thrombocytopenia  was  more  pronounced (nadir by d 14 but  again  with re- 
covery,  by  d 30 (14). 

%o nonmyelosuppressive  toxicities of particular  concern  with  platinum 
compounds are nephrotoxicity (as observed  with cisplatin) and  neurotoxicity 
[which  led to the abandonment of tetraplatin  (Ormaplatin@-see  Fig. 1 for 
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structure-from  Phase  I)].  However, in contrast to cisplatin, JM216  at  a  maxi- 
mum  tolerated  dose,  like  carboplatin,  was  shown  to  be  devoid  of  nephrotoxic- 
ity in mice  and rats (15). Neurotoxicity  was  assessed  in the rat using  a  sensory 
nerve  conduction  velocity  model (16). Tetraplatin (ip at a dose of 1 mgkg, 
twice  weekly for 6  weeks) and cisplatin (ip at a dose of 2 mgkg, twice weekly 
for 6 weeks)  caused  a  significant  slowing  of  sensory  nerve  conduction  (14  and 
17% decreases,  respectively).  Conversely, JM216 (PO at a dose of 25 mgkg for 
20 weeks)  caused  no  reduction in sensory  nerve  conduction  velocity. 

Histologic  abnormalities  in  mice  following  maximum  tolerated  doses of PO 
JM216 occurred  only in the intestinal  tract.  Villus  atrophy, crypt tip necrosis, 
and  reduced  frequency  of  crypt  mitosis  was  observed,  although  this  was  simi- 
lar in  severity  to  that  observed  with  cisplatin or carboplatin.  However,  measures 
of mucosal  damage  (sucrase,  threhalase,  and  maltase)  revealed  no  damage (14). 
Although  tissue  distribution studies revealed  high  platinum  levels  in  the  liver 
(and  kidney),  both alkaline phosphatase  and alanine aminotransferase  mea- 
surements  were  unaffected,  suggestive of  no liver  damage. 

2.2.2. FURTHER ANTITUMOR STUDIES 
The most  significant  preclinical  antitumor studies in  relation to the clinical 

findings  (see  below)  involved  a  study  of  administering oral JM216  by  different 
dosing  schedules (17). Using the PXN/109T/C  ovarian  xenograft, the antitu- 
mor  activity of JM216  was  compared  according  to the following  schedules; 
100 or 200 mgkg single dose  every  21  d, 40 or 60 mgkg daily for 5 d  every 
21 d, 40 or 60 mgkg daily for 5 d,  every  28 d, and  9.5 or 14.5 mgkg daily. The 
main  findings are shown  in  Fig.  2.  In contrast to previously  reported  observa- 
tions  with  carboplatin  and  cisplatin, the antitumor  effect of JM216  was  signif- 
icantly  improved  by  splitting the dosing into a  daily  schedule for 5 d.  However, 
antitumor  benefit  was  lost  on  daily  chronic  dosing.  Maximum  growth  delays 
were 30 d  in  the  single-dose arm and  only 16 d  in  the  chronic  daily arm, but  9  1 
days in the daily  for 5 d  every  21  d  group  and 65 d in the daily for 5 d  every 
28 d  group. 

A  second  preclinical  in  vivo  antitumor  study of subsequent  clinical  signifi- 
cance involved  combining  JM216  with oral etoposide (18). Therapeutic  syn- 
ergy  was  apparent  in the ascitic P388  leukemia  model  but  not  in the M5076 sc 
reticulosarcoma  model. Of interest was that, in the combination arm, only 
about  25% of each  drug’s  maximum  tolerated dose could  be  safely  given. This 
combination is now  being  evaluated in Phase I. 

2.2.3. MECHANISTIC STUDIES 
Growth  inhibition  studies  using  a  variety of  human  cancer cell lines  showed 

that  JM216  was  similar  in  potency  to  cisplatin  itself  and  more  potent  than car- 
boplatin;  mean  IC5o  values  in pM were  1.7 for JM216, 3.5 for cisplatin,  and 
26.3 for carboplatin (12,19). In  terms of pattern  of  response  across cell lines, 
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Fig. 2. Comparative  oral  antitumor activity of JM216 administered  to mice bearing  the 
PXN/109T/C human  ovarian cancer  xenograft. 0, control, untreated; 0 ,200  m a g  every 
21 days; A, 60 mglkg daily for 5 days every  21  days; V, 60 mglkg daily  for 5 days  every 
28 days; and A, 9.5  mgkg daily.  (Data  replotted  from ref. 17). 

JM216  appeared  to  behave  similarly  to  cisplatin  and  carboplatin.  Although  not 
a  central issue in the selection  process,  JM216  did  show  complete  circumven- 
tion of acquired  cisplatin resistance in the 41McisR  ovarian  cancer  cell line 
(12) and  HW155cisR  cervical  cancer cell line (19) (see below). The DNA  bind- 
ing  properties of JM216  on  naked DNA or within  tumor cells appeared  broadly 
similar to those of cisplatin, although there may  be some differences  in the na- 
ture of the DNA adducts (20). However, as described  below,  interpretation  of 
these  findings is complicated  because of the rapid  and  complex  biotransforma- 
tion of the parent  drug. 

Acquired  resistance  to JM216 was  established in vitro  in two human  ovar- 
ian carcinoma cell lines (21). Whereas some resistance  mechanisms  common 
to  cisplatin  were  observed, the results  suggested  that, in comparison  to  cis- 
platin,  acquired  resistance to JM216  may  be less likely  to  occur  through  re- 
duced  drug  transport. 

2.2.4. BIOTRANSFORMATION STUDIES 
JM216  is  one  of  only  a  few platinumw) complexes  to  enter  clinical  trial. 

Since  reduction of platinum(IV)  to -(II) is widely  presumed  to be required  before 
reaction  with  target  DNA,  the  reduction  rate  needs to be a  compromise  between 
maintaining  the  parent  molecule for uptake  and  distribution  and  reducing  to  plat- 
inum(I1) species sufficiently rapidly to achieve reaction with DNA. 
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Biotransformation  studies  have  been  performed  under  both  in  vitro  conditions 
[incubation  in 5 mM ascorbate (9), plasma  (22)]  and  in  vivo  [within  cancer  cell 
lines  (23), in rodents  (24),  and  in  patients  (25)’J.  Overall,  a  complex  pattern  of  bio- 
transformation  has  emerged.  Sampling  of  patient’s  plasma  following  dosing  with 
JM2  16  revealed  six  platinum-containing peaks and  no  parent  drug  (Fig.  3A)  (25). 
Four  metabolites  have  been  identified: JMl  I8 [cis-ammine  dichloro  (cyclohexy- 
lamine)  platinum a)], the  major  metabolite  seen  in  patients,  JM383  [bis-(acetato) 
ammine  (cyclohexylamine)  dihydroxo  platinum(IV)],  and JM518, JM559  isomers 
of [bis-(acetato)amminechloro(cyclohexylamine)hydroxo platinum(IV)]  (22,25). 
In tumor  cells,  the  proportion  of  each of the  biotransformation  products  was  de- 
pendent on intracellular  levels  of  glutathione  (23),  suggesting  that  conjugation 
with  glutathione  represents  a  major  detoxification  pathway for JM2  16. 
2.2.5. JM216 CLINICAL TRIALS 

JM216  entered  clinical  trial  at  the  Royal  Marsden  Hospital in  August  1992 as 
a  single  oral  dose  with  the  drug  delivered in dry filled  capsules  every  21  d. 
Starting  with 60 mg/m2,  the  equivalent  one-tenth  of  the  mouse  LDlo, the dose 
was  escalated  up  to 700 mg/m2  (26).  Due  to  limited  absorption/dissolution  of 
the  drug,  no  dose-limiting  toxicity  was  reached, however.  Plasma  platinum 
pharmacokinetics  were  linear  up  to  only  the 120 mg/m2  dose  level;  thereafter 
the  area  under  the  curve  (AUC)  increased  less  than  proportionally  with  dose. 
Some evidence of myelosuppression  (leukopenia,  thrombocytopenia) was  re- 
ported.  Emesis  was  mild  and  controllable,  and  there  was  no  significant  neuro-, 
oto-, or nephrotoxicity.  From  37  patients  treated,  there  was  some  evidence  of an- 
titumor  efficacy  in  three  patients  with  advanced  ovarian  cancer. 

