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I. INTRODUCTION

The ets genes encode regulatory transcription factors that share a highly
conserved, ~85-residue DNA-binding domain, termed the ETS domain. The
founding member of this gene family, ets-1, was discovered in the early 1980s
as part of the tripartite oncogene of an avian retrovirus. In the following
decade, many ets-1 related genes were identified, and ets proteins were
shown to be sequence-specific DNA-binding proteins that regulate tran-
scription (see Table I). The discovery of ets proteins as transcription factors
provided a framework for understanding the oncogenic potential of ets
genes. In addition, ets proteins became a model system to study the molecu-
lar mechanisms of transcriptional control, including how transcription fac-
tors bind DNA, modulate promoter activity, and respond to signaling input.
Previous reviews have covered these early discoveries and are recommended
for more comprehensive reading (Papas et al., 1989; Karim et al., 1990;
Macleod et al., 1992; Janknecht and Nordheim, 1993; Wasylyk et al., 1993;
Crepieux et al., 1994; Tenen et al., 1997; Sharrocks et al., 1997).

The existence of the ets gene family raises the issue of biological specifici-
ty. Although some functional redundancy within the family could exist,
mechanisms undoubtedly have evolved that provide unique biological roles
for individual ets proteins. The expected route to divergence is the evolution
of distinct sets of target genes. However, DNA-binding activity is extremely
similar among the ets proteins. The residues within the ETS domain that con-
tact DNA are highly conserved. The DNA element recognized by all ets pro-
teins contains a similar core motif, 5'-GGA(A/T)-3’. Lack of divergence of
this crucial step defines the specificity problem. The cellular distribution pat-
tern of ets proteins also contributes to this issue. In vertebrates, most ets pro-
teins are found in several cell types, and some ets genes are even expressed
ubiquitously (e.g., efs-2, gabpa). Other family members show restricted tis-
sue distribution (see Table II). Consistent with these expression patterns,
multiple ets genes are usually present in any particular cell type. These data
also predict that there are both tissue-specific and ubiquitously expressed tar-
get genes. Indeed, this is the case. In T lymphocytes, which express at least
five ets genes, putative target genes include the T cell receptor subunits and
the interleukin-2 (IL-2) receptor. Ubiquitously expressed target genes such as
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c-fos and the cytochrome oxidase genes also are expressed in this cell type.
The question clearly emerges: how can an individual ets protein regulate a
unique set of target genes? A full understanding of the role of ets proteins
both in normal biological regulation and in oncogenesis requires a resolu-
tion of this specificity issue.

In this review, current knowledge of the ets proteins will be discussed with-
in the framework of this critical issue. The review has two major parts. In
the first part, we set the stage by illustrating the specificity problem. The high
degree of sequence conservation among ets family members is presented in
the form of a phylogenetic tree. Next, we document that individual ets pro-
teins have unique biological properties by summarizing the recent reports of
ets gene disruptions in the mouse and human as well as the genetic analysis
of ets genes in the model organisms Drosophila and Caenorhabditis elegans.
In the second part of this review, we present possible solutions to the speci-
ficity problem. We initially focus on how the highly conserved ETS domain
binds DNA. Then, we discuss the functional domains involved in pro-
tein—protein interactions and transcriptional activation or repression. The
divergence of these regions provides for gene-specific regulation. Next, the
distinctive responses of ets proteins to signal transduction pathways are dis-
cussed. Finally, we illustrate how autoinhibitory sequences also contribute
to specificity. There are many levels of control that can influence specificity.
From the extensive characterization of a few family members, the picture
emerges that each ets protein is regulated by a combination of mechanisms.
This view of ets proteins suggests how transcriptional regulation can go awry
and contribute to oncogenesis. We hope that this review can lead to a greater
appreciation of the importance and complexity of the specificity issue and
guide future investigations directed toward this problem.

II. SEQUENCE CONSERVATION

The ets gene family is noted for its wide distribution among metazoans.
Multiple ets genes are present in all phyla that have been tested, including
chordates and arthropods, as well as lower invertebrates represented by
sponges, ctenophores, and flatworms. The efs genes in vertebrate genomes
are best characterized. For example, there are currently 21 known homologs
in the human genome. Family members also have been studied in inverte-
brates, including the fruit fly, Drosophila melanogaster, several sea urchin
species, and the nematode, C. elegans. The eis gene family has not been
found in plants, fungi, or any protozoan. No ets genes are found in the en-
tire genome of the budding veast Saccharomyces cerevisiae. Phylogenetic
analysis of the efs gene family (Lautenberger et al,, 1992; Laudet et al.,
1993), as well as the identification of multiple ets genes in lower invertebrates
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Table I ETS Genes in the Phylogenetic Tree”
Other protein Accession
Group? Name in tree¢ names? Gene name Organism numberf
ELF ELF-1 Elf-1% elf-1 Human P32519
ELF-1 Elf-1* elf-1 Mouse U19617
NERF NERF-1,-2*¢  nerf Human U43189
E74 E74A, B* E74 Drosophila P11536
ELG GABPa* NRF-2a gabpa Mouse Q00422
E4TF-1* — edtf1 Human Q06546
ELG* — elg Drosophila Q04688
ELK SAP-1 SAP-1a, b** sap-1 Human B42093
SAP-1 SAP-1a, b** sap-1 Mouse P41158
NET Net,* SAP-2 net Human P41970
NET Net,* ERP erp Mouse A56019
ELK-1 Elk-1* elk-1 Human P19419
ELK-1 Elk-1* elk-1 Mouse 736939
LIN-1 Lin-1* lin-1 Caenorbabditis  U38937
elegans
ERF ERF* — erf Human U15655
ERF* — erf Mouse U58533
PE-1% ETV3, PEP-1 etv3 Human P41162
ERG FLI-1 Fli-1,* ERG-B  fli-1 Human A49015
FLI-1 Fli-1% fli-1 Mouse P26323
FLI-1 Fli-1* fli-1 Xenopus P41157
laevis
ERG* — erg Human P11308
ERG — erg Chicken X77159
ERG — erg Mouse A54617
ERG — erg Sea urchin Q01414
ETS-6 Ets6* ets-6 Drosophila P29776
ETS ETS-1 Ets-1%* ets-1 Mouse P27577
ETS-1 Ets-1%* ets-1 Human P14921
ETS-1 Ets-1* ets-1 Chicken P15062
ETS-1a Ets-1* ets-1 Xenopus P18755
laevis
ETS-1b Ets-1%* ets-1 Xenopus P18756
laevis
ETS-1 Ets-1* ets-1 Rat P41156
ETS-2 Ets-2* ets-2 Mouse P15037
ETS-2 Ets-2* ets-2 Human P15036
ETS-2 Ets-2* ets-2 Chicken P10157
ETS-2a Ets-2* ets-2 Xenopus B53236
laevis
ETS-2b Ets-2* ets-2 Xenopus A53236
laevis
ETS-2 Ets-2* ets-2 Sea urchin L19541
PNT Pnt P1, P2%# pointed, pnt  Drosophila S33167

(continues)
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Table | (continued)

Other protein Accession

Group” Name in tree* names Gene name Organism number/
PEA3 ER81* ETVI et] Human X87175
ER81 — — Mouse P41164
ERM* ETVS etv§ Human P41161
PEA3* — pea3 Mouse P28322
E1A-F* ETV4 etvd Human $35534
SPI pU.T* SPI-1 spi-1 Human P17947
PU.1 SPI-1 spi-1 Mouse A34693

SPI-B* SPI-2 spi-B Human Q01892

YAN YAN Yan* yan, pok, Drosophila Q01842

Aop

TEL* ETV6 tel, etv6 Human P41212
No group ER71* ETV2 etv2 Mouse P41163
No group  ETS-4 Ets-4* ets-4 Drosophila P29775

“ The ets genes included in the phylogenetic tree were identified by a BLASTP search of public databases
(performed in November, 1996) using the Ets-1 ETS domain as a probe. All of the genes have been reported
in the literature. There is a sequence for the complete ETS domain of each included gene. More recently re-
ported ets family members include MEF (Miyazaki et al., 1996), ESX/ESE (Chang et al., 1997; Oettgen et
al., 1997), and FEV (Peter et al., 1997).

b Groups of closcly related ets genes are listed alphabetically. Groupings are based on the phylogenetic
tree (Fig. 1),

¢ Gene/protein names are given in uppercase letters in this column to match the format nomenclature
in the phylogenetic tree. Asterisks denote protein names used in text.

Other protein names (if different than names in the tree). Asterisks denote protein names used in text.
The format most frequently used in the literature (e.g., Ets- 1, Elk-1, GABP, and PEA3) was chosen. The ETV
designations are recommended by the Human Genome Database Nomenclature Committee.

€ Locus directs the synthesis of two functionally distinct isoforms of the ets protein, either by alternarive
splicing or promotor utilization.

Accession numbers in public databases. In cases of multiple sequence submissions the most complete re-
port was selected, otherwise one sequence was arbitrarily selected. Citations for the report of these genes ac-
company the sequence in the public databases.

(Degnan et al., 1993}, indicate that the efs genes in contemporary species are
derived from the duplication of an ancestral gene early in metazoan evolu-
tion (Shenk and Steele, 1993). The amplification of such families of tran-
scription factors is viewed as a critical step in the evolution of multicellular
animals, including higher vertebrates (Degnan et al., 1993; Shenk and Steele,
1993).

A. Phylogenetic Tree

To review the known ets genes in the context of their evolutionary relat-
edness, we have constructed a phylogenetic tree. The amino acid sequences
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of the ETS domains from 49 ets genes were aligned, then the tree was con-
structed by distance methodology (Fig. 1). The alignment is simple and ro-
bust because sequence conservation within the ETS domain is quite high,
with the most divergent members displaying at least 40% identity to the e#s-
1 sequence. The length of the horizontal lines (branches) connecting two
genes indicates relative similarity of their ETS domain sequences. Genes are
clustered into groups of highly related homologs as indicated by short branch
lengths. There are at least nine groups with multiple members, and these have
been named arbitrarily for convenience (ELF, ELG, ELK, ERF, ERG, ETS,
PEA3, SPI, and YAN; see Table I and Fig. 1). Two genes, etv2 and ets-4
(ER71 and ETS-4), cannot be assigned to any of these groups. Groups ETS,
ERG, ELG, ELK, ELF, and YAN comprise both invertebrate and vertebrate
genes, indicating that the family expanded by gene duplication prior to the
evolution of vertebrates.

Homologous genes, which derive from a single ancestral gene, are classi-
fied as either orthologs or paralogs, depending on their derivation. Orthologs
are derived during speciation. Paralogs coexist in one genome and are de-
rived from gene duplications. Both orthologs and paralogs are present in the
ets phylogenetic tree because more than one species is represented and mul-
tiple genes have been identified in each species.

Orthologs can be tentatively identified by sequence similarity; a gene is of-
ten more similar to its ortholog in a related species than it is to its paralogs
within the same genome. Thus, orthologs are expected to be in close prox-
imity on a phylogenetic tree. Numerous apparent orthologs between mouse
and human ets genes have been identified. Pairwise sequence comparisons of
14 mouse and human genes show that these genes display between 82 and
97% identity over the entire protein sequence (see Fig. 2), with almost com-
plete identity in the ETS domain (Fig. 1). This level of similarity is consistent
with the recent divergence of the human and mouse lineages (Knoll, 1992).