In  an  attempt  to  overcome  the  apparent  saturable  absorption  observed  with 
the  bolus  schedule,  a  second  Phase  I  trial  using  a  daily  dosing  schedule for 5 d 
began  in  March,  1993  (27). As mentioned  above,  the  use  of  this  split-dose 
schedule  was also supported  by  antitumor  studies in xenografts.  Starting  at  a 
dose of 20  mg/m2/d,  a  maximum  tolerated  dose  of  140  mg/m2/d  was  reached, 
with  thrombocytopenia  and  leukopenia  the  dose-limiting  toxicities.  This  myelo- 
suppression  was  noncumulative  and  reversible  with  the  nadir  from  d 17 to  21 
and  recovery  by  d  28.  There  was  good  control  of  emesis  through  the  use  of  pro- 
phylactic  administration of oral  dexamethasone  with  either  metoclopramide or 
ondansetron.  In  contrast  to  the  single-dose  trial,  the  pharmacokinetic  parameters 
AUC and C,, increased  linearly  with  dose for both  total  and  ultrafiltrable  plat- 
inum,  although  considerable  interpatient  variability  was  seen. The recom- 
mended  doses for Phase II studies  were 100 mg/m2/d  in  patients  previously 
treated  with  platinum  drugs  and 120 mg/m2/d  in  previously  untreated  patients. 

A  final  Phase  I trial conducted  at  the  Royal  Marsden  involved  twice  daily  dos- 
ing, 12 h  apart  (28).  Nineteen  patients  received  doses  between  150  and 350 mg/m2 
twice  daily.  However,  a  less  than  proportional  increase  in  AUC  was  observed  with 
increasing  doses  and,  as  a  result,  the  maximum  tolerated  dose  was  not  reached. 
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Fig. 3. Comparative  biotransformation  (shown as platinum  peaks following separation  by 
HPLC) of (A) JM216  in  patient  plasma 3 h  after  an  oral dose of 420 mg/m2  and 
(B) AMD473 4 h after  incubation  in  human  plasma. 

%o patients  with  mesothelioma  had  stable  disease  and  received six cycles. 
Toxicities  were  similar  to  those  observed  in  the  other  Phase I trials.  Overall,  these 
Phase I trials  confirmed  that  a  daily  schedule  for 5 d was  optimal for JM216. 

Phase II trials  with  JM216 (BMS 182751),  all  using  the  daily  schedule  for 5 d, 
have  been  or are being  conducted in non-small  cell  lung  cancer  (NSCLC) (29), 
small  cell  lung  cancer  (SCLC) (30), and  hormone-refractory  prostate  cancer 
(HRPC) (31). The EORTC  early  clinical  trials  group  Phase 11 trial  in  NSCLC 
showed  that  JM216  afforded  useful  palliation  in  some  patients  but  that  overall,  the 
drug  did  not  possess  significant  antitumor  activity  against  this  generally  chemore- 
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sistant  disease. In contrast,  responses  were  observed  in  patients  presenting  with 
previously  untreated  SCLC.  The  overall  response  rate  was  5/16  (31%),  with 5 par- 
tial  responses  and 5 with  stable  disease.  Notably,  responses  have  been  reported  in 
patients  with  HRPC; of nine  patients  with  measurable  disease,  one  had  a  partial 
response  and six had  stable  disease.  Seven  patients  (32%)  had  greater  than 50% 
reductions  in  the  prostate  cancer  marker,  prostate-specific  antigen  (PSA)  for  more 
than 28 d.  The  drug  was  generally  well  tolerated,  and  a  Phase I l l  trial  with  and 
without  prednisone  is  planned.  Reports  of  trials  in  additional  diseases,  including 
ovarian  cancer  and  in  combination  with  radiation, are still  awaited. 

3.1992-1997:  JM216 TO JM335 TO JM473IAMD473lZD0473 
During  1991,  as  JM216  was  being  prepared for clinical  trial  (preclinical  toxi- 

cology,  formulation),  the  ICR/JM,  Bristol  Myers  research  agreement  continued 
with  the  further  aim  of  discovering  a  “third-generation”  platinum  drug  possess- 
ing  activity  against  cisplatin-refractory  disease.  Many  reports  describing  mecha- 
nisms  of  resistance  to  cisplatin  in  cell  lines  repeatedly  exposed  to  cisplatin  began 
to  emerge  from  the late 1980s  onwards.  In  these  cell  lines,  three  major  causes  of 
resistance  were  observed:  decreased  drug  transport,  increased  intracellular  levels 
of thiols,  especially  glutathione  or  metallothioneins,  and  increased  adduct  removal 
from DNA  and tolerance  (for  review,  see  ref.  32).  Acquired  cisplatin  resistance 
was also  generated  and  studied  in the ICR  cisplatin-sensitive  human  ovarian  car- 
cinoma  cell  lines  41M  and CHI (6). Fortuitously,  acquired  resistant  lines 
emerged  with  differing  major  underlying  mechanisms  of  resistance, 4lMcisR 
being  resistant  mainly  due  to  reduced  drug  transport,  (33)  and CHlcisR being  re- 
sistant  through  a  post-DNA  binding  mechanism (34). The  A2780/A2780cisR 
lines  were  also  added,  A2780cisR  being  resistant  through  a  combination  of  de- 
creased  transport,  increased  glutathione,  and  increased  adduct  removal  from 
DNA (32). Across  eight  “parent”  human  ovarian  carcinoma  cell  lines,  we  ob- 
served  an  excellent  correlation ( r  of 0.91)  between  cisplatin  cytotoxicity  (which 
ranged  by  over  100-fold)  and  glutathione  levels  (35).  Also,  a  statistically  signifi- 
cant  positive  correlation  was  observed  between  in  vitro  sensitivity  to  cisplatin 
and  corresponding  in  vivo  xenograft  responsiveness ( r  of  0.88, n = 8) (36). 
Focusing  on  these  cisplatin-resistant  cell line models  and  various in  vivo  models 
(including  xenograft  counterparts  to  the  cell  lines),  a  preclinical  evaluation  cas- 
cade for the  discovery of a  broader  spectrum  third-generation  platinum  complex 
was  established  (Fig.  4)  and  put  into  practice. 

Compounds were sought  that  circumvented  acquired  cisplatin  resistance  in 
vitro  against  a  panel of eight human  ovarian  carcinoma  cell  lines  (41M, 
4lMcisR; A2780,  A2780cisR;  CH1, CHlcisR; and two intrinsically cisplatin- 
resistant lines, SKOV-3  and HN62). Thereafter, an initial  dose-finding in  vivo 
study  was  performed in conventional  mice  bearing the ADJPC6 sc  tumor  prior 
to more  extensive  in  vivo  experimentation  in  nude  mice  bearing sc xenografts 
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improved  platinum-based  anticancer  drugs 

I 1 

circumvention of resistance I i 
$. Secondary  cell  line 

"*.. panels  flung* In vivo  murine ADJIpC6 plasmacytoma 
'a. (dose  findindacute  toxicity) cervix) 

J 
Parallel  in  vivo  human  ovarian 
xenograft  panel 

"..A 

haematology,  neuro-,  liver-, 

\ I Secondary  xenograft 
panels  (colonhung) 

&.." ...a 

\r I Selection  of  clinical  candidate (AMD473) I 
Fig. 4. CRC  Centre for Cancer  Therapeutics,  Institute of Cancer  Research  Preclinical 
Evaluation  Cascade for the  discovery of "third-generation"  platinum  complexes. 

of  predetermined  sensitivity to cisplatin.  Importantly,  an  early  assessment  of 
toxicology  in  rodents  was  included  with special regard  to  neurotoxicity, 
nephrotoxicity,  and  liver  toxicity. 

From 1991 to 1995,  more  than 500 compounds  were  studied  against the 
eight-cell line ovarian  panel  using the sulphorhodamine B growth inhibition 
assay as used  by the National Cancer Institute Drug  Screening Program. The 
first "lead"  compound  to  emerge  was the trans-platinum(IV)  complex,  JM335 
(see Fig.  1 for structure). A major  paradigm for structure-activity  relationships 
of platinum  complexes is that trans-platinum complexes are inactive  as  antitu- 
mor agents (e.g.,  ref 3). However,  by the early  1990s,  Farrell  and  co-workers 
(37) had first shown that certain trans-platinum compounds  possessed  interest- 
ing  antitumor  properties,  at least in vitro. 

3.1. Preclinical Properties of JM335 
Initial in  vitro  experiments  with  JM335  revealed that the compound  was 

comparably  cytotoxic to cisplatin  itself  (mean  ICso of  3.1 pM for JM335)  and 
over  50-fold  more  potent  than  transplatin.  Moreover,  against the three  pairs of 
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lines, partial to full circumvention of acquired  cisplatin  resistance  was  ob- 
served;  resistance  factors  were 1.1 for the 41M pair,  and  1.9 for the CH1 pair, 
but  7.1 for the A2780  pair (38). 

Mechanistic  studies  with  JM335  revealed DNA binding  properties  distinct 
from those of cisplatin.  Interestingly, for a  platinum  complex,  JM335  induced 
DNA  single-strand  breaks  in the CHI cell  line,  although  interstrand  crosslinks 
were detectable in SKOV-3 cells (20). DNA  extracted from cells exposed to 
JM335 was  not recognized  by  a  monoclonal  antibody  raised  against  cis-plati- 
nated  DNA. The kinetics of apoptosis  was  shown to be more rapid for JM335 
with its cis-isomer  in CHI cells and,  at  high 10 x IC50 JM335  concentrations, 
death appeared to occur by a  nonapoptotic  mechanism (39). 

Structure-activity  relationship studies identified  a  total  of 14 trans com- 
plexes that showed  in  vivo  antitumor  activity  against the ADJPC6 model.  All 
were  platinum(IV)  complexes  (13  possessing  axial  dihydroxo  ligands)  and, 
when  tested, all their  respective  platinum(I1) or platinum(IV)  tetrachloro  coun- 
terparts  were  inactive (40). JM335  was the first trans-platinum complex  to 
demonstrate  marked  antitumor  activity against several  human  ovarian  carci- 
noma  xenografts,  including  an  impressive  64-d  growth  delay  against the 
PXN/lOO model (38). However,  when  compared  with the activity of cisplatin 
itself,  JM335  was  disappointingly  less  active (40), resulting in the compound 
not  being  selected for clinical trial. Since cross-resistance  in the A2780cisR 
cell line (see above)  was  shown to be  associated  with  high  levels of GSH (38), 
it was  reasoned  that the relative  lack  of in vivo  activity of JM335  may  be due 
to inactivation by thiols. This provided  an  impetus to designing  platinum 
analogs  with  reduced  affinity  toward  thiols (see below). 

3.2. JM473/AMD473 
The most significant lead to emerge from the cascade was JM473 

(AMD473; see Fig. 1 for structure). The chemical rationale for the  synthesis of 
AMD473  was  based on having  a  platinum  compound  with  reduced  suscepti- 
bility  to  inactivation by elevated  intracellular  thiol  concentrations.  As  men- 
tioned  above, the two  intrinsically  cisplatin-resistant  cell  lines HW62 and 
SKOV-3 and the acquired  cisplatin-resistant line A2780cisR  had  been  shown to 
possess  high  levels of the intracellular  thiol,  glutathione,  compared  with the rel- 
atively  sensitive  lines (35,38). In  an  attempt  to  decrease  inactivation by thiols, 
increased steric bulk  was  introduced  at  the  platinum  center,  thereby  shifting the 
substitution  reaction  pathway  more  toward  a  dissociative  rather  than  associa- 
tive  mechanism. 

3.2.1. CIRCUMVENTION OF ACQUIRED CISPLATIN RESISTANCE 

Relative  to all the platinum  compounds  evaluated  against the eight-cell line 
panel  AMD473  showed  particularly  promising in vitro  properties (41). A  com- 
parison of potencies  against  the  three  pairs  of  ovarian  lines  in the panel  (as  well 
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as two  additional  pairs) for carboplatin,  JM216,  and  AMD473 is shown  in 
Fig. 5. In  common  with  the clinical observations,  a  high  degree of cross- 
resistance  was  observed  between  cisplatin  and  carboplatin  in  all  five  pairs.  With 
the exception of the W 1 5 5  cervical  cancer  pair of lines,  AMD473  showed 
comparable  (e.g.,  in the transport-deficient  41McisR) or superior  circumvention 
of acquired  cisplatin  resistance  than  JM216. This was  particularly  evident  in  the 
A2780cisR  line,  in  which  glutathione is known  to  play  a  role  in  resistance. 

In  vitro  growth  inhibition  studies  revealed  AMD473 to be intermediate in 
potency  (mean  IC50  of  8.1 pM) between  that of cisplatin  (mean  IC50 of 2.6 
pM) and  carboplatin  (mean  IC5o of 20.3 pM) across the cell line panel. 
Notably,  across the National  Cancer Institute 60-cell line panel, the COM- 
PARE analysis  indicated that AMD473  possesses  a  distinct  pattern of response 
from  all other platinum agents and  was  “COMPARE  negative” (no compound 
with  a  Pearson  coefficient  of greater than  0.7 (41). 

3.2.2. h VIVO ANTITUMOR PROPERTIES 

In the first in  vivo  study,  good  antitumor  activity  was  observed  following  a 
single ip administration of AMD473  to  mice  bearing the ADJPC6 tumor (42) 
(Table 1). The EDg0 dose was  3 mgkg, whereas  severe  toxicity  was  not ob- 
served  until  a dose of 43 mgkg was  used (TI of  14.3).  However, interest in 
AMD473  was  stimulated  following  the  observation of activity  against  the  ovar- 
ian xenograft  panel,  including in some  secondary  models  possessing  acquired 
resistance to cisplatin (42). Activity  was also observed  against CHI ovarian 
xenografts that had  regrown  following initial treatment  with  cisplatin (42). 

In  addition,  AMD473  represents the first platinum(I1)  complex to demon- 
strate  good  oral  antitumor  activity.  In  mice  bearing the ADJPC6 tumor,  a TI of 
90 was  obtained  (Table 1). Antitumor  activity  following  oral  dosing  (greater  ac- 
tivity  than either iv administered  cisplatin or carboplatin or orally  administered 
JM216)  was  also  observed  against the acquired  cisplatin-resistant CHlcisR 
xenograft (42). 

3.2.3.  RODENT TOXICOLOGY AND PHARMACOLOGY 

The dose-limiting  toxicity of AMD473 in mice  (and  rats) is myelosuppres- 
sion (leukopenia  and  thrombocytopenia).  Moreover, no renal  toxicity,  liver 
toxicity, or neurotoxicity  has  been  observed (42). Hence, the toxicity  in  rodents 
is more like carboplatin  than  cisplatin.  Platinum  pharmacokinetics  following  iv 
administration  to  mice  showed  a  biexponential  decay in plasma  with  a  rapid 
distribution (tlIZa of 24  min)  followed by a  slow  elimination (tl12p, of 44 h). 
Following oral dosing, platinum  absorption  was  rapid (TmaX of 0.5 h),  with  a 
bioavailability of 40% (42). Platinum  accumulated  mainly  in the liver,  kidney, 
and  spleen.  Biotransformation  studies  involving  incubations in human  plasma, 
exposure to tumor  cells,  and  dosing  to  mice  have  been  performed.  In contrast 
to the rapid  and  complex  biotransformation  observed  with  JM216  (see  above), 
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Fig. 5. Comparative  cross-resistance  profiles for the 41M/41McisR, CHKHlcisR, 
A2780/A2780cisR (ovarian),  GCT27/GCT27cisR  (testicular),  and HX155/HX155cisR 
(cervical) pairs of human  tumor cell lines for  cisplatin itself, carboplatin,  JM216,  and 
AMD473. Resistance  factor = ICso  resistant/parent lines determined  from 96-h drug expo- 
sure SRB assay. Error bars = SEM, n = >3. 

parent  AMD473  was  detectable  up  to  6  h  post  administration (ip or oral)  to 
mice or 4  h  following  incubation  in  human  plasma  (Fig.  3b). The drug is 
mainly  biotransformed  to  aquated  activation  products (43). Again,  in  contrast 
to  results  obtained for JM216 (23), only  AMD473  itself  was  detectable  within 
human  ovarian  carcinoma cells; no glutathione adduct  was  formed (43). 

3.2.4. MECHANISTIC STUDIES 
As  predicted,  AMD473  was  shown  to  be less reactive  than  cisplatin  toward 

the sulphur-containing  molecules  methionine  and  thiourea (44). Moreover, in 
the presence of 5 mM glutathione,  AMD473  binding  to  salmon  sperm  DNA 
was  significantly  less  affected  than  cisplatin  binding (44). When  glutathione 
levels  were  artificially  raised  in  an  ovarian cancer cell  line, the degree of pro- 
tection of cytotoxicity  was less for AMD473  compared  with  cisplatin (41). 
Platinum  transport  studies  following  exposure  of the 41M  and  A2780  pair of 
lines  to  AMD473  showed, in contrast  to results obtained  with  cisplatin,  equal 
intracellular  drug  levels in the  parent  and  acquired  resistant  lines (41). 
Although, as with other platinum  drugs, the compound’s  mechanism  of  action 
probably  involves  binding  to  DNA, the DNA  binding  properties of AMD473 
differ  from  those of cisplatin.  On  naked  DNA,  several adducts unique  to 
AMD473  were  observed (44). Within  cells,  DNA  interstrand  crosslinks  were 
formed  much  more  slowly in cells exposed  to  AMD473  compared  with  cis- 
platin  (peak  formation of 5 h for cisplatin  versus 14-24 h for AMD473) (41). 
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A  polyclonal  antibody  raised to DNA  adducts of  AMD473  showed  no  crossre- 
activity  with  cisplatin-DNA  adducts (45). As  with other DNA-damaging 
agents,  induction of p53  was  observed  in  p53  wild-type cell lines  following  ex- 
posure to ICso  concentrations of  AMD473. The rate of induction,  however,  was 
markedly  slower  and  lasted  longer  than  with  cisplatin (41). 