Orthologous relationships between distantly related species are more dif-
ficult to establish due to the relatively low sequence similarity. For example,
Drosopbila pnt, yan, ets-6, and E74 as well as C. elegans lin-1 are found
within groups that also contain vertebrate genes; however, it is not possible
to confirm that these are orthologous to any of the vertebrate genes in these
groups. As indicated by longer branch lengths, these Drosophila and C. ele-
gans genes are the most dissimilar members of each group. This is even more
dramatically indicated by comparisons of sequences not present in the ETS
domain. For example, in the ELF group, Drosophila E74 and human Elf-1,
which are 85% identical in the ETS domain, show no sequence similarity
outside of this domain. Likewise, Drosophila Pnt is only 43% identical to
human Ets-1, even though the sequence identity in the two ETS domains is
95%. Caenorbabditis elegans Lin-1 is 70% identical to human Elk-1 in the
ETS domain; however, there is only 32% identity over the entire protein se-
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quence. There are two possible explanations for these differences in the re-
gions outside of the ETS domain. These regions could have been allowed to
diverge or were selected to diverge after a speciation event, Alternatively, new
sequences could have entered into the family by gene rearrangements in-
volving modules from non-ets genes.

All efs genes within a single genome are paralogs. For example, the ets fam-
ily tree (Fig. 1) contains 18 human, 14 murine, and 6 Drosopbila paralogs.
None of these genomes has been completely sequenced, thus these numbers
are likely to be underestimates. (Indeed, new family members have been re-
ported since the construction of this tree; see Table I notes.) Highly related
paralogs are found within groups based on the similarity of the ETS domain.
The similarity between paralogous genes extends beyond the ETS domain
but is less substantial than the similarity between orthologs. For example,
human paralogs Ets-1 and Ets-2 are only 54% identical over the entire pro-
tein sequence (not shown). It has been proposed that ets-1 and ets-2 arose
from a gene duplication in an ancestral vertebrate. The report of only one
known Drosophila gene in the ETS group suggests that the gene duplication
to generate the ets-1 and ets-2 paralogs may have occurred during vertebrate
evolution (Laudet et al., 1993; Albagli et al., 1994). Another set of human
paralogs, etv1 and etvS within the PEA3 group, are 66% identical over the
entire protein sequence (not shown). The elk-1, sap-1, and net paralogs with-
in the ELK group show less similarity; nevertheless, sequence conservation
can be identified over the entire length of the protein sequence with 55 in-
variant residues outside of the highly conserved ETS domain (not shown).
These conserved sequences, which lie outside of the ETS domain, are found
only in genes of the ELK group. The simplest explanation for sequence sim-
ilarities outside of the ETS domain among paralogous genes is duplication
followed by retention of sequences by selection.

B. ETS Domain

There is strong amino acid conservation over a region of 84 to 90 residues
referred to as the ETS domain (Fig. 2). Conserved sequences extend beyond
this region within subsets of ets genes. It is also remarkable that the ETS do-
main is never located at the extreme C terminus of an ets protein. Never-
theless, the ETS domain (shown in Fig. 2) can be produced as a stable pro-
tein fragment and is sufficient for DNA binding. Thus, it is both a structural
and a functional domain,

Consensus residues correspond to positions important both for the main-
tenance of the folded protein structure and for contact with DNA. Highly
conserved amino acids are found within secondary structure elements {a he-
lices and B strands) of the ETS domain as determined for Fli-1, Ets-1, and



« > 90% support
< >70% support

M ER71

0.1

ERG § } ere

N Hu

H E4TF-1
ELG ) GABPa

D ELG
v sap-1
H
NET
ELK H M
I M ELK-1

Ce LIN-1
M ELF-1
ELF le ‘qj H NERF
YAN DE74 HTEL
D YAN
D ETS-4

(&

SPl ————«firus
=
HSPI-B




Ets Proteins 9

PU.1 (Fig. 2) (Donaldson ef al., 1994; Liang et al., 1994b; Werner et al.,
1995; Donaldson et al., 1996; Kodandapani et al.,, 1996). Many of the
residues that contact DNA in the PU.1-DNA complex (Kodandapani et al.,
1996; Pio et al., 1996) are also highly conserved. Additional discussion of
the functional implications of this conservation is presented in Section IV.

C. PNT Domain

A second highly conserved domain is found in a significant fraction of the
known ezs genes. Of the 49 genes in the phylogenetic tree, this domain is pre-
sent in 21 of the 41 vertebrate efs genes plus one sea urchin and three
Drosophila genes. Figure 3 shows the degree of conservation of this domain.
The alignment extends in the amino-terminal direction to include a MAP ki-
nase phosphorylation site that is present in Ets-1, Ets-2, and Pnt P2. How-
ever, the exact boundaries of this domain await additional structural studies
and a better understanding of its function.

The name and function of this conserved domain are controversial. This
region was first recognized on the initial discovery of the ets gene family, at
which time the region was referred to as the “A” domain (Papas et al., 1989).
Description of the Drosophila ets family member, pointed (pnt), provided a

Fig. 1 Rooted phylogenetic tree relating ETS domain sequences. All genes listed in Table T
were used to calculate this tree. Amino acid sequences of the ETS domain were aligned using
PILEUP (Genetic Computer Group, University of Wisconsin) followed by minor manual ad-
justments in the regions of small gaps. Figure 2 shows a representative subset of genes in the
alignment. The topology shown is the 50% majority-rule consensus of 1000 phylogenies gen-
erated by bootstrapping (Felsenstein, 1993); clades that appear in fewer than half the replicates
are shown if they do not conflict with more frequent clades (Phylip: Consense). For each repli-
cate, the neighbor-joining method [Phylip: Neighbor (Saitou and Nei, 1987)] was used to esti-
mate a phylogeny from a pairwise distance matrix, which was then calculated from a sequence
alignment created by resampling from the original alignment (Phylip: Seqboot). Matrices of
pairwise divergence were generated by the Dayhoff PAM matrix [Phylip: Protdist (Dayhoff,
1978)). Residues overlapping gaps were discarded in individual pairwise comparisons, but not
from the entire analysis. Branch lengths on the tree shown were estimated using the least-squares
method of Fitch and Margoliash [Phylip: Fitch (Fitch, 1981)] to fit pairwise distances (deter-
mined as above from the original alignment) to the consensus topology; the distances fit with
an average percent standard deviation of 8.1%. The tree was then midpoint rooted (Phylip: Re-
tree). The bar represents a branch length of 0.1 evolutionary distance units (the estimated num-
ber of changes per amino acid). The distance between two genes is indicated only by the hori-
zontal length of branches. Nodes marked with closed and open triangles are present in >90%
and >70% of bootstrap replicates, respectively. Nine groups (names in bold) were defined by
highly resolved clades displaying significant nodes and were named arbitrarily. Abbreviations:
H, human; M, mouse; R, rat; C, chicken; Xa, Xb, Xenopus laevis (due to genome ploidy this
organism has duplicated copies of most genes); S, sea urchin; D, Drosophila; Ce, Caenorbab-
ditis elegans.



PEA3

ETS

ERG

ERF

ELG

ELK

ELF

YAN

SP1

ERB1
ERM
E1A-F

ETS-1
ETS-2
ETS-2
PNT

ER71

FLI-1
ERG
ERG
ETS-6

nmnx 2 gonmnm:n mom

ERF
PE-1

E4TF
ELG

SAP-1
NET
ELK-1
e LIN-1

ELF-~1
NERF
E74

TEL
YAN

U gx gD Q@mmm o@m o omm

ETS-~4

SPI-B
PU.1

javfies]

Consensus

H1 S1 H2 H3
gsLgLWQFLVaLLdDpa. .nshflaWugrg. .EpEeVARrWGigK.nRPaMN;DKLSRsLRYYYng
gsLgLWQFLVtLLdDpa . .nahfilaWtgrg. . EpEeVARrWGijgK . nRPaMNYDKLSRsLRYYYeKg]]
gaLgLWQFLVaLlidDpt . .nahfilaWtigryg. .EdEeVARlWquK.nRPaMNYDKLSRsLRYYYngI
gpIgLWQFLLeLLitDks. .cgsfIsWtgdg. .DpDeVARTWGKrK . nKPkMNYEKLSRgLRYYYdKn]
gpIqgLWQFLLeLlisDks. .cqsfilsWugdg. .DpDeVARrWGHrK.nKP YEKLSRGLRYYYdKnT
gpIgLWQFLLeLLjtDkt . .cghilIsWtgdg. .DpDeVARrWGKrK . nKP EKLSRgLRYY[YdKn]|
gpIgLWQFLLeLl1Dkt . .cgsfiIsWtgdg. .DpDeVARrWGirK.nKP EKLSRgLRYY[YdKn]|
gpIqLWQFLLeLLqua..rsscIrwqgns. .DpkeVAR1WGerK . rKPg! EKLSRgLRYYYrRdI
gqIgLWQFLLeLLsDsa. .nasdItWegtn. .DpDeVARTrWGQrK . sKP; DKLSRaLRYYYdKn]]
gqIgLWQFLLeLlsDss. .nssgltWegtn. . .DpDeVARrwWGe sKP; DKLSRaLRYYYdKn]]
gqIgqLWQFLLeLLsDss. .nandltWegtn. . .Dp sKP DKLSRaLRYYYdKnJ
gqIgLWQFLLeLLiaDss. .nanalsWeggs. .Dp aKP. DKLSRaLRYYYdKn
rqIgLWhFILeLljrkee. .yggvlaWw./ggdy cKPq] DKLSRaLRYYYnKrILhK
rqI%LWhFILeLquee..frthanqgey cKPq] DKLSRaLRYYYnKrILhK
gqIgLWOFLLeLLitDkd. .ardcIsWugde. nkpt. EKLSRaLRYYYdgdmIcK
gqVgLWQFLLeILtDce. .htdvIeWvgte. nKPaMNYEKLSRaLRYY|Ydg
saItllWQFLLgLLqgkpq. .nkhmIcWtsnd. nKP | IKLSRaLRYQYVan
saltlWQFLLgLL1Dgk. . hehliIcWysnd. nkt: JYDKLSRaLRYY[YdKnJ]
PSVEHLWQFLLGLIrEqg . .nghilIsWtsrdg nKt. DKLSRaLRYYYdKnIIrK
siIt WQFLLeLqudq..ngdHIeWCrgtd aKP DKLSRaLRYY[YeKnIIkK
ntIyLWeFLLaLLigDkat . cpkylIkWtgrek nkKPpd EtMgRaLRYY[YgRgILakK
nttylLWeFLLALLgDknt . cpryIkWtigrek nKPd EtMgRaLRYYYgRgILak
sttyLWeFLLkLﬁquey.cprfIkthrek nKPAMN EtMgRaLRYYQngILaK
derlLWwdYVyqgLLsDsr . .yenfilTriWedkes nRtnMtYEKMSRaLRhY[YklnIIrK
ngrlLWdFLggLInDrngkysdlIaWkicrdt nhlsMNYDKMSRaLRYYYrvnILrK
shIhLWQFLkeLllaspgvn.gtaIlrWidrsk .nRPaMl IKLSRsIRqﬁYngﬁMkK
kkLrLYQFLLgLIjtrgdm. . reqVwiviepga: aKgnRkrMtiygKLaRaLRnYaktggIrkK
kkIrLYQFLLdLLrsgdm..kdﬁIvadkdk igKgnRkkMtiYgkMaRaLRn gktgﬁVkK

O?O ? O?O OT T 70| ?
~=~I-HLWQFLL-LI-D-wn=-=—- I-W----~ -K--KP-MNYDKLSR-LRYYY-K-1I-K---G-R

pARRA @ <<<< <2424

Bl

<

4" A <<<SS

=3




Ets Proteins 11

more extensive lineup of ets genes and led to the term “POINTED domain”
(Klambt, 1993). We have adopted this terminology and used the abbrevia-
tion PNT for brevity. This domain is proposed to function in protein—pro-
tein interactions. Several reports indicate that the PNT domain of TEL serves
as a self-association domain (Carroll et al., 1996; Golub et al., 1996; McLean
et al., 1996; Jousset et al., 1997). However, no biophysical data are yet avail-
able that characterize the oligomerization interface. Other family members
subjected to assays for homotypic self-association (including ETS-1, Fli-1
and GABPa) do not display this property (Jousset et al., 1997). For ets pro-
teins other than TEL, heterotypic complexes involving two different efs pro-
teins might form, such as those seen in the bZIP and bHLH classes of tran-
scription factors. Alternatively, the PNT domain of some ets proteins could
serve a different function, interacting with non-ets proteins. Possible associ-
ating proteins would include other DNA-binding transcription factors, coac-
tivators, corepressors, or components of the basal transcriptional machin-
ery. Some of these alternatives will be discussed in later sections of this
review.

Additional support for the protein—protein interaction model comes from
the recent alignment of the highly conserved core of the PNT domain with
a region of conserved sequences within at least a dozen non-ets proteins
(Bornemann et al., 1996; Alkema et al., 1997; Gunster et al., 1997). The do-
main is termed SPM, SAM, or SEP in this context. The best-characterized
proteins in this alignment, the Polycomb group proteins, assemble into mul-
tiprotein complexes to regulate gene expression without directly binding

Fig. 2 Sequence conservation within the ETS domain. Sequence alignment and group assign-
ments were performed as described in Fig. 1. To derive a consensus for the ETS domain, all
genes listed in Table I were included except the presumed vertebrate orthologs of the 14 human
ets genes. These presumed mouse and human orthologs are similar at the amino acid level over
the entire length of the gene: mouse Ets-1 is 97% identical to human Ets-1; PEA3 is 92% iden-
tical to E1A-F; GABP is 96% identical to E4TF-1; likewise, Ets-2, 92%; Net, 91%; ER81, 97%;
Fli-1, 96%; ERG, 98%; ERE, 96%; Elk-1, 90%; SAP-1, 82%; Elf-1, 90%; and PU.1, 88%.
(ERG and Net alignments were restricted to approximately half of the protein sequence because
only fragments of the murine genes have been sequenced.) The use of only 28 ETS domains pre-
vented a bias due to the highly similar vertebrate orthologs. The consensus on the bottom line
was derived as a 21 of 28 plurality (PRETTY: Genetic Computer Group, University of Wis-
consin). Consensus positions or conservative substitutions, as allowed by a Dayhoff PAM ma-
trix (e.g., R = K; L = F, M, I; W = F, Y) are indicated by uppercase letters. Lowercase letters
designate positions that do not match the consensus. Secondary structure elements (o helices,
H1-H3, and B strands, S1-54), as determined for Ets-1 (Donaldson er al., 1994; Skalicky et al.,
1996), are enclosed by rectangular boxes. Identical placement of structural elements is report-
ed for Fli-1 (Liang et al., 1994a,b), and PU.1 (Kodandapani et al., 1996; Pio et al., 1996) ex-
cept for variability in C termini of helices H2 and H3. Residues that contact DNA in the
PU.1-DNA complex (Kodandapani er al., 1996) are indicated (@, bp contacts; O, phosphate
contacts). Vertical lines indicate contact residues in PU.1 that match the ETS domain consensus
defined here.
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DNA. Preliminary studies indicate that the SPM-domain plays a role in these
protein—protein interactions in both Drosophila and vertebrates.

The evolutionary origin of the PNT domain is not clear. The conservation
is noted exclusively within the ETS, ELG, ERG, and YAN groups. All genes
within these groups, for which there is sequence information for the entire
open reading frame, encode a PNT domain. It is not possible to determine
whether the PNT domain was introduced early into one member of the fam-
ily after the initial expansion of the family or whether it was present in the
ancestral ets gene but lost at some later time. The former hypothesis predicts
that all ets genes with a PNT domain should lie in a single clade (tree branch-
es distal to a single node). This arrangement is not seen in the tree topology
(Fig. 1). However, given the resolution of this tree, it is not in conflict with
this hypothesis. Other clues to the origin of the PNT domain come from a
comparison of the overall organization of conserved sequences. In all genes
that encode both conserved domains, the sequences for the ETS domain are
located 3’ to sequences for the PNT domain (Fig. 4). In the genes of the ELK
group, the ETS domain is located in the extreme 5’ end of the open reading
frame, and the genes do not have a PNT domain. This arrangement suggests
that the PNT domain could have been lost in the founder of this group due
to a chromosome rearrangement. The route to loss of the PNT domain in
other groups is not clear.

The secondary structure of the Ets-1 PNT domain has been determined by
nuclear magnetic resonance (NMR) spectroscopy (C. Slupsky, L. Gentile, L.
Donaldson, B. Graves, and L. MclIntosh, unpublished observations). Four a
helices (H2-H5) are found within the most highly conserved region of the
domain. The alignment of these structural elements to the PNT domain con-
sensus indicates that conserved positions lie both within helices and between
helical regions (Fig. 3). The amino-terminal region of Ets-1 that extends to-
ward the consensus site for MAP kinase contains an o helix. The existence
of this fifth helix in the other efs proteins cannot be predicted confidently due
to the lower level of sequence conservation in this region. Early structural
predictions and the self-association data for TEL led to the use of the name
“HLH domain” for the PNT domain (Siddique ez al., 1993; Golub ez al.,
1994). There was an expectation that the domain would resemble, both
structurally and functionally, the helix-loop-helix dimerization domain of
the bHLH class of transcription factors that is composed of two helices and
a long loop. The finding of five helices and no extended loop indicates that
this proposal is incorrect.

D. Conclusions

The evolutionary relatedness of the ets genes provides insight into func-
tion. Conserved regions indicate sequences and structural domains likely to
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be important in the biological function of these proteins. The ETS domain
identifies all ets proteins as sequence-specific DNA-binding proteins. The
role of DNA-binding proteins in transcription is well-established; thus, each
ets gene is expected to play a role in regulation of gene expression. All par-
alogs retained within a genome, even those retaining significant sequence
similarity, are not expected to be redundant (Brookfield, 1992; Thomas,
1993). Thus, there is a prediction that each ets gene will have a unique bio-
logical role. To utilize fully the potential of this gene family, the high level of
conservation of the ETS domain must be counterbalanced by regulatory
pathways that can provide specificity of action of ets genes. The conserved
regions outside of the ETS domain provide clues to these pathways. We have
discussed only the PNT domain because it is prominent within the family.
Discussion in later sections will highlight other regions of sequence conser-
vation and divergence.

III. BIOLOGICAL SPECIFICITY

Different ets proteins are expected to regulate the expression of distinct
target genes, thus generating biological specificity. Due to the difficulty in ex-
perimentally demonstrating this target gene selection, there are only tenta-
tive lists that link putative targets to ets regulators. Therefore, we will illus-
trate the biological specificity of the efs proteins by reviewing the genetic
analysis of ets genes in both vertebrate and invertebrate systems. Organisms
and cells with mutations in an efs locus display diverse phenotypes, strong-
ly suggesting that individual ets proteins direct distinct biological processes,
despite their overlapping cellular distribution and similar DNA-binding
properties.

A. Aberrant Gene Expression in the Mouse

Genetic alterations that change the expression of a gene can provide in-
formation about its normal function. The expression of several ets genes is
altered during retroviral infections of mice with nonacutely transforming
viruses. More recently, transgenic mouse technology has allowed such aber-
rant expression to be engineered for additional efs genes. The observation of
distinct phenotypes is consistent with the proposed biological specificity of
ets family members.

Activation via retroviral insertion demonstrates that specific diseases are
associated with aberrant expression of different ets genes (Table II). The fli-
1 and spi-1 (PU.1) loci are targets for provirus integration of Friend murine
leukemia virus and Friend spleen focus-forming virus, respectively. Activa-
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Fig. 3 Sequence conservation within the PNT domain. Amino acid sequences were aligned and gene groups were assigned as described in Figs. 1 and
2. Presumed vertebrate orthologs for six human ets genes were not included. The consensus sequence on the bottom line represents the conserved amino
acids as determined by a 5 of 10 plurality. @, Invariant positions with a 10 of 10 match to the consensus. Secondary structure elements (« helices, H1-H5)
as determined for Ets-1 by NMR spectroscopy (C. Slupsky, L. Gentile, L. Donaldson, B. Graves, and L. McIntosh, unpublished observations) are depict-
ed as solid rectangular boxes within the Ets-1 sequence and dashed rectangular boxes through the remainder of the sequences. Although sequence simi-
larity among these genes strongly suggests that helices H2-HS5 are present in all PNT domains, helix H1 may not be a conserved structural element. Note
that many positions are invariant within the region that includes H2 through HS, whereas no positions are invariant in H1. In addition, gaps were nec-
essary to align sequences in this region. The arrowhead marks the threonine residue that is modified by MAPK in Ets-1, Ets-2, and Pnt P2.
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tion of the fli-1 locus results in erythroleukemias (Ben-David et al., 1991),
whereas activation of the spi-1 locus causes erythroid tumors (Moreau-
Gachelin et al., 1988; Ben-David et al., 1991).

In mouse transgenic experiments, ectopic expression of the genes encod-
ing Ets-2, PU.1, and Fli-1 leads to distinctive phenotypes (Table II). Mice
with an ets-2 transgene develop neurocranial, viscerocranial, and cervical
skeletal abnormalities resembling those seen in humans with Down syn-
drome (Sumarsono et al., 1996). This suggests that misregulation of ets-2
may cause the skeletal abnormalities associated with Down syndrome. This
proposal is supported by the location of ets-2 on human chromosome 21.
Mice with a PU.1 trangene develop erythroleukemia, consistent with the role
of PU.1 in the differentiation of lymphoid and myeloid lineages (Moreau-
Gachelin et al., 1996). Transgenic mice aberrantly expressing fli-1 display a
high incidence of a progressive immunological renal disease and ultimately
die of renal failure (Zhang et al., 1995). Splenic B cells exhibit increased pro-
liferation and prolonged survival in response to mitogens, suggesting that
overexpression of fli-1 perturbs normal B cell function, including pro-
grammed cell death.

A concern with overexpression experiments is whether the findings are rel-
evant to the normal role of a particular gene. It is also difficult to make com-
parisons of experiments performed with different genes because the expres-
sion levels and the cellular distribution of the aberrantly produced protein
can vary significantly. Regardless of these concerns, the variety of phenotypes
associated with the aberrant expression of different efs genes in transgenic
mice and retroviral-induced disease is consistent with the hypothesis that in-
dividual ets genes display distinctive biological functions.