3.2.5. SYNTHESIS 
AMD-473 is prepared  by  a  modified  Dhara  synthesis (46) by  a  method  sim- 

ilar to that described for the preparation of the platinum(II)  precursor of JM216 
(8,9). Potassium amminetrichloroplatinate(I1) is reacted  with  2-picoline  in the 
presence of iodide at  ambient  temperature,  resulting  in  precipitation of the de- 
sired isomer [PtC1(I)(NH3)(2-picoline)]. In the second  step,  the iodide ligand is 
removed  by  reaction  with  silver ions in water  at  ambient  temperature,  and  treat- 
ment of the resulting aqua platinum complexes with chloride yields 
[PtC12(NH3)(2-picoline)]. There is retention of stereochemistry  at  platinum, 
thus  yielding  the  pure cis isomer,  which  may be recrystallized from dilute hy- 
drochloric  acid. 

3.2.6. CLINICAL  TRIALS 
During the course of the  above  preclinical studies, a new Canadian  venture 

capital-backed  company,  AnorMED,  spun out of the biomedical  division of 
Johnson  Matthey.  With  all  rights  to  JM473  and  analogs  being  returned to JM  at 
the end  of the agreement  with  Bristol  Myers Squibb in 1994, the now renamed 
AMD473  was  chosen for late-stage preclinical  development.  In  1996,  based 
largely  on the preclinical  evidence of in vivo  activity  against  acquired  cisplatin 
resistance  and  a  favorable  toxicology  profile,  AMD473  was  selected for a 
Phase  I clinical trial  under  the  auspices of the UK Cancer Research  Campaign. 

The initial,  single-dose  intravenous  administration,  Phase  I  study  began  at 
the Royal  Marsden  NHS  Trust  Hospital in November,  1997.  Subsequently,  in 
April,  1998, the drug  was  licensed  to  Zeneca for continuing  clinical  develop- 
ment  and  renamed  ZD0473. 

4. OTHER O W Y  ACTIVE PLATINUMS 
In the past  2  years,  platinum  derivatives  of the platinum(I1)  1,2diaminocy- 

clohexane  (DACH)  complex,  oxaliplatin,  (Eloxatin@)  have  been  reported. 
Oxaliplatin,  the  lead DACH platinum, is currently  registered in France for the 
treatment of colorectal  cancer in combination  with  5-fluorouracil (47). In 
Japan,  Kidani  and  colleagues (48) have  synthesized  platinum(1V)  derivatives, 
like JM216,  with  lipophilic  axial  carboxylate  ligands. One complex, C5-OW 
with  bis-valerato  axial  ligands,  exhibited  marginal  oral  antitumor  activity  when 
administered to mice  bearing the murine L1210 leukemia  (maximum  T/C%  of 
148 with  20 mgkg daily  schedule for 5 d).  More  recently, a mono  n-valerate 
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CISPLATIN CARBOPLATIN JM216 AMD473 

Nephrotoxicity Oral drug 
NausealvomRing Myelosuppression MYelosuPPmsion acquired  andlor 
Neurotoxicity 
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resistance 
Intrinsic  cisplatin - 

Improved  quality of life t 
Fig. 6. Summary of  the ICWJM platinum drug discovery program: carboplatin to 
AMD473ED473. 

derivative (C5-OHP-C1; see Fig. 1 for structure) has  been  shown to possess  im- 
proved  absorption  properties  compared  with  C5-OHP  and  oral  antitumor  ac- 
tivity  against the sc M5076  reticulosarcoma  model  using  a  daily  schedule for 
5 d  in  two  cycles  initiated  on  d 5 and 12 post  implantation (49). 

5. SUMMARY 
From its origins of about  20  years ago based  around the Harrap,  Connors, 

Cleare axis, the ICIUJM collaboration  has  made  a  significant  contribution  to 
platinum  anticancer drug development,  These  achievements are summarized in 
chronologic  order  in  Fig.  6.  Three  new  platinum drugs have  entered clinical 
trial:  JM8  (carboplatin), still the only  platinum  analog  to be widely  registered 
for clinical use;  JM216  (with  Bristol  Myers Squibb), the original orally  active 
platinum  drug;  and,  most  recently,  AMD473/ZD0473.  A fourth agent,  JM335, 
remains  one  of  the  most  interesting  and  active of the class of trans-platinum 
complex. Since JM216, the focus has  been on the need  to  circumvent  acquired 
and/or intrinsic tumor  resistance to cisplatin rather  than  quality  of life issues. 
From  several  hundred  compounds  evaluated in the test cascade (Fig.  4),  only 
AMD473  emerged  as  worthy of clinical study. The first in vitro cytotoxicity 
assessment of  AMD473  was  conducted  in  March, 1993 (poignantly,  in the 
same week  as one of the founder ICR  “platinizers,”  George  Abel,  died).  From 
the ICIUJM perspective, the search for additional  novel  platinum  analogs  has 
now  ceased.  Although  a  great  deal  has  been  elucidated  concerning  how  tumors 
(especially cell lines)  become  resistant  to  cisplatin,  circumventing  resistance  in 
the  clinic  remains  a  particularly  challenging  prospect. We await  with  great  in- 
terest the clinical  studies  with  AMD473  (and other recently  introduced  novel 
platinum  structures  targeted  at  cisplatin-resistant  disease,  such as BBR3464). 
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As  we  head into the new millennium,  platinum drugs of  reduced  morbidity 
compared  with  cisplatin  have  become  a  reality for cancer patients.  However,  on 
a  cautionary  note,  alternative  strategies  to  platinum-containing  analogs  (e.g., 
drugs  aimed  at  manipulating the underlying cell signaling  pathways  whereby 
large numbers of tumors  possess  resistance  to  cisplatin  and  carboplatin)  may 
be required  to  produce  significant  long-term  survival  benefit  in those high 
numbers of patients  whose  tumors fail on cisplatidcarboplatin. Therein  lies  the 
challenge for future chemistryhiology collaborations. 
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1. INTRODUCTION 
Throughout this monograph, all the chemical  structures of platinum-based 

anticancer agents currently  in clinical trials  have  been  directly  related  to  cis- 
platin. Thus, while  leaving  group (X) and carrier ligand  (amine)  may be varied, 
all the structures are described  by the simple formula ci~-[PtX~(amine)~]. 
Polynuclear  platinum  compounds as represented by the dinuclear and  trinu- 
clear examples of  Fig. 1 comprise  a further unique class of  anticancer agents 
with  distinct  chemical  and  biologic  properties discrete from  their  mononuclear 
counterparts.  In  June,  1998,  the first drug from this class entered  Phase I clin- 
ical trials. The structure of  this  novel  trinuclear  platinum  agent,  BBR3464, is 
best  described as two tr~ns-[PtCl(NH~)~] units  linked by a  bridging  tetra-amine 
~~U~S-[P~(NH&{H~N(CH~)~~H~}~] (Fig. 1). The compound is the first gen- 
uinely new clinical drug not  based  on  the  "classical"  cisplatin  structure. The 
structure is notable for the presence  of the central coordination  sphere,  which 
contributes  to DNA affinity  only  through electrostatic and  H-bonding  interac- 
tions and the overall 4+ charge. The presence  of  at  least two Pt coordination 
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Fig. 1. Chemical  structures of mononuclear  (cisplatin),  dinuclear (BBR3005), and  trinu- 
clear (BBR3464) anticancer  agents.  The  abbreviation I,l/t,t refers to the presence of 1 C1 
on  each Pt center trans to the  diamine  bridge.  BBR  numbers  refer to codes from  Boehringer 
Mannheim,  Italy. 

units  capable of binding  to  DNA  and  the  consequences of such  DNA  binding 
are further unique features of this class of drugs.  With  this  advance  the  para- 
digm of cisplatin-based  antitumor agents is altered. 

The  identification  of BBR3464 as the  lead  compound,  and  eventually  as  the 
first  clinical  drug,  arose  from  systematic  studies on dinuclear  and  polynuclear 
compounds (I). It  was  the  initial  hypothesis  that  development of platinum  com- 
pounds  structurally dissimilar to  cisplatin  may,  by  virtue  of  formation  of  different 
types of  Pt-DNA  adducts,  lead to  compounds  with a spectrum of clinical  activity 
genuinely  complementary  to  the  parent  drug (2,3). At  time of writing,  the  only 
clinically  used  analog  of  cisplatin is carboplatin.  It is still  too  early  to  say  whether 
the  promising  preclinical  profiles  of  other  analogs  will  be  reflected  in  clinical  util- 
ity.  Although  there is still  room  for  innovation  within  the  basic  cisplatin  structure, 
it  has  been  our  repeated  consideration  that  future  discovery  of  clinically  useful 
platinum  agents  is  likely  to  arise  from  “nonclassical”  structures. This chapter  de- 
scribes  the  studies  leading  to  the  choice of BBR3464 as clinical  candidate. 

2. HISTORY OF DEVELOPMENT 
The dinuclear  motif  was first reported  in  1988  and  consisted of two cis- 

[RC12(NH3)]  units  linked  by  a flexible diamine  chain (4). Thus, the  ability  to 
prepare  two  antitumor  active  moieties  in  the same molecule  was  shown 
(Fig. 2). Trinuclear  compounds  containing three cisplatin  units  were  reported 
later in 1993 (5) (Fig. 2). 