ELF
YAN
SPI

Fig. 4 Placement of the ETS and PNT domains. The representative locations of the ETS do-
main (black box) and the PNT domain (gray box) within ets protein groups defined in Fig. 1.
The location of each domain is very similar for all members of a group.
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B. Gene Disruptions in the Mouse

The development of gene targeting technology has facilitated manipula-
tions of ets genes within the mouse genome. The genes that encode PU.1, Ets-
1, Fli-1, PEA3, and TEL have been disrupted, and the phenotypes of the mu-
tant mice are distinct (Table II). These experiments provide strong support
for the proposal that the efs genes within the mouse genome are not func-
tionally redundant.

The disruption of the gene encoding PU.1 was performed independently
by two laboratories. In one case, the PU.1 gene disruption results in embry-
onic lethality (Scott et al., 1994). Mutant embryos have no normal progen-
itors for B and T lymphocytes, monocytes, or granulocytes. In further ex-
periments with PU.1-deficient cells, it was shown that PU.1 is required for
terminal myeloid differentiation (Olson et al., 1995; D. Tenen, personal com-
munication). In the other disruption, mice are born alive but die of severe
septicemia within 48 hr (McKercher et al., 1996). Analyses reveal a lack of
mature B and T lymphocytes, macrophages, and neutrophils. Interestingly,
when these mice are maintained on antibiotics, normal T cells develop, al-
though the number of cells is low. These findings suggest that development
of T cells is normal in spite of the reduced numbers and the delayed onset of
differentiation. Taken together, these two studies show that PU.1 is not es-
sential for myeloid and lymphoid lineage cell commitment, but is required
for normal differentiation of these lineages.

The ets-1 gene has been disrupted in the lymphoid lineages by use of a
RAG-2-deficient mouse (Bories et al., 1995; Muthusamy ef al., 1995). Be-
cause mature T and B cells cannot develop in the absence of the RAG-2 gene
product, the lymphoid lineage must be derived from the embryonic stem cells
that have the efs-1 gene disruption and an unaltered RAG-2 gene. This sys-
tem allows assessment of the role of Ets-1 only in the lymphoid compart-
ment and, thereby, avoids a possible embryonic phenotype. In this system,
disruption of the ets-1 gene leads to abnormal B and T cell development. The
T cells are present in reduced numbers and are highly susceptible to apop-
tosis in vitro. The B cells are present in normal numbers; however, an un-
usually large proportion are IgM plasma cells. Thus, Ets-1 appears to be re-
quired for normal B and T cell populations.

Mice with a fli-1 disruption are homozygous viable, but have a reduced
number of total lymphocytes as well as fewer T cells in all subsets (Mélet et
al., 1996). In contrast to the ets-1 gene disruption in T cells, the i /fli— T
cells are not more susceptible to apoptosis, suggesting that these two ets
genes play important, but distinct, roles in the development and function of
B and T cell lineages.

Mice with a disruption in the gene encoding PEA3 are homozygous viable;
however, males are “sterile” (J. Hassell, personal communication). Further
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analysis is required to determine whether the phenotype is behavioral or due
to a developmental defect in spermatogenesis. Nonetheless, these results
demonstrate a specific function for PEA3,

Targeted gene disruption of the tel gene leads to embryonic lethality in 5.5-
day-old embryos (Wang et al., 1997). Lethality is due to defects in yolk sac
angiogenesis. There is also marked apoptosis in cells that normally express
tel, suggesting that TEL is essential for the survival of mesenchymal cells and
neural tissues.

C. Chromosome Translocations in Humans

Disruptions of ets genes are found in a variety of human cancers. The ge-
netic lesion, a chromosome translocation, fuses the efs gene-coding se-
quences in frame with the sequences of a second gene. The rearranged locus
produces a fusion protein that contains a portion of two proteins. These ge-
netic alterations are different from those engineered by gene targeting or
transgenic technology. In each case a single functional domain of the ets pro-
tein is retained and plays an active part in generating the observed pheno-
type.

Chromosomal translocations involving the ets genes fli-1, erg, and etv1
(Table II) retain the ETS domain. The t(11;22) translocation, present in 85%
of Ewing’s sarcomas, fuses the gene ews to fli-1 (Delattre et al., 1992; May
et al., 1993). The DNA-binding activity of the ETS domain is a critical func-
tion of the fusion protein. Two other translocations also are linked to Ew-
ing’s sarcoma: t(21;22), which fuses ews to erg (Sorensen et al., 1994), and
t{7;22), which fuses ews to etvl (Jeon et al., 1995). The apparent inter-
changability of the ETS domains from three different ets proteins within the
EWS fusion proteins highlights the redundancy of the ETS domain if allowed
to function in isolation. Another translocation, t(16;21), links the ETS do-
main of erg to fus, a gene that displays sequence similarity to ews. This chro-
mosomal abnormality causes a different disease, acute myeloid leukemia,
suggesting that the non-ets portion of these fusion proteins can influence the
disease specificity (Ichikawa et al., 1994; Panagopoulos et al., 1994). In all
cases, these translocations are predicted to cause a loss of specificity of the
ETS domain, stressing the importance of regulatory pathways that modulate
DNA-binding activity.

Several translocations involving the tel gene retain the PNT domain. A fu-
sion protein composed of TEL and the PDGFR receptor is produced by the
translocation t{5;12). This chromosome abnormality is associated with
chronic myelomonocytic leukemias (Golub ez al., 1994). The tel gene also is
altered in the t{12;21) translocation that fuses the el and aml1 genes and
mediates a form of acute lymphoblastic leukemia (Golub et al., 1995). In
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Table Il Genetic Analyses of ETS Genes

Family

member Normal cellular distribution® Genetic alteration Phenotype Ref.c

Fli-1 Thymus, ovary, bone marrow, spleen, Friend murine leukemia Erythroleukemia (mouse) Ben-David et al. (1991)
heart (Ben-David et al., 1991; virus Insertion
Watson et al., 1992; Klemsz et al.,
1993); developmentally regulated®

PU.1 Spleen, testis (Klemsz et al., 1990; Friend spleen focus-forming Erythroleukemia (mouse) Moreau-Gachelin et 4l.
Galson et al., 1993; Su et al., 1996) virus insertion (1988)

PU.1 Spleen, testis (Klemsz et al., 1990; Transgenic overexpression Viable; erythroleukemia Moreau-Gachelin ez 4l.
Galson et al., 1993; Su et al., 1996) (1996)

Fli-1 Thymus, ovary, bone marrow, spleen, Transgenic overexpression Lethal; progressive Zhang et al. (1995)
heart (Ben-David et al., 1991; immunological renal
Watson et al., 1992; Klemsz et al., failure
1993); developmentally regulated?

Ers-2 Ubiquitous expression in all organs Transgenic overexpression Viable, skeletal Sumarsono et al. (1996)
(Kola et al., 1993; Maroulakou et 4l., abnormalities
1994)

PU.2 Spleen, testis (Klemsz et al., 1990; Gene disruption Lethal; no meyloid or Scott et al. (1994),
Galson et al., 1993; Su et al., 1996) lymphoid differentiation McKercher et al. (1996)

Ers-1 Thymus, astrocytes, heart, lung, gut, Gene disruption in lymphoid  Viable; abnormal Band T Bories et al. (1995),
spleen (Chen, 1985; Ghysdael ez al., lineage cell development Muthusamy et al. (1995)
1986; Wernert ez al., 1992; Kola et al.,
1993; Maroulakou et al., 1994;
Fletschman et al., 1995);
developmentally regulated?

Fli-1 Thymus, ovary, bone marrow, spleen, Gene disruption Viable; decreased Mélet et al. (1996)
heart (Ben-David et al., 1991; lymphocytes
Watson et al., 1992; Klemsz et al.,
1993); developmentally regulated®

PEA3 Brain, testis (Xin et al., 1992) Gene disruption Viable; “sterile” mates J- Hassell (personal

communication)



TEL Heart, brain, placenta, lung, liver, Gene disruption Lethal; yolk sac angio- Wang et al. (1997)
skeletal muscle, kidney, and pancreas genesis defect; abnormal
(Golub et al., 1994) apoptosis

Fli-1 Thymus, ovary, bone marrow, spleen, Translocation (11;22) Ewing’s sarcoma Delattre et al. (1995),
heart (Ben-David et al., 1991; May et al. (1993)
Watson et al., 1992; Klemsz et al.,
1993); developmentally regulated”

ERG Thymus (Dhordain et al., 1995); Translocation (21;22) Ewing’s sarcoma Sorensen et al. {1994)
developmentally regulated”

ERG Thymus (Dhordain et al., 1995); Translocation (16;21) Acute myeloid leukemia Ichikawa et al. (1994),
developmentally regulatedh Panagopoulos er al.

(1994)
ETV1/ Ubiquitous expression; absent from Translocation (7;22) Ewing’s sarcoma Jeon et al. (1993)
ER81 placenta and peripheral blood

leukocytes (Brown and McKnight,
1992)

TEL Heart, brain, placenta, lung, liver, Translocation (12;22) Myeloid and lymphoid Buijs et al. (1995)
skeletal muscle, kidney, and pancreas leukemia
(Golub et al., 1994)

TEL Heart, brain, placenta, lung, liver, Translocation (5;12) Chronic myelomonocytic Golub et al. (1994)
skeletal muscle, kidney, and pancreas leukemia
(Golub et al., 1994)

TEL Heart, brain, placenta, lung, liver, Translocation (12;21) Acute lymphoblastic Golub et al. (1995)

skeletal muscle, kidney, and pancreas
(Golub et al., 1994)

leukemia

2 Cellular distribution of ets gene products is given for adult tissues.
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In developing embryos, Ets-1 is widely expressed in several tissues, including brain, lung, heart, thymus, liver, gut, kidney, skin, intersegmental arteries of the spine, and
capillaries (Kola et al., 1993; Maroulakou et al., 1994). Fli-1 expression is restricted to mesodermal lineage early in embryogenesis. Following morphogenesis, Fli-1 expres-
sion is dramatically reduced. Expression in endothelial cells is transiently restricted to decidual blood vessels and newly formed embryonic endothelial cells (Mélet et al.,
1996). ERG is present in mesodermal derivatives and neural crest in chicken embryogenesis. There is an association with cartilage morphogenesis (Dhordain et al., 1995).

¢ Reference for genetic alteration report.
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these two cases, the PNT domain is proposed to function in self-association,
leading to altered activity of either AML1 or the PDGEF receptor. The chro-
mosomal translocation t(12;22) directs production of two chimeric proteins,
TEL-MN1 and MN1-TEL, and causes myeloid and lymphoid leukemias
(Buijs et al., 1995). In this case, it has not been determined which fusion gene
is oncogenic.

Chromosomal translocation can alter many properties of a genetic locus,
including the expression pattern and protein structure. The isolated domains
appear to acquire new biological roles while retaining their molecular func-
tion. Thus, the phenotypes observed do not directly indicate the normal bi-
ological function of the unaltered ets gene. Instead, these naturally occurring
mutations emphasize the role of the intact protein, not just isolated domains,
in determining the biological function of a particular ets protein.

D. Drosophila and Caenorhabditis elegans ets Proteins

Genetic analyses of ets genes within the model organisms C. elegans and
Drosophila also provide strong evidence for biological specificity. Three of
the seven known Drosophila ets genes have been shown to be essential (E74,
pnt, elg), and a distinct cellular function has been demonstrated for a fourth
(yan). Mutation of the E74 gene results in embryonic lethality. E74 functions
in a regulatory hierarchy in the larval salivary gland (Burtis et al., 1990), reg-
ulating the expression of over 30 ecdysone-responsive genes (Fletcher and
Thummel, 1995). In addition, phenotypic analysis has demonstrated that
E74 is required for pupation and metamorphosis (Fletcher et al., 1995). Mu-
tations in the pnt gene also result in larval lethality (Klambt, 1993). The pnt
locus produces two isoforms of Pnt, P1 and P2, by alternate promoter uti-
lization. Pnt P1 is required for proper development of midline glial cells as
well as the tracheal system (Krasnow, 1996). Pnt P2 functions as a positive
regulator of photoreceptor R7 cells (Brunner et al., 1994). Mutations in the
elg gene result in late pupal lethality. Elg is required for anterior—posterior
patterning during embryogenesis and for egg chamber patterning during oo-
genesis (Schulz et al., 1993; Schulz, 1995). Mutations in the yan gene result
in a decrease of viability and fertility (Lai and Rubin, 1992). Yan is a nega-
tive regulator of photoreceptor development in Drosophila. More recent ex-
periments demonstrate that Yan also acts as a general inhibitor of cell fate
specification at multiple points during Drosophila development (Rebay and
Rubin, 1995; Rogge et al., 1995). Although a number of ets genes can be de-
tected in the C. elegans genome by a database search using ETS domain se-
quences, only lin-1 has been characterized. This ets gene regulates develop-

ment of the vulva, being specifically expressed in vulval precursor cells (Beitel
etal., 1995).
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E. Conclusions

The analysis of ets genes disrupted by chromosomal translocation and
gene targeting or aberrantly expressed as a result of retroviral insertion or
transgenic experiments has provided insight into the biological roles of these
proteins. Clearly the most definitive findings come from the disruption of ets
genes in the mouse, Drosophila, and C. elegans. The distinct phenotypes ob-
served in these experiments demonstrate that extensive redundancy does not
exist within the ets family. Instead, the emerging picture suggests strong bi-
ological specificity, presumably through the selection of distinct target genes.

One important step in the characterization of the biological roles of indi-
vidual ets proteins is the identification of these target genes. This is an on-
going area of investigation by many laboratories. In most cases, the defini-
tive identification of targets and their assignment to a particular e¢s protein
await stronger experimental data. Evidence to link a specific target gene to
a single efs protein requires aggressive application of genetic tools (available
only for a few ets genes). The continued development of new technologies to
look directly at transcription factors on genomic, chromatin-bound DNA
also will help answer these important questions. The resolution of this ques-
tion is more tractable in the model organisms Drosophila and C. elegans be-
cause there are more advanced genetic tools and fewer paralogs within their
genomes. Nevertheless, it is in vertebrates, with the larger number of ets
genes and the potential for a vast number of target genes, that the specifici-
ty issue is the most complex and critically important to resolve. We predict
that there will be distinctive regulatory mechanisms to mediate specificity in
the complex vertebrate systems.

IV. DNA BINDING

Specificity of action for transcription factors begins at the level of se-
quence-specific DNA recognition. Recognition of DNA is mediated by struc-
tural modules referred to as DNA-binding domains. High-resolution struc-
tural analyses demonstrate that a very large number of transcription factors
display a relatively small set of structural motifs for DNA binding. Thus,
families of transcription factors are often defined by the sequence conserva-
tion of their DNA-binding domains. Recent structural studies have eluci-
dated the tertiary structure of the ETS domain, providing the first high-res-
olution picture of how ets proteins recognize their cognate DNA target sites.
These structural data are complemented by a combination of genetic and
biochemical findings and the stage is now set for understanding specificity of
DNA binding for ets proteins.
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A. Consensus Recognition Sequences

Due to the sequence conservation within the ETS domain, all ets proteins
bind similar DNA sequences. One picture of a consensus sequence comes
from a comparison of binding sites detected in promoters and enhancers. The
core recognition motif 5'-GGA(A/T)-3' is present in the vast majority of all
biological sites. Binding-site selection is another approach that has been re-
ported for at least 11 members of the ets family (Fig. 5). This experimental
approach selects relatively high-affinity binding sites from a population of
randomly specified DNA duplexes. Sequence-specific DNA recognition spans
a region of 9 to 15 bp within each duplex. The invariant core sequence,
5'-GGA-3’, lies near the center of each selected sequence. There is also re-
markable similarity among the ets proteins in the preferred nucleotides that
flank the core GGA. Importantly, binding sites for ets proteins derived from
promoters and enhancers fall within the selected consensus.

The selected consensus for each ets protein displays few invariant positions
beyond the highly conserved GGA core. The significance of this promiscuity
was analyzed in the case of Ets-1. The relative affinity of a set of selected sites
was compared, and a binding site with 5'~-ACCGGAACG-3' was determined
to have the highest affinity (Nye et al., 1992). Interestingly, this site has high
affinity for a wide variety of ets proteins (Gunther and Graves, 1994; Graves
etal., 1996). It is possible that most ets proteins prefer the same optimal site;
however, as we discuss below, there may be discrimination as DNA se-
quences diverge from the most strongly preferred sites.

Several distinctive features are detected in the selected consensus se-
quences. One of the most striking differences is the identity of the nucleotide
position immediately to the right of the GGA core. Binding-site selections
performed with Elf-1, E74, and Fli-1 indicate an invariant preference for A
at this nucleotide position. In contrast, Ets-1, SAP-1, GABPa, ER71, ER81,
PU.1, Elk-1, and Spi-B select either a T or an A at this position. The impor-
tance of this position also is illustrated by an altered specificity mutant of
Ets-1 that can no longer recognize a GGAT core (Bosselut et al., 1993). This
mutant is generated by changing a single amino acid within the Ets-1 ETS
domain to match the homologous residue in Elf-1. Another feature that
varies among the ets proteins is the number of selected nucleotides. PU.1 and
Spi-B show sequence-specific recognition over 15 bp, Fli-1 selects 13 bp, and
all others select 9-11 bp. Finally, the nucleotides selected to the left of the
GGA core are the most variable among the family members. This region may
be important for determining sequence selectivity of individual ets proteins.

It is likely that the binding-site selection approach does not detect the po-
tential discrimination of ets proteins for relatively low-affinity sites that do
not precisely match the selected consensus. In fact, such selectivity has been
reported between pairs of ets proteins. PU.1 and Ets-1 discriminate sites in
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GROUP PROTEIN SELECTED CONSENSUS REFERENCE

ELF D-E74 NNNNN [NNN |[NNN (Urness and Thummel, 1990)
AACCA |GGA|AGT
T C

M-EIf-1 NNNNN [NNN|NNNN (John et al., 1996)
AACCC |GGA|AGTa
ta g
c

ELG M-GABPa NNN|NGA |[NNNN (Brown and McKnight, 1992)
GCC|GGA|AGTN
aga tac

ELK M-SAP-1 NNN{NNN|[NNN (Shore and Sharrocks, 1995)
ACC|GGA|AGT
tac

M-Elk-1 NNN|[NNN|NNNN (Shore and Sharrocks, 1995)
ACC|GGA|AGTG
A

ERG M-Fli-1 NNNNNN |[NNN|NNNN (Mao et al., 1994)
TNGACC [GGA|AGTA
g A acG

M-ER71 NNN|NGA |[NNNN (Brown and McKnight, 1992)
GCC|GGA|TGTC
CGa Aac

ETS M-Ets-1 NNN|GGA|NNNN (Nye et al., 1992)
ACC|GGA|AGCN
g a TaT

PEA3 M-ERS8I NNN|NGA|NNNN (Brown and McKnight, 1992)
GGC|GGA|AGTN
aca Tac

SP1 M-PU.1 NNNNNNN |NNN|[NNNNN (Ray-Gallet et al., 1995)
AAAAAGA |GGA|AGTAG
teC c GC

G

M-Spi-B  NNNNNNN [NNN[NNNNN (Ray-Gallet et al., 1995)
AAAAAGA |GGA|AGTAN
tcce c T

Fig. 5 Selected DNA consensus sequences for ets proteins. Consensus sequences were select-
ed using DNA duplexes with randomized sequences. Nucleotide positions randomized (N) or
fixed (G or A) during the in vitro selections are indicated above each sequence. Repeated selec-
tions were used in all cases. Additional binding site selections for Ets-1 (Fisher et al., 1991;
Woods et al., 1992), SAP-1 (Treisman et al., 1992), Elf-1 (Davis and Roussel, 1996), and Fli-1
(Murakami et al., 1993) show similar results. ELK group binding was studied in the presence
of SRE. The highly conserved GGA core motif is boxed. Nucleotides in lowercase letters were
less frequently selected. Protein groups are defined in Fig. 1.
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Fig. 6 Tertiary structure of the ETS domain, Three-dimensional structures of the Ets-1 (left)
{Donaldson et al., 1996), Fli-1 (center) (Liang ef al., 1994a), and PU.1 (right) (Kodandapani et
al., 1996) ETS domains are presented as ribbon diagrams. The « helices and B strands of Ets-1
are labeled for reference. The Ets-1 and Fli-1 structures were determined by NMR spectroscopy
and the PU.1 structure was solved by crystallographic analysis. Regions flanking the ETS do-
main that were present in the reported structures were removed. Three helices (H1-H3) form a
helix—turn-helix (HTH) motif that packs against a four-stranded, antiparallel B-sheet (S1-54).
The term “winged helix—turn-helix” is used to describe this domain and highlights the impor-
tance of both the HTH element and the B-sheet (wing) in the structural fold and in contacting DNA.

the immunoglobulin heavy-chain enhancer (Nelsen et al., 1993) whereas Elf-
1, but not Ets-1, binds a site within the enhancer of the IL-2 receptor (John
et al., 1996). In a more dramatic deviation from its consensus, PU.1 recog-
nizes a unique core 5’-AGA-3' DNA element within the immunoglobulin ]
chain enhancer (Shin and Koshland, 1993). In the binding-site selection for
PU.1, only 2 out of 51 clones displayed an AGA core. Moreover, binding
studies show that PU.1 binds only weakly to a site containing the AGA core
in the context of the selected consensus (Ray-Gallet et al., 1995). Thus, de-
viations from the consensus, high-affinity binding sites may play an impor-
tant role in binding specificity of ets proteins.

B. Structure of the ETS Domain

The three-dimensional structure of the ETS domain has been described in
both the absence and presence of DNA. Secondary structural analysis of Ets-
1 and Fli-1 by NMR initially established that the ETS domain is composed
of three a helices (H) and four B strands (S) arrayed linearly as H1-51-S2-
H2-H3-53-54 (Fig. 2) (Donaldson et al., 1994; Liang et al., 1994b). Tertiary
structures of Fli-1, Ets-1, and PU.1 show that the three helices within the ETS
domain fold into a helix~turn-helix (HTH) element that packs against a
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Fig. 6 (continued)

four-stranded, antiparallel B-sheet (Fig. 6) (Liang et al., 1994a; Werner et al.,
1995; Donaldson et al., 1996; Kodandapani et al., 1996). Inspection of the
tertiary structure provides insights into the roles of highly conserved residues
within the ETS domain. The majority of the highly conserved amino acids
are found within the a helices and B strands (Fig. 2). Several of these highly
conserved amino acids form the hydrophobic core of the ETS domain and
must play an essential role in the proper folding of the domain (Donaldson
et al., 1996). In contrast, the regions with less sequence conservation map to
the loops or turns.