At the start of this work in 1988, the predominant goal for new drugs was 
activity in cisplatin-resistant cells and  a broader profile of antitumor activity. 
Indeed, this goal remains essentially unchanged for any related drug devel- 
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2,2/c,c 

2,2,2/c,c,c 

Fig. 2. Chemical  structures of dinuclear and  trinuclear  platinum complexes containing cis- 
platin  units. 

opment project. The "original" 2,2 compounds showed high in  vivo activity 
in cisplatin-resistant cells (6). Mechanistic studies indicated that the com- 
pounds also produced a large percentage of  DNA-DNA (Pt,Pt) interstrand 
crosslinks, by attachment of one Pt  unit to each DNA strand (7). Thus the 
structures of such adducts are expected to be significantly different from 
those of their  mononuclear  counterparts.  The  presence of two cis- 
[PtC12(NH3)] units in one compound means that the DNA binding is tetra- 
functional, with concomitant increase in  complexity. It is inherently obvious 
that only one Pt-CI  bond is necessary in each unit to produce (Pt,Pt) inter- 
strand crosslinking. As a model, we therefore prepared the I,l/t,t compound 
[trans-{ PtC1(NH3)2}2H2N(CH2)4  NH2I2+ (8). Following the empirical struc- 
ture-activity relationships for platinum, this compound would  not be ex- 
pected to be antitumor active, being charged and containing only one Pt-C1 
bond in each coordination sphere. It was therefore very exciting that this 
compound also proved active in cisplatin-resistant cells (9). Early  unpub- 
lished results from a collaboration with  Warner Lambert-Parke Davis showed 
in vivo  activity. Representative values for murine L1210 leukemia (5.0 
mg/kg, inj., ipip, d3,7,11) gave a median  survival time of treated mice/me- 
dian survival time of controls X 100 (T/C%) of 130 (L1210S) and 146 
(L1210/DDP5) (9). In  B16 melanoma a T/C of  3.7 d with 1/10 survivors was 
achieved  (4.0  mg/kg,  inj.,  sc/iv, d1,5,9). With this remarkable finding of in 
vivo  activity, we immediately realized that the structure represented a new 
class of compounds capable of bifunctional DNA-binding-except that the 
bifunctional binding came from the monofunctional substitution of  both the 
coordination spheres (Fig. 3). Thus, we could compare the effects on chemi- 
cal and biologic activity with the classical bifunctional DNA binding of the 
mononuclear cis- [PtC12(NH3)2] (10). 
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2.1. Structure-Activity Relationships in the l,l/t,t Series 
EARLY RELATIONSHIPS: CHAIN LENGTH AND STERIC EFFECTS 

The basic  dinuclear  unit is open to many  systematic  changes,  e.g.,  in  the co- 
ordination sphere and the geometry  around the platinum, as well as the nature 
of the ligands  in the coordination  sphere.  Trifunctional,  tetrafunctional,  and  bi- 
functional DNA binding  agents are all  easily  accessible (11,12). For the sake 
of  brevity  this  discussion  will  be  restricted  to  bifunctional  agents,  i.e., those 
containing  only  one  Pt-Cl  bond  on  each  coordination  unit.  For  equivalent co- 
ordination spheres, the overall structure is best given  by the formula 
[ { PtXnL3-n}2(diamine)](2-n*. (X is usually C1 and L usually N H 3 ;  n = 1  or 2) (9). 
The nature of the bridging  group  may  also be changed  and  examined for steric 
effects  and  chain  length.  Thus,  a  very  wide  range of compounds is immediately 
available for evaluation.  These  systematic  studies  have  been  performed  over  the 
years  and  have now been  summarized  in  a  parallel  review (13). This survey  re- 
vealed  that  the  so-called l,l/t,t series  gave  consistently  high  antitumor  activity 
in  cisplatin-resistant  cells  and so development  concentrated  on  this  series. 

BBR3464, A NOVEL TRINUCLEAR  AGENT 
Fig.  3  shows the range of substitutions  made on the basic  structure. 

Antitumor  activity is highly  dependent  on  chain  length. The l,l/t,t n = 6 com- 
pound  BBR3005 [trans-{ PtCl(NH3)2}2p-H2N(CH2)6NH2]2+(Fig. 1)  was ini- 
tially  selected for detailed  evaluation.  However,  lung  toxicity  precluded its 
advancement.  Models  showed  that the l,l/t,t n = 6 compound  could  easily  span 
a  four-base  pair  segment of  DNA. To improve’water  solubility  and  to  improve 
DNA  affinity further for long-range  crosslinking,  some  H-bonding  capacity  in 
the backbone is desirable to react  with the negatively  charged  DNA  backbone. 
This has now  been  achieved  in  two  ways-by use of a  central  platinum 
“tetramine” coordination  sphere  and  by  use of polyamine  linkers. 

In fact, the chemical  synthesis of dinuclear  complexes  automatically  gives 
rise  to  some  trinuclear  species. The synthesis of a l,l/t,t compound  such as 
BBR3005 is achieved  by  monofunctional  activation  of tr~ns-[PtC12(NH3)~], 
followed  by  linking to free diamine (14): 

2 tr~ns-[PtCl(DMF)(NH3)2]+ 
+ H2N(CH2)6NH2 + [ { tr~ns-PtCl(NH3)2}2C1-H2N(CH2)6NH2]~+ 

In  general, linear trinuclear  platinum  compounds are prepared by linking  a 
precursor central (c) molecule,  Pt(c)  to two equivalents of a target terminal 
platinum  coordination  sphere,  Pt(t): 

2 Pt(t) + Pt(c) + Pt(t) - Pt(c) - Pt(t) 

Thus, the  general  preparation  involves  synthesis of a suitable precursor  con- 
taining two  monoprotected  diamines  followed by treatment  with  acid  to  give 
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cidtrans, (NH,,  pyridine, 

leaving  group / quinoline, ...) 

Nature of Linker . Chain  Length 
Steric  Effects 
H-bondinglcharge 

Fig. 3. Systematic  modification of the l,l/t,t structure  to  optimize  antitumor activity. See 
ref. 13 for  details. 

the protonated  amine  RNH3%l-  incorporated  into  Pt(c)  followed  by  reaction 
with  two  equivalents of  an appropriate  target  molecule  Pt(t) to afford the de- 
sired  product (5). Specifically for BBR3464: 

2 tr~ns-[€'tCl(DMF)(NH~)~1+ + ~ ~ u ~ s - [ P ~ ( N H ~ ) ~ ( H ~ N ( C H ~ ) & J H ~ ) ~ ] ~  

+ trans-[ { tr~ns-PtCl(NH&)2~-{ H2N(CH2),NH,))2Pt(NH3)2)]4+ (BBR3464) 

Much  to our delight, further enhancement  of  antitumor  activity  was  obtained 
with 3+ and 4+ charged  compounds  (Tables  1  and 13). A wide  range of  com- 
pounds is again  available. The nature of the coordination  spheres  may be 
changed  readily,  and the homologs  BBR3499 (l,O,l/t,c,t) and  BBR3573 
(1  ,O,l/c,t,c) are readily  prepared  (Fig.  4). 

POLYAMINE-LINKED DINUCLEAR PLATINUM COMPLEXES 
A second  method  of  incorporating  charge  along  a  diamine  backbone is to 

use  polyamines  as  linkers. This was  achieved  through  synthesis  of dinuclear 
platinum  complexes  with  hydrogen-bonding  ligands  spermine  (total  charge  4+) 
and  spermidine  (total  charge  3+)  linkers  (Fig. 5 and  6).  Platination  to  the  ter- 
minal N H 2  group is achieved  by  selective  blocking  and  deblocking  of the sec- 
ondary  nitrogens.  Designed  synthesis of dinuclear  platinum  complexes  in  this 
manner  mimics the essential biologic features of BBR3464 (13,Z5). Note  that 
in  all  chemical  schemes the anions are omitted for clarity.  Usually the com- 
pounds are prepared as nitrate or chloride salts. The total  charges  on the com- 
pounds  reflect  the  need  to  neutralize  not  only  the cationic Pt-Cl  coordination 
spheres  but also the central  platinum  (trinuclear  compounds) or amine  (dinu- 
clear polyamine). 
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1 ,o, l/t,c,t 
BBR 3499 

1 ,o, l/c,t,c 
BBR 3573 

Fig. 4. Chemical structures of the congeners of BBR3464, where  geometry  around  the  plat- 
inum centers is varied. 