The ets transcription factors have been grouped into a large structural class
of DNA-binding proteins termed the “winged helix-turn—helix” (wHTH)
proteins. The term “winged helix” is also used. All wHTH proteins have the
same topological array of secondary structure elements that form a tertiary
structure consisting of a three-helix bundle and a two- to four-stranded B-
sheet. The B-sheet with its accompanying loops provides the “winged” im-
age (Brennan, 1993; Clark et al., 1993). The wHTH motif is found in a wide
variety of DNA-binding proteins, including the prokaryotic transcription
factors CAP (Schultz et al., 1991), LexA (Fogh et al., 1994), and BirA (Wil-
son et al., 1992), as well as the replication terminator protein RTP (Bussiere
et al., 1995). There is also a growing number of eukaryotic wHTH proteins,
including histone H5 (Ramakrishnan et al., 1993), the HNF/forked head
family of transcription factors (Clark et al., 1993), heat-shock factor HSF
(Harrison et al., 1994), diphtheria toxin repressor DtxR (Qiu et al., 1995),
and topoisomerase II (Berger et al., 1996). Due to the absence of significant
sequence conservation, it cannot be determined whether this structural sim-
ilarity of wHTH proteins reflects evolutionary relatedness.

Although the wHTH proteins share a common fold, there exists consider-
able variation in the fine structure and recognition modes utilized by the dis-
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tinct members of this class of proteins. For example, crossing angles for the
three helices and the length of the turn between helices 2 and 3 show con-
siderable variation. In addition, the B-sheets display different numbers of
strands and sizes of loops. The comparison of ets proteins to other wHTH
proteins demonstrates the ability of a conserved protein fold to mediate a
wide variety of DNA interactions. The wHTH proteins utilize distinct
oligomerization states for recognizing DNA. For example, the ets proteins
and HNF/forkhead proteins recognize DNA as monomers, CAP binds to
DNA as a dimer, and HSF recognizes DNA as a trimer. The tertiary fold is
only a scaffold for presenting amino acids to the DNA. There is considerable
variability at this point among the wHTH proteins. For example, only the
ets proteins recognize DNA sites with GGA core sequences. In the case of hi-
stone H5 and topoisomerase Il there is no sequence-specific recognition.

C. ETS Domain—-DNA Complex

Three-dimensional models of PU.1 and Ets-1 bound to DNA provided the
first high-resolution structural information on DNA recognition (Werner et
al., 1995; Kodandapani et al., 1996). Surprisingly, these two complexes, as
initially reported, differed with respect to the orientation of the ETS domain
on DNA. An approximate 180° rotation was necessary to superimpose the
two proteins with respect to the GGA core. A revised version of the Ets-1-
DNA structure demonstrates that Ets-1 binds DNA with a mode similar to
that determined for the PU.1-DNA complex (Werner et al., 1995, 1997).

A high-resolution crystallographic analysis of a PU.1-DNA complex pro-
vides the most detailed model (Kodandapani et al., 1996; Pio et al., 1996).
The structure is derived from a 112-residue fragment of PU.1, which spans
the ETS domain, bound to a 16-bp DNA duplex. Four regions of the ETS
domain make contact to DNA over 10 bp [Figs. 7 (see color plate) and 8A].
The HTH, composed of helices H1-H3, lies in the major groove. All of the
base-specific contacts identified in the PU.1-DNA complex are mediated by
residues within H3 and the turn immediately preceding it. Two arginines in
H3 that are invariant in the ets family (Fig. 2) provide base contacts to the
two guanine residues of the GGA core. Major DNA backbone contacts flank
the GGA core and are mediated by three regions of the ETS domain. Amino
acids in the B-sheet (S3 and S4) and the intervening loop contact phosphates
to the left of the GGA core while residues within the turn of the HTH mo-
tif contact phosphates to the right of the GGA core. Additional backbone
contacts to the right of the GGA core are mediated by amino acids preced-
ing the amino terminus of H1. A subset of these base pair and phosphate
contacts are mediated by water molecules in the crystal structure.

Biochemical and genetic data support the structural analysis of the ETS



Fig. 7 Structure of PU.I-DNA complex. The three-dimensional structure of the PU.1
ETS domain bound to a 16-basepair DNA duplex (Kodandapani et al., 1996). The core
GGAA DNA element is highlighted in red. In this view, H3 of the ETS domain lies within
the major groove perpendicular to the DNA backbone. The two highly conserved arginine
residues (blue; also see Fig. 2) extend from H3, making base-specific contacts to the core
GGA. Two key interactions to the phosphate backbone (green) are a lysine residue from the
loop between S3 and S4 and a lysine residue within the turn between H2 and H3. See Fig. 8
for details of these DNA contacts. From Kodandapani et al (1996).
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Fig. 8 DNA-~protein interactions. (A) ETS domain-DNA contacts as determined by crystal-
lographic analysis for the PU.1-DNA complex (Kodandapani et al., 1996). Bases contacted by
protein elements within H3 and H2 are shown in bold. Major phosphate contacts (a, ¥) are
made by the B-sheet (wing), the turn between H2 and H3, and residues near the amino termi-
nus of H1. The phosphate contacts (V) may be unique features of PU.1 because they are not
made by conserved residues. (B) ETS domain-DNA contacts as determined by biochemical
analyses of Ets-1. Phosphate contacts (@) were identified by ethylation interference analysis. Eth-
ylation interference analyses of GABP, Fli-1, and Elf-1 yield similar data (Gunther and Graves,
1994). The bars over the nucleotides correspond to positions where methylation strongly in-
terferes with DNA binding. The arrow marks the position of DNase I hypersensitivity detected
in all ETS domain-DNA interactions (Gunther and Graves, 1994; Graves et al., 1996).

domain-DNA complex. Base-specific and phosphate contacts determined
within the PU.1-DNA complex structure correlate with detailed contact
mapping analysis of Ets-1 bound to DNA (Fig. 8B). Methylation interference
studies provide evidence for the recognition of the central GGA core triplet
in the major groove. Methylation of either guanine shows strong interfer-
ence (Nye et al., 1992; Eisenbeis et al., 1993; Galson et al., 1993; Gunther
and Graves, 1994). Ethylation interference experiments identify backbone
contacts. A signature pattern of ethylation interference sites was detected in
comparative studies of several ets proteins (Gunther and Graves, 1994). The
two regions of interference correspond precisely to the phosphate contacts
flanking the GGA core that are observed within the PU.1-DNA complex
(Graves et al., 1996; Kodandapani et al., 1996; Rao et al., 1997).

The NMR studies of Fli-1 and Ets-1 provide support for these general con-
clusions and additional insight. The analysis of Fli-1 was done in the pres-
ence of DNA even though the DNA was not included in the structure calcu-
lations. A single intermolecular contact was detected between a residue of
H3 and DNA within the GGAA core (Liang et al., 1994a). The structure of
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Ets-1 was solved in both the absence (Donaldson et al., 1996) and presence
of DNA (Werner et al., 1995). Comparison of these structures indicates that
no dramatic changes occur within the protein structure on DNA binding.
This is consistent with protease sensitivity and circular dichroism studies that
also detect no dramatic change in the secondary structure of the Ets-1 ETS
domain on DNA binding (Petersen et al., 1995). The turn between H2 and
H3, as well as the loop between S3 and $4, are poorly defined in both analy-
ses. This could reflect inherent flexibility in these regions or simply limited
experimental NMR data for these portions of the ETS domain. Thus, there
is not sufficient data to determine whether these regions undergo slight
changes, or even adopt a more rigid structure, on DNA binding,.

The structure of the DNA is an important feature of any co-crystal. With-
in the PU.1-DNA complex, there is no significant deviation from B-form
DNA (Fig. 7). The DNA is uniformly curved over the entire length of the 16-
bp duplex with a net change in the helical axis of only 8°. There is a small
widening (~2-3 A) of the minor groove occurring at the midpoint of the
DNA complex. This subtly altered DNA conformation may account for the
unusual DNase I hypersensitive site within the center of the binding site of
all es proteins (Urness and Thummel, 1990; Gunther and Graves, 1994;
Graves et al., 1996; Rao et al., 1997). Two studies have reported biochemi-
cal analysis of the conformation of DNA when bound by e#s proteins. A per-
muted binding site approach suggests that PU.1 bends DNA by 24° (Niko-
lajczyk et al., 1996) whereas similar studies on Elk-1 detected no altered
DNA conformation (Shore et al., 1995). Resolution of this controversy
awaits more biochemical analysis as well as the determination of the struc-
tures of additional ETS domains on a variety of DNA duplexes.

The PU.1-DNA complex provides insight into how the highly conserved
ETS domain recognizes DNA in a sequence-specific manner. First, conserved
residues contact DNA. Nineteen water-mediated or direct contacts to the
bases or phosphate backbone were identified in the PU.1 complex. Approx-
imately half of these contacts are made by either highly conserved or invari-
ant amino acids within the ETS domain (Fig. 2). The bases of the conserved
GGA core are contacted directly by invariant amino acids of the ETS do-
main. Thus, it is not surprising that ets proteins recognize similar DNA-bind-
ing sites. Second, the PU.1-DNA structure indicates that phosphate contacts
may be utilized for sequence-specific DNA recognition. The sequence-spe-
cific position that flank the GGA core are contacted predominantly on the
DNA backbone. In this type of DNA recognition, referred to as indirect read-
out, the DNA sequence determines the conformation of the phosphate back-
bone. The structure is recognized by amino acid contacts to backbone posi-
tions rather than by direct bonding to functional groups on the bases. The
regions of the ETS domain that contact the DNA backbone show more vari-
ability than the recognition helix (H3} of the HTH. The length and sequence
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of the loop between S3 and $4, as well as the turn between H2 and H3, dif-
fer among the efs proteins. Additionally, the amino acid sequences immedi-
ately preceding the amino terminus of H1 diverge. Thus, these regions of ets
proteins may provide discriminating potential within the binding site via the
mechanism of indirect readout.

D. Conclusions

This section has documented the high level of similarity in the mode of
DNA binding by ets proteins. The remarkable concordance of consensus
binding sites is explained by the strong conservation of DNA contact
residues within the ETS domain. DNA-binding specificity among ets proteins
will come only from subtle differences in sequence preference. Nonconsen-
sus binding sites provide the best route to such discrimination. The required
framework is now in place to begin to investigate possible divergent modes
of binding. In spite of these possibilities, it is expected that levels of control,
other than sequence-specific DNA binding, will be required to mediate the
highly specific action of ets proteins.

V. PROTEIN PARTNERSHIPS

A general theme in the regulation of gene expression is combinatorial con-
trol. A complex array of transcription factors regulates every promoter or
enhancer. Recognition of regulatory elements is governed by both pro-
tein—protein and protein—-DNA interactions. These macromolecular interac-
tions help dictate the subset of transcription factors that function on a giv-
en promoter or enhancer. The importance of combinatorial control has been
well-documented with the ets family of transcription factors. The ets pro-
teins act synergistically with a variety of other transcription factors to regu-
late many cellular and viral promoters and enhancers. Synergy in this con-
text describes the phenomenon in which the combined transcriptional
activity of multiple factors is greater than additive. Here, we focus on com-
binatorial control pathways in which DNA binding cooperativity or direct
protein—protein interactions have been detected between the ets protein and
a DNA-binding partner.

There are at least two general classes of ets protein interactions with DNA-
binding partners. In one subset of the known partnerships only a single ets
protein {or evolutionarily related members of a group) participates (e.g., Elk-
1 and SAP-1 with SRF; PU.1 with Pip). This class of interaction typically re-
quires sequences that lie outside of the ETS domain. In other interactions,
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multiple members of the efs family can interact with a regulatory partner
{e.g., ets proteins with Pax-5). At present, these less discriminating interac-
tions appear to be mediated by the ETS domain. As these apparently less-
specific interactions are better understood, additional restrictions or prefer-
ences may be discovered.

We have not comprehensively reviewed all of the ets partnerships, but
rather focused on the best-characterized examples that illustrate the differ-
ent classes of interactions. Additional partnerships are mentioned in Section
VIL The discussion of the regulation of autoinhibition by protein—protein in-
teractions complements this section. There also are other efs-associated pro-
teins that do not bind DNA, some of which will be discussed in Section VI.

A. Partnerships Restricted to a Single ets Protein
or Group

Ternary complex formation on the c-fos promoter provides the best ex-
ample of an ets partnership (for review, see Treisman, 1994). Induction of c-
fos expression by treatment of cells with serum requires the serum response
element (SRE), which is composed of binding sites for the serum response
factor (SRF) and an ets protein. There is substantial evidence that this ets
binding site is bound by Elk-1 or SAP-1, such that a ternary complex with
SRF is formed on the SRE (Shaw et al., 1989). Thus, these mammalian ELK
group proteins often are termed ternary complex factors, TCFs. SRF en-
hances the binding of the TCFs to the SRE because neither Elk-1 nor SAP-1
efficiently recognize the SRE element alone (Dalton and Treisman, 1992; Rao
and Reddy, 1992; Janknecht ez al., 1994). (See Section VIII for more discus-
sion of this partnership.)

The B box, a conserved region among the TCF proteins, is sufficient to
mediate ternary complex formation (Hill et al., 1993). A 30-amino acid pep-
tide encompassing the Elk-1 B box physically interacts with SRF in the ab-
sence of DNA (Shore and Sharrocks, 1994) and single amino acid sub-
stitutions within the B box can disrupt the interaction of this domain with
SRF (Ling et al., 1997). Although there is no high-resolution structural mod-
el of the ternary complex, solution studies indicate that the B box forms an
a helix that presents hydrophobic residues for interaction with SRF (Ling et
al., 1997). These studies illustrate how short protein—protein interaction mo-
tifs provide the specificity for partnerships.

DNA determinants for SRE ternary complex formation include the recog-
nition sites for SRF and the TCFE Surprisingly, the spacing between the two
binding sites can vary over 5 to 30 bp (Treisman et al., 1992). Indeed, SRE
elements in a variety of promoters show considerable diversity in the
arrangement of SRF and ets binding sites. This degree of flexibility is possi-
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ble because the B box is separated from the ETS domain by 50 amino acids.
It is proposed that this region of the TCF is sufficiently flexible to accom-
modate the different spacing needs of SRE elements.

The partnership of PU.1 and Pip (PU.1-interacting protein, previously
known as NF-EMS) represents another well-characterized interaction. Both
proteins are required for the activity of several immunoglobulin light-chain
gene enhancers, including E_;., E,, ,, and E,; , (Judde and Max, 1992;
Pongubala et al., 1992). All three enhancers have juxtaposed binding sites
for PU.1 and Pip. DNA recognition by Pip is completely dependent on the
partnership with PU.1 due to the presence of an autoinhibitory region. Phos-
phorylation of PU.1 is required for ternary complex formation (Pongubala
et al., 1993; Eisenbelis et al., 1995; Brass et al., 1996). The region of PU.1 in-
volved in the interaction includes the sites of phosphorylation and lies N-ter-
minal to the ETS domain (Pongubala et al., 1992). Although PU.1 can func-
tion in isolation on the | chain enhancer (Shin and Koshland, 1993), the
interaction with Pip is clearly important for its specific role on a variety of
the immunoglobulin light-chain enhancers.

A partnership between Ets-1 and members of the small cbf gene family
(Speck and Stacy, 1995) has been studied on several viral and cellular en-
hancers. Transcription assays indicate that Ets-1 and CBFa2 (also known as
AML1) synergistically activate expression of the T cell receptor a and B sub-
units enhancers, as well as the Moloney murine leukemia virus enhancer
(Wotton et al., 1994; Giese et al., 1995; Sun et al., 1995; Mayall et al., 1997).
DNA binding assays demonstrate that Ets-1 and CBF bind cooperatively to
these composite elements (Wotton et al., 1994; Giese et al., 1995). Ets-1 in-
teracts with CBF even in the absence of DNA (Giese et al., 1995). The in-
teraction domain includes a portion of the PNT domain and a nonconserved
region located N-terminal to the ETS domain. The specificity of this inter-
action is questioned by two sets of results. Transient expression studies in-
dicate that both GABPa and Ets-2 also can function with CBF on these com-
posite elements (Sun ez al., 1995). Consistent with this finding, the disruption
of the ets-1 gene in T lymphocytes did not alter production of the T cell re-
ceptor o subunit (Bories et al., 1995) (see Section III). Resolution of this is-
sue will require additional mutational and structural analyses.

B. Partnerships Available to Multiple ets Proteins

Multiple members of the ets family associate with the transcription factor,
Pax-35, a paired box protein (Fitzsimmons et al., 1996). Binding sites for Pax-
5 and ets proteins are essential for high levels of transcription from the B-
cell-specific mb-1 promoter. DNA binding analysis demonstrates that B cell
nuclear extracts contain complexes of Pax-5 and either Fli-1, Ets-1, or GAB-
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Pa. In addition, Net, Elk-1, Ets-1, and Fli-1, but not SAP-1, can be recruit-
ed to form ternary complexes with Pax-5. The DNA-binding domains of
both Pax-5 and the ets proteins are sufficient to mediate cooperative com-
plex formation. An amino acid conserved in the ETS domains of Elk-1, Net,
Fli-1, Fts-1, and GABPa«, but not SAP-1, appears critical for the interaction.
SAP-1 with a substitution to the more conserved residue can efficiently form
ternary complexes with Pax-5. Thus, multiple members of the ets family use
the ETS domain to interact with the Pax-5 regulatory partner. Which ets pro-
tein mediates this function in B cells remains to be resolved.

AP-1 transcription factors also interact with a variety of ets proteins. Ini-
tially, Ets-1 and Jun/Fos synergy was discovered on the polyomavirus en-
hancer; however, no DNA binding cooperativity was reported (Wasylyk et
al., 1990). More recently this partnership has been characterized on the pro-
moter of the tissue inhibitor of metalloproteinases-1 gene (Logan et al.,
1996). In vitro binding studies demonstrate a direct interaction between
Jun/Fos and full-length Ets-1. ERG also functions in combination with Jun
and Fos. This combination of factors synergistically activates the collage-
nase-1 promoter (Butticé et al., 1996). Furthermore, a direct interaction be-
tween ERG and the Jun/Fos heterodimer is detected in the absence of DNA.
In these studies, the regions of Ets-1 and ERG that interact with the Jun/Fos
heterodimer have not been mapped; however, in several other cases, AP-1
proteins have been shown to interact with the ETS domain. ERM binds Jun,
and the region of ERM required for the interaction includes the ETS domain
and the C-terminal extension (Nakae et al.,, 1995). Binding studies per-
formed in the absence of DNA have detected direct protein—protein interac-
tions between Jun and the ETS domain of Ets-1, Elf-1, PU.1, and Fli-1; how-
ever the cellular significance of these in vitro interactions remains to be
confirmed within the context of a transcription assay (Bassuk and Leiden,
1995).

There is surprising promiscuity in the efs partnerships with Pax-5 and AP-
1 proteins. We also noted some question about the specificity of the Ets-
1-CBF interaction. Further investigation will be necessary to determine
whether this redundancy is utilized within a biological context.

C. Oligomerization of ets Proteins

Oligomerization of ets proteins provides another pathway to promoter-
specific gene regulation. Many biochemical studies indicate that the efs pro-
teins bind the GGA recognition sequence as a monomer. An interesting vari-
ation of this mode of binding is observed with GABP, a heterotetramer
composed of two a and two B subunits (LaMarco et al., 1991; Thompson



Ets Proteins 33

et al., 1991; de la Brousse et al., 1994). The «a subunit contains the ETS do-
main and binds DNA, whereas a leucine zipper motif within the B subunit
mediates oligomerization. This subunit configuration directs GABP to rec-
ognize promoters or enhancers with repeated GGA motifs.

Several reports open the possibility that oligomerization of ets proteins
may be possible even in the absence of a second subunit. Elk-1 self-associa-
tion on the c-fos SRE has been reported (Gille et al., 1996). A c-fos SRE qua-
ternary complex composed of two SRF molecules and two Elk-1 proteins
forms when Elk-1 is phosphorylated. Intermolecular association of Elk-1 oc-
curs via the C-terminal region, which contains the critical site of phospho-
rylation. The formation of this quaternary complex appears to correlate with
efficient activation of the ¢c-fos promoter in vivo. TEL has been shown to self-
associate via the conserved PNT domain (see Section II). However, there is
no evidence that TEL self-association plays a role in DNA binding. If the
PNT domain can direct DNA binding of dimers, oligomerization could in-
fluence DNA binding of all ezs proteins with this domain. The possibility of
frequent oligomerization of ets proteins is intriguing because several pro-
moters and enhancers display multiple binding sites for ets proteins {Gitlin
et al., 1991; Wasylyk et al., 1991; Seth et al., 1993; Coffer et al., 1994, Seth
et al., 1994; Villena ez al., 1994).

D. Higher Order Complexes

Enhancers and promoters contain multiple protein complexes. DNA se-
quences directing these arrays can span distances of hundreds of nucleotides.
These assemblages require that intermolecular interactions link together pro-
teins that lie at nonadjacent sites. The role of ets transcription factors with-
in these higher order complexes has been documented in several cases.

A multiprotein complex assembles on the HIV-1 enhancer (Sheridan ez al.,
1995). The enhancer element contains binding sites for LEF-1, Ets-1, TFE-
3, and NF-kB whereas the HIV-1 promoter displays an Sp1-binding site.
These elements are distributed over a region of ~130 bp. Optimal activity
requires a combination of Sp1 and the enhancer-binding proteins. These ac-
tivities have been analyzed on chromatin-assembled templates, demonstrat-
ing a role for Ets-1 in chromatin derepression.