3. BIOLOGIC ACTIVITY 
Table 1 shows  selected  but  representative  biologic  activity for the  dinuclear 

and  trinuclear  complexes of Figs. 4-6 (16,17). The biologic  testing  was  per- 
formed  by  Boehringer  Mannheim Italia in Monza  through  licensing  and  spon- 
sored research agreements. In  May, 1997, Roche acquired Boehringer 
Mannheim. The Monza  operation is now a  spin-off  company,  Novuspharma, 
wholly  owned  by  Roche. As of time of writing, all licensing  arrangments are 
now the  responsibility of E Hoffmann-La  Roche  Ltd.,  whereas  Novuspharma 
will  continue  to  lead the clinical  development. 

The  approach  to drug evaluation  in  this  project  has  been  to  obtain  appropriate 
in  vitro  and  in  vivo  pharmacologic  data on effective  and  toxic  doses  in  murine 
L1210  leukemia  and  its  cisplatin-resistant  subline.  There is considerable  histori- 
cal  precedent for cisplatin  in  both  cases.  A  second  phase  involves  a  similar  study 
in  a  human  ovarian  tumor  line  such  as  A2780  followed  by  in  vivo  studies  on  se- 
lected  human  solid  tumors  such as the LX-  1  lung  tumor.  Finally,  lead  compounds 
undergo  exhaustive  testing  on  a  range of common  human  xenografts.  The  LX-1 
is a  non-small  cell  lung  cancer  tumor  characterized  as  mutant  p53  and is histori- 
cally  insensitive  to  cisplatin.  Table 1 shows  that  the  charged  compounds  uni- 
formly display a remarkable potency.  Early empirical structure-activity 
relationships for cisplatin  stressed  the  need for neutrality.  This is clearly  not  nec- 
essary,  and  all  the  charged  species  show  high  activity  at lower doses  than  cis- 
platin.  Indeed,  whereas  the  vast  majority  of  direct  cisplatin  analogs  require  higher 
doses  to  achieve  similar  therapeutic  effects, the polynuclear  platinum  complexes 
are  distinguished  as  a  class  by  the  generally  low  doses  required. 
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BBR3571 

BBR3537 

Fig. 5. Chemical structures of dinuclear  spermidine-bridged  derivatives. BOC = ten- 
butoxycarbonyl. 

To summarize the data: 
1. Geometry of coordination  spheres in trinuclear  compounds  affects  po- 

tency. The "expanded"  BBR3464 (l,O,l/t,t,t) is more  potent  than either the 
l,O,l/c,t,c or l,O,l/t,c,t homologs.  Interestingly, the central cis unit of 
BBR3499  results  in  substantially  reduced  cytotoxicity. 

2.  Designed  synthesis of polyamine  backbones  gives  a  series  of  exception- 
ally  potent  compounds  that  successfully  mimic the biologic  activity of 
BBR3464.  Activity  within  this  series is affected by  both  overall  charge  and 
chain  length of the polyamine  linker. The presence of one or two central 
charged -NH2- groups  appears essential to  give  compounds  with  high  cyto- 
toxicity  and  potency.  Compare the pair  BBR3571/3537-in the latter case the 
blocking  Boc  group is still present  on the central nitrogen. This causes  a  re- 
duction  in  charge  (Fig. 5) and also potency. 

3.  In the spermine  family,  overall  chain  length  appears to be important-the 
long-chain  compounds  BBR3610  (5,4,5,  where  5,4,5  represents the number of 
carbon  atoms  between  each  amine)  and BBR3611(6,2,6) were  designed  to  pre- 
sent  the same distance between  Pt-Cl  units as BBR3464.  Both  species are cy- 
totoxic  at nunomolar concentrations  and  significantly  more  potent  than the 
"parent"  (3,4,3)  spermine  BBR3535. 

4. The biologic  activity  in  human  tumors  such  as  LX-1 is nothing  short of 
exceptional.  Maximum  tolerated  doses  parallel the in  vitro  cytotoxicity-the 
more  cytotoxic, the lower the effective dose needed.  In  LX-1,  both  spermidine 
(BBR357 1) and  spermine  (BBR3535)  compounds  show  activity  with  maximal 
tumor  weight  inhibition (TWI%) of 83 and 85, respectively,  at the maximum 
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BBR 36 10 

Fig. 6. Chemical structures of spermine-bridged  derivatives. BBR3610 and BBR3611 were 
designed to present  the  same  distance  between  the  terminal  Pt-Cl  units as in BBR3464. 

tolerated  doses. The LX-1  tumor is historically  insensitive  to  cisplatin  inter- 
vention  (Table l), yet the tumor is sensitive  to  all dinuclear.and trinuclear  com- 
pounds  tested. So we can now use activity in LX-1  as  a  differentiator for further 
development of polynuclear complexes-a  much  more  rigorous  “cutoff”  selec- 
tion  criterion  than either L1210 or even  A2780! 

5. Introduction of charge  in the linker  backbone  significantly  improves  po- 
tency  over the “original”  straight-chain  diamines  such  as  BBR3005. An impor- 
tant  point  to  note is that  in our examination, the profile of antitumor  activity of 
a simple dinuclear  compound  such  as  BBR3005 (l,l/t,t n = 6;  Fig.  1) is in  gen- 
eral similar  to  that of BBR3464  (activity in cisplatin-resistant  cell  lines,  en- 
hanced  activity  in  solid  tumors  classified  as  mutant  p53  such  as  LX-1).  What 
differs is the effective  dose  and potency-in general,  BBR3005 is active at 
doses  similar  to  cisplatin,  a  remarkable  enough  effect for a 2+ compound. The 
generation of  3+  and  4+  compounds  results  in  effective doses of an  order of 
magnitude  less  than  that of cisplatin. 

3.1. BBR3464, A Phase I Clinical Drug 
The first compound to be  selected for exhaustive tests was  BBR3464. The 

profile of preclinical  activity of BBR3464 is characterized  by  activity  in  human 
tumor  (e.g.,  ovarian)  xenografts  resistant  to  cisplatin  and  alkylating  agents;  a 
high  activity  in  a  broad  spectrum of  human  tumors  commonly  insensitive  to 
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Table 2 
Comparison  at Maximum Tolerated Dose of BBR 3464 (0.2-0.4 mg/kg) 

and  Cisplatin (3-6 mg/kg)  After iv Repeated  Treatment on Staged  Tumors" 

Clinical parametef BBR 3464 Cisplatin 

Resistance, 0 9 (4 NSCLC, 2 ovarian, 
TWI < 50% 2 gastric, 1 prostatic) 

Relative  Resistance, 3 (1 NSCLC, 1 gastric, 7 (2 SCLC, 2 NSCLC, 
TWI 50-70% 1  prostatic) 2 ovarian, 1 bladder) 

Sensitivity,  15  (3  SCLC, 5 NSCLC, 2 (1 ovarian, 1 SCLC) 
TWI > 70% 5 ovarian, 1 gastric, 

1  bladder) 

"TWI %, tumor  weight  inhibition  compared  with  controls; SCLC, small cell lung  cancer; 
NSCLC, non-small  cell lung cancer. The clinical  parameter  refers to the fact  that  clinical  resis- 
tance,  relative  resistance,  and  sensitivity are most  likely to be  seen at these TWI levels. Thus, 
BBR 3464 is significantly  more  potent  than  cisplatin-good  tumor  sensitivity  was  observed  in 
15/18 cases for BBR 3464. 

Data  from  ref. 18. 

chemotherapeutic  intervention  (e.g.,  non-small  cell  lung,  gastric)  and  charac- 
terized as p53-mutant.  Table 2 summarizes the overall  profile from 18 human 
tumors  tested (18). The data show  a  broad  spectrum  response  of  tumors to 
BBR3464,  with  15/18  tumors  indicative of a  clinical  response. 

Table  3  shows the activity of a  subset of the tumors  evaluated  by Dr. E 
Zunino  and  selected for p53 status (19). The p53  protein is recognized as an 
important  cell  regulatory  element  necessary for cell cycle arrest  and  apoptosis 
induction.  Wild-type  p53 function plays  a critical role in cellular response  to 
drug-induced  DNA  damage,  although there is no simple relationship  between 
DNA  damage  and  p53  functional  status (20). The new effective agent displays 
remarkably  high  activity in all cases. In five of six cases the TWI is indicative 
of clinical sensitivity. So, not  only is the agent  in  tumors  with  both  acquired  and 
inherent  resistance to cisplatin  but it also  maintains  activity in tumors  with 
mutant  p53. The activity data were  sufficiently  exciting that, on  successful  pas- 
sage of regulatory  safety  tests on animals,  BBR3464  was  advanced  to  Phase I 
clinical  trials. 

4. CELLULAR PHARMACOLOGY OF BBR3464 
The design  and  development of polynuclear  platinum  complexes  has  been 

predicated  to  a large degree on their  different  DNA  binding  profiles  in  com- 
parison  with  that of cisplatin.  Pharmacokinetic  factors  such as cellular uptake 
and cellular Pt-DNA  binding also dictate to  a  large  degree the efficacy of  any 
drug  in  vivo. To understand  better the cellular basis of the efficacy of BBR3464 
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Table 3 
Activity and p53 Status of Human  Tumors  Treated with Platinum  Compounds 

Tumor  Druga 
modeVtype (%/kg) TWI%b Resistance p53 Status 

POVD/ 
DDP  (SCLC) 

Calu-3  (NSCLC) 

LX- 1 (NSCLC) 

POCS 
(SCLC) 

IGROVDDP 
(Ovarian) 

Cisplatin  6 
3464  0.4 

Cisplatin  6 
3464  0.3 

Cisplatin  4 
3464  0.3 

Cisplatin  6 
3464  0.4 

Cisplatin  6 
3464  0.3 

70 Acquired  Mutant 
93 
60  Intrinsic  Mutant 
92 
38  Intrinsic  Mutant 
73 
56  Intrinsic  Mutant 
92 
68  Acquired  Mutant 
80 

aTumor fragments sc into CDl  ndnu female mice  (d 0). Treatment  iv  on  d 1,8, and 15 when 
tumor  weight  reached an average of 100 mg.  All  compounds  were  dissolved in saline before  use. 

%S [tumor  weight  inhibition  (on  d 22)]: 100 - (mean  relative  tumor  weight  of  treated 
micelmean  relative  tumor  weight  of courses X 100). Relative  tumor  weight is determined as 
Txno where T is the tumor  weight at the  start  of  treatment  (d l), and Tx is the tumor  weight at 
d X. 

Adapted  from  ref. 19. 

against  cisplatin-resistant  tumors,  cellular  pharmacologic  studies  have  been 
carried out on a series of cell  lines. The cell  lines  studied  to  date  include  murine 
L1210  leukemia,  human  ovarian  A2780  and SKOV-3,  and the human  osteosar- 
coma  U2-OS cell lines.  In all but  SKOV-3, sublines  have  been  rendered  cis- 
platin  resistant by continuous  exposure. The SKOV-3 cell line is intrinsically 
insensitive to cisplatin.  Common cellular pharmacology  parameters  that are 
easily  measured  include  total  platinum  uptake,  total  Pt  DNA  binding,  and the 
quantitation  of DNA-DNA interstrand  crosslinks. In this  contribution we  will 
summarize  principally  the  data  from the human  osteosarcoma  cell  lines (21). 
The conclusions,  however, also apply  to the other cell lines studied (22), and a 
consistent  picture of the cellular pharmacology of BBR3464 is emerging. 

4.1. Cytotoxicity and Cellular Accumulation 
Cytotoxicity of  BBR 3464  and  cisplatin on U2-OS  and U2-OSRt cells  was 

assessed  after a 1-h drug exposure  to  allow  comparison  with other cellular up- 
take  and DNA damage  data.  In the sensitive cell line,  ICso  values  were  13.6 & 
2.7  and  0.89 & 0.57 pA4 for cisplatin  and  BBR3464,  respectively. A complete 
lack of cross-resistance  was  found for BBR3464 in the U2-OSPt cells, which 
presented a fivefold  resistance  to  cisplatin.  Comparison  of cellular drug  accu- 
mulation  was  performed  following the same exposure  time of the cytotoxicity 
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experiments.  Exposure  of  cells to drug concentrations  ranging from 10 to 90 
pg/mL indicated that cisplatin  accumulation  was linear in  cisplatin-sensitive 
and  -resistant  cells. An approximate  1.5-  to  2-fold  decreased  cisplatin  accumu- 
lation  was  found  in the U2-OSPt cells throughout  the  range of concentrations 
used for both  cisplatin  and  BBR3464. The extent of  BBR 3464  accumulation 
in cisplatin-resistant cells was  substantially  higher  (four to fivefold)  than that 
achieved  by  cisplatin.  However, the order of magnitude of platinum  accumula- 
tion  was  comparable  when the two  cell  lines  were  exposed  to  equitoxic  con- 
centrations of  BBR 3464  and  cisplatin. 

These  results are mirrored by the dinuclear  platinum-polyamine  compounds 
and in other cell  lines (23). Table  4  shows data for two  human  ovarian  cancer 
cell  lines  (A2780  and SKOV-3) for BBR3464  and the spermidine  compound 
BBR3571.  These  cell  lines  were  chosen  because  A2780 is wild-type  p53  and 
SKOV-3 is p53  null  (confirmed  in our laboratories). The results are instructive. 
First, there is little difference  between  sensitivity  of  A2780  and SKOV-3 to the 
charged  polynuclear  complexes  but  a large differential  in  response  to  cisplatin. 
The results  suggest  that  cytotoxic  and  therapeutic  effects of BBR3464 may  be 
independent of p53  function.  Second, cellular uptake is again  enhanced for the 
charged  compounds,  a  dramatic  rebuttal of the  early  concept  that  platinum 
agents  should be neutral  to enter cells.  Note  again the similarity  between the 
trinuclear  agent  and  the  spermidine  compound  BBR3571.  However,  even 
though  there is a  a 5- to  10-fold  enhanced  uptake  over  cisplatin,  this by itself 
does not  explain  the  very  improved  cytotoxicity  over  cisplatin. 

4.2. DNA-Bound Platinum and Formation of Interstrand Crosslinks 
A further determinant  of  cytotoxicity is the amount  of  platinum  actually 

bound  to  intracellular  DNA,  which  reflects  both the inherent  affinity  of the 
drug for DNA  and the effect of competing  metabolic  processes  such  as  binding 
to plasma  proteins  and  intracellular  thiols  such as glutathione.  Measurement of 
DNA-bound  platinum  after  1  h  of drug exposure  revealed  that the amount of 
platination  was  higher  in  U2-OS  and U2-OSPt cells  exposed  to  BBR  3464 
than  in  the same cell lines  exposed  to  cisplatin. 

Obviously,  quantitation of  DNA-bound  platinum  does  not  reflect  the  struc- 
tural  nature of the DNA  adducts. The presence of  DNA-DNA interstrand 
crosslinks  can  be  easily  assayed  by the technique of alkaline  elution. The pro- 
file for interstrand  crosslink  formation  by  BBR3464 is similar  to  that  previ- 
ously  observed for dinuclear  platinum  compounds  and is distinctly  different 
from  that of cisplatin (12). It  is well  established that maximal  interstrand 
crosslinking for cisplatin occurs from  6 to 8 h  following  drug  incubation.  In 
contrast,  maximal  interstrand  crosslinking for BBR 3464 occurs  immediately 
(i.e., t = 0 after drug removal)  and  remains  consistent  throughout the period 
studied. Most importantly, little difference  in ICL frequency  was  found  in 
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Table 4 
Cytotoxicity  and  Cellular  Uptake of Two  Human 

Ovarian  Tumor  Cell  Lines  Treated with Platinum  Compounds 

Ic50, IJ.M (+sE) 2-h Accumulation 5-pM dose 
2-h exposure  (attamoVcelVpM  Pt  compound) 

Compound A2780 SKOV-3 A2780 SKOV-3 

Cisplatin 1.20 (0.38) 81  (15) 1 .o 1 .o 
BBR3571 0.007 (0.002) 0.03 4.2 5.2 
BBR3464 0.018 (0.007) 0.02  (0.01) 12  10.2 

cisplatin-sensitive  and  -resistant cells exposed  to BBR 3464. However, the 
amount of ICL relative  to  cisplatin  did  not  match the in  vitro  experiments  out- 
lined in Section 5. Surprisingly, the amount of ICL is about  the same for both 
agents.  However,  the  interstrand  crosslinks  of BBR3464 persist  longer  than 
those of cisplain. This result is perfectly  consistent  with the structural  differ- 
ences  expected for both  types  of  interstrand  crosslink  and  suggest  that the 
(Pt,Pt)  adducts are less  susceptible  to  repair. 

4.3. Biologic Properties of the U2-OS /Pt System 
The cisplatin-resistant  phenotype of U2-OSPt was  associated  with  multiple 

alterations,  including  reduced  cisplatin  accumulation,  reduced  interstrand 
crosslink  formation  and DNA platination,  microsatellite  instability,  and  re- 
duced  expression of the DNA mismatch repair protein  PMS2. A deficiency in 
some components of the mismatch repair system  has  been  implicated  in  resis- 
tance  to  cisplatin since this  system is capable of recognizing  cisplatin-induced 
DNA lesions, probably  functioning as a  sensor for triggering  apoptosis. The 
lack of cross-resistance of U20SPt to BBR 3464 suggests  that the integrity  of 
mismatch  repair  systems is not  a  determinant of cellular sensitivity to the mul- 
tinuclear  platinum  complex. The cellular pharmacology  results  obtained  to date 
support the hypothesis  that BBR 3464 overcomes  multiple  mechanisms of cis- 
platin  resistance  including  alterations in  DNA mismatch  repair. The cellular 
pharmacology  studies  indicate  that the cellular basis of lack of cross-resistance 
is related  to  a  different  mechanism  of DNA interaction rather than  the  ability to 
overcome  defects  in  accumulation or decreased  adduct  formation. 

5. DNA BINDING OF BBR3464 
The interactions of bifunctional  polynuclear  platinum  complexes  with  target 

DNA are unlike  those of  any  DNA-damaging  agent in clinical use. The profile 
of antitumor  activity is also different. The question remains-how are they 
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Table 5 
Summary of DNA  Binding of Trinuclear  BBR3464 and Comparison with DNA 

Binding of Dinudear  BBR3005 and Mononuclear Cisplatin 

BBR3464  BBR3005 Cisplatin 

DNA  binding (tin) 40 min  200-300  min  -240  min 
Decrease  of  EtBr Strong  Strong Medium 

% Interstrand  cross- 20 70-90 6 

Unwinding  angle/adduct 14’  10-14’ 13’ 
Z-DNA induction Yes  Yes No 
Inhibition of antibodies 

fluorescence 

links/adduct  (after 48 h) 

ABcis No  No  Yes 
Ab,, Yes  Yes  No 

Adapted  from  ref. 25 and  references  therein. 

connected? The plausible  explanation of the hypersensitivity of  human  tumors 
with  mutant  p53  to  BBR3464 is that  apoptosis  induced  by the drug is not  me- 
diated  by  p53. The “bypassing” of the p53  pathway  may  have its origin  in the 
novel DNA binding  modes of  BBR3464.  Likewise, the studies  reported  in the 
previous  section also support the concept that the origins of the different  bio- 
logic  responses of cisplatin  and  BBR3464 lie in the different DNA binding of 
the two agents. 

The general  outline  of  BBR3464-DNA  binding is shown  in  Table 5 and is 
similar  to that previously  described for dinuclear  complexes (10,24,25). The 
high  charge  on  BBR3464  facilitates  rapid  binding  to DNA  with  a tln of approx 
40 min,  significantly  faster  than the neutral  cisplatin. The kinetics  of  DNA  bind- 
ing of charged  platinum  compounds is significantly  greater  than  for  cisplatin. 
For  a  2-h  incubation (20 pM  compound)  on  calf  thymus DNA the  relative 
amounts of Pt bound  are  7.3:  1.8:  1 for BBR3464  (4+  charge),  BBR3005  (2+), 
and  cisplatin,  respectively  (even  after  allowing for the 3:2: 1 Pt ratio  in the com- 
pounds). The rapid  binding  of  BBR3464  could  affect  sequence  specificity-the 
high  charge  could  lead  to  initial  electrostatic  interactions very  different  from 
those  in  small  molecules  such as cisplatin  and  the  alkylating  agents,  leading  to 
enhanced  sequence  specificity.  BBR3464  produces  an  unwinding  angle  of 14’ 
in  negatively  supercoiled pSW3 plasmid  DNA,  indicative  of  bifunctional  DNA 
binding. Quantitation of interstrand DNA-DNA crosslinking in plasmid 
pSP73DNA  linearized  by EcoRl indicated  that  approximately  20% of the DNA 
was  interstrand  crosslinked.  Although  this is significantly  higher  than the value 
for cisplatin,  it  is,  interestingly,  lower  than  that for dinuclear  platinum  com- 
pounds  such as BBR3005.  Either the presence of charge  in the linker  backbone 
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5”T G A  A T T C G i A  G C T C G G T A-3’ 

3’-A  C T  T A  A G,C T C Gi,A G C  C  A T-5’ 

A B C 

Figure 7. Models  for  long-range intrastrand  and  interstrand crosslinks by BBR3464 on 
DNA. (A, B) Two conformations of a 1,4 interstrand crosslink  formed  between GI and Gll. 
(C) A 1,5  intrastrand crosslink  formed  between Gi, and Giii. See ref. 25 for details. 

or the  increased  distance  between  platinating  moieties may contribute  to  this rel- 
atively  decreased  ability of BBR3464  to induce DNA-DNA interstrand 
crosslinking. This result  matches  that  from the cellular  systems  above. 

The question of formation of interstrand  vs  intratrand  crosslinks  merits fur- 
ther attention.  Sequence  specificity  studies (25) showed  that  a  fragment  of 
pSP73  plasmid  contained  polymerase stop sites at the guanine  residues  within 
the sequence  indicated  in  Fig. 7. This is taken  to  mean  that  BBR3464 is bound 
in or at  these  sites. The sequence  was  analyzed  considering  only  guanine-& 
bonding  in the 5’-5‘  direction,  in  agreement  with  previous  studies  (26). The 
possible 1,4 interstrand  (Fig.  7A  and  B)  and  1,5-intrastrand  crosslinks  (Fig.  7C) 
were  modeled. These initial calculations  indicated  that the long-range  in- 
trastrand  and  interstrand  crosslinks are almost  equally  favored.  Whether  this is 
due to  chain  length of BBR3464  being so flexible or the charge  along  the  back- 
bone is yet to be  determined.  Fluorescence  experiments  with  ethidium  bromide 
were  consistent  with the formation of long-range  delocalized  lesions  on  DNA 
produced  by  BBR3464.  Nevertheless, it is appropriate  to  consider how effects 
from both  these  limiting  adduct  structures  may  contribute  to  cytotoxicity. 

The (Pt,&)  interstrand  crosslink is implicated  in  cytotoxicity  and the ability 
to  irreversibly induce the B + Z conformational  change is also  a feature of the 
most  potent  agents (27). DNA sequences that have the potential to form 



336 Part N I New Platinum Drugs of the Future 

2-DNA  have  been  found  within  the  mammalian  cell  genome  including  tran- 
scriptional  regulatory  regions and DNA replication  origins. The induction of 
Z-DNA  within the cell would  have serious consequences  with  regard  to  tran- 
scription  and DNA replication.  Finally,  immunochemical  analysis  confirmed 
the unique  nature of the DNA adducts formed by  BBR3464.  Competitive 
ELISA  showed  that  antibodies  raised  to  cisplatin-adducted  DNA (Abcis) did 
not  recognize DNA  modified  by  BBR3464.  In  contrast,  DNA  modified  by 
BBR3464  inhibited the binding of antibodies  raised  to  transplatin-adducted 
DNA  (Abhns).  In  summary, the results  point  to  a  unique  profile of  DNA bind- 
ing for BBR3464,  strengthening the originial  hypothesis that modification of 
DNA  binding  in  manners  distinct  from that of cisplatin  will also lead to a  dis- 
tinct  and  unique  profile of antitumor  activity. 

6. SUMMARY 
Chemotherapy for the treatment of cancer has its beginnings  in the late 

1940s  with the introduction of the first DNA  alkylating  agent,  nitrogen  mus- 
tard. The most  recent  alkylating  agent  to enter clinical trials was  ifosfamide,  in 
1990.  Chemotherapy  handbooks list the  approximately  dozen  approved  drugs 
and  their  recommended  uses. It is also difficult  to  predict  whether  a  similar 
array of platinum agents will be listed in 30 years.  Many of the alkylating 
agents  in  the clinical armamentarium  were  developed  before the advances  of 
molecular  biology  and the increased  sophistication of structure  oriented  drug 
design. The sequential  development  (described  by  Kelland in the previous 
chapter) of cisplatin,  carboplatin, the orally  active  JM-216,  and  indeed 20-473 
is an  excellent  example of sustained  development  within  a  structural  series. 

The differences  and  similarities  we  will  observe  between the polynuclear 
platinum  agents  and  the  “classical”  cisplatin  compounds as they  hopefully  pro- 
ceed  through the clinic will  add to our understanding of drug discovery  and  de- 
sign for further rational  approaches to the drug  treatment  of  cancer.  A 
prototypical new drug such as BBR3464 may  well  give rise to at  least  a 
“second-generation” less toxic  derivative  as  well  as  an  orally  active  agent. The 
results  descibed  here  show  that  a  family of dinuclear  compounds  similar  to 
BBR3464  can  be  achieved  through  use of polyamine  linkers.  Just as a  molecule 
of structure [ci~-PtX~(amine)~] is now expected to be antitumor  active  with  pre- 
dictable DNA binding characteristics [high  proportion of d(GpG)  intrastrand 
crosslinks,  few  interstrand crosslinks, bending of DNA  into  major  groove], the 
charged  compounds  described  in  this  review are now expected to  reproduce 
high  antitumor  activity,  activity in p53  mutant  tumors,  and  a  predictable  DNA 
binding  profile. 

The mechanistic  importance of the  polynuclear  platinum drugs is that we 
must now reevaluate the classic structure-activity  relationships.  It  has  been  pos- 
sible by suitable coordination  chemistry  to  develop  a  distinct  new class of an- 
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titumor  agents.  It is yet feasible that further classes of platinum-based drugs 
with  unique DNA binding  characteristics  and  appropriate  pharmacology  may 
be developed as clinical agents. The ability  to  modify  biologic  response by 
suitable coordination  chemistry on DNA is unmatched in organic  chemistry 
and  represents  a  significant  contribution of inorganic  chemistry  to  medicine. 
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