The T cell receptor a subunit enhancer contains DNA-binding sites for Ets-
1, ATF2/CREB, LEF-1, and CBF {Giese et al., 1995; Mayall et al., 1997).
Within this enhancer, the binding sites for Ets-1 and CBF lie adjacent to one
another whereas the binding sites for Ets-1 and ATF2/CREB are separated
by approximately 60 nucleotides. The binding site for LEF-1, an HMG pro-
tein known to bend DNA by 130°, lies in between the Ets-1 and ATF2/CREB
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binding sites. Direct contacts between ATF2/CREB and Ets-1 have been de-
tected in vitro. Moreover, DNase I footprinting assays show that LEF-1 and
ATF2/CREB stabilize the Ets-1/CBF ternary complex. These data together
provide a model in which LEF-1 functions to bend DNA, thereby facilitat-
ing interactions between proteins at nonadjacent sites.

A similar model also has been proposed for the mitogenic stimulation of
the IL-2 receptor a subunit gene in T lymphocytes (John ez al., 1995). Two
mitogen-responsive elements bind the proteins NF-kB, HMG-1(Y), SRF, and
Elf-1. Deletion or mutation of either the HMG-1(Y) or Elf-1 binding sites
greatly diminishes promoter activity. In vitro binding studies demonstrate
that Elf-1 physically interacts with HMG-1(Y) as well as the NF-«B subunits,
p50 and c-Rel, in the absence of DNA. The Elf-1 and NF-«B binding sites
are separated by hundreds of nucleotides. Binding sites for HMG-1(Y) are
located in the intervening sequences. Thus, it is proposed that formation of
a stereospecific complex requires HMG-1{Y) to bend DNA and bring Elf-1
in close proximity to NF-«B.

E. Conclusions

Cooperative DNA binding within a protein partnership enhances the pro-
moter specificity of transcription factors. In the case of ets proteins, a single
ETS domain can recognize 9 to 15 bp of specific DNA sequence. Although
there may be little discrimination between ets proteins at this primary step
in promoter recognition, a protein partnership can expand the specificity of
promoter recognition in two ways. First, the binding site of the partner pro-
tein likely spans 10 to 20 bp of specific sequence; thus, recognition of the
ternary complex would require a significantly larger DNA element. Second,
a protein interaction domain involving even a small structural element such
as an « helix or extended arm can provide additional stabilizing contacts for
the ets protein. These protein—-protein contacts could enhance significantly
the affinity of the ets protein for the promoter sites.

Although numerous partnerships have been identified, the protein inter-
action domains used by the ets proteins have not been fully characterized.
Conserved regions such as the ETS domain are implicated; however, other
interaction domains show little sequence conservation. High-resolution
structural data with accompanying mutational and biochemical analyses are
needed to map definitively contact residues and establish the relative affini-
ty and specificity of any proposed protein—protein interaction. As in the case
of DNA-protein interactions, this level of resolution of protein—protein in-
teractions will provide a framework for understanding the specificity of these
important macromolecular interactions.
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VI. TRANSCRIPTIONAL ACTIVATION
AND REPRESSION

Transcription factors can either activate or repress gene expression. There
are two general classes of mechanistic models for these activities in eukary-
otic systems. First, regulatory transcription factors can interact with the gen-
eral transcriptional machinery (e.g., TBP, TFIIA, TFIIB, or the RNA poly-
merase holoenzyme). These interactions can be direct or mediated by adaptors,
termed coactivators or corepressors. Second, regulatory transcription factors
can affect the repressive effects of chromatin. Again, this mechanism can em-
ploy either coactivators or corepressors. Regulatory transcription factors
have independent domains that mediate these functions [e.g., transactivation
domains (TADs)]. It is generally assumed that these domains function by
contacting the basal machinery or in binding cofactors.

The sequence-specific DNA-binding properties of ets proteins strongly
suggest that these proteins regulate transcription. This premise is supported
by the common occurrence of binding sites for ets proteins within the pro-
moters and enhancers of a wide assortment of genes. Furthermore, ets pro-
teins act as transcriptional activators or repressors in a variety of assays.
Transcriptional activity provides several avenues to generate specificity among
ets proteins. First, there are both transcriptional activators and repressors in
the family. Furthermore, these activation and repression domains are not
highly conserved among ets proteins. Thus, it is possible that different ets
proteins will use distinct coactivators or corepressors and mediate gene ex-
pression by different mechanisms.

A. Activators

Activation function has been studied in almost a dozen ets family mem-
bers. Transcription activation domains must be identified functionally be-
cause there are no sequence motifs that definitively delineate such a domain.
Nevertheless, TADs are often characterized by the abundance of a particu-
lar amino acid. There are proline-rich and glutamine-rich domains as well as
ones with a preponderance of acidic residues. Furthermore, hydrophobic
residues have been implicated as critical features within all classes of activa-
tion domains. The TADs of ets proteins bear hallmarks of well-characterized
activation domains. For example, two separate domains of PU.1 function in
activation (Hagemeier et al., 1993; Shin and Koshland, 1993; Kominato et
al., 1995; Klemsz and Maki, 1996). One is rich in acidic residues and the
other is marked by a set of glutamine residues.

There is no overall sequence conservation among the TADs of the ets fam-
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ily; nevertheless, these functional domains show some similarity among the
highly related ets proteins. Two TADs are present in ERM (Laget et al., 1996).
One region lies at the extreme N terminus in an acidic region that is conserved
within the PEA3 group. Likewise, the TAD of the vertebrate ELK group pro-
teins maps to a conserved C-terminal region, termed the C box (Bhattacharya
etal., 1993; Marais et al., 1993; Janknecht et al., 1994). TADs within the ETS
and ERG group proteins map to a central location within the gene structure.
A TAD, rich in acidic residues, lies between the PNT domain and ETS do-
main in both Ets-1 and Ets-2 of the ETS group (Schneikert et al., 1992). The
ERG group proteins, Erg and Fli-1, have a TAD in the analogous central re-
gion (Rao et al., 1993; Siddique et al., 1993). In each case, the conserved po-
sitioning and sequence conservation of these TADs are consistent with the
evolutionary relatedness of these genes. There is, however, minimal sequence
conservation. This sequence variation could reflect the lack of strict sequence
requirements for activation domains. Alternatively, divergence could result
from functional distinctions. Additional studies are necessary to determine
whether activation mechanisms are conserved within these groups.

The mechanism of activation has been investigated in only a few ets pro-
teins. PU.1 has been shown to interact directly with TBP (Hagemeier et al.,
1993). CBP and p300 are coactivators that display histone acetylase ac-
tivity and are proposed to mediate chromatin remodeling (Bannister and
Kouzarides, 1996). These coactivators function within a growing number of
transcription factors (Janknecht and Hunter, 1996) and are expected to as-
sist at least a subset of the ets proteins. Indeed, the coactivator CBP has been
shown to work with SAP-1a (Janknecht and Nordheim, 1996). The TBP-as-
sociated factors (TAFs) function as coactivators for specific classes of TADs,
such as the glutamine-rich activation domains (Verrijzer et al., 1995). Thus,
these general coactivators are expected to function with some of the ets pro-
teins. In an unusual case, GABPa activates transcription by using a gene-spe-
cific coactivator. The TAD lies in the B subunit of GABP, not in GABPq,
which bears the ETS domain (Gugneja et al., 1995, 1996). Thus, the activa-
tion function of the ets protein GABPa is specifically controlled by the avail-
ability of a second protein, GABP. In conclusion, there could be a variety
of mechanisms available for mediating transcriptional activation within the
ets family. Further work is necessary to characterize this level of regulation.
The emerging picture suggests that there is definitively potential for diver-
gence among family members.

B. Repressors

A few ets proteins have been characterized as transcriptional repressors.
In several cases the repression function of one ets protein has been proposed
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to counter the activation activity of a second ets protein. A simple interfer-
ence mechanism could be operating in which the two ets proteins (one with
a TAD and one without) compete for binding to the same promoter element.
More active repression models require the recruitment of corepressors and
predict the existence of domains on the efs proteins that interact with core-
pressors. A combination of these two mechanisms also could be functioning
as illustrated in the case of ERFE. This efs protein functions as a repressor of
a variety of promoters and enhancers in transient expression assays (Sgouras
et al., 1995). In this assay system, ERF also can compete with ets proteins
that are activators. A repression domain has been mapped to lie at the car-
boxyl terminus of ERFE.

Drosophila Yan negatively regulates photoreceptor cell differentiation (Lai
and Rubin, 1992; O’Neill et al., 1994; Rebay and Rubin, 1995). Yan is pro-
posed to act as a transcriptional repressor to counteract the activator Pnt P2,
These opposing activities have been reconstituted in transient expression as-
says. The reciprocal expression of these ets genes in photoreceptor cells sup-
ports a model in which genes required for differentiation are first repressed
by Yan, then activated by Pnt P2.

Alternate utilization of ets proteins in repression and activation also is ob-
served in the case of the two isoforms of Drosophila E74. E74B is truncat-
ed in comparison to E74A and retains only the ETS domain (Burtis et al.,
1990). Production of E74A and E74B is directed by two different promot-
ers. Expression of the E74 locus is controlled by the steroid hormone
ecdysone; the E74B promoter responds to low levels of ecdysone whereas the
E74A promoter is activated only at high levels of ecdysone (Karim and
Thummel, 1991). As a consequence, E74B synthesis precedes E74A produc-
tion during the rise in ecdysone that directs metamorphosis. This expression
pattern suggests that these two E74 proteins play different roles in the con-
trol of Drosophila metamorphosis. Indeed, ectopic expression experiments
and mutant studies suggest that E74B represses the same genes that E74 ac-
tivates (Fletcher and Thummel, 1995).

C. Conclusions

One of the first steps in understanding the mechanistic basis of transcrip-
tional activation and repression is the identification of regulatory transcrip-
tion factors that mediate these processes. The ets family provides examples
of both transcriptional activators and repressors. The ets proteins that func-
tion in activation have domains that are similar to the TADs characterized
in other transcription factors. Although ets proteins that function in repres-
sion are less well-studied, an interesting regulatory strategy has been detect-
ed in which ets repressors function as antagonists of ets activators. Addi-
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tional novel insights are expected as this area of investigation receives more
attention.

To function as transcription factors the ets proteins must retain both a
structural motif that binds DNA and also domains that mediate activation
or repression. Although DNA binding requires a highly-conserved domain,
more divergence is tolerated in the sequences that function in transcription.
Activation and repression domains lie outside of the ETS domain and no se-
quences are conserved among all ets family members. Although we have not-
ed that there is some conservation of sequence and position of activation do-
mains within groups of highly related family members, the general picture is
one of divergence. Thus, in the case of both activators and repressors, dis-
tinct mechanistic routes may be used by different ets proteins, suggesting that
transcription function can provide some solution to the specificity problem.

VII. SIGNAL TRANSDUCTION

Numerous transcription factors are regulated by extracellular signals. This
type of regulation is commonly mediated by posttranslational modifications,
with phosphorylation being the best documented. Signal transduction path-
ways, whose components include cell surface receptors and kinase cascades,
are being intensively investigated in many systems; however, complete path-
ways connecting receptors to nuclear factors are known in only a few cases.
Signaling cascades modulate the availability or activity of a particular tran-
scription factor by a variety of mechanisms. For example, phosphorylation
can affect DNA binding, protein—protein interactions, and the function of
transcription activation domains. The control of nuclear import and export
of transcription factors also can be regulated by phosphorylation.

Signaling regulates the activity of a variety of ets proteins. Indeed, the ets
family of transcription factors is remarkable for its frequent appearance in
signal transduction pathways. We will focus on the ets proteins that have
been placed in well-characterized pathways. In all of these cases, a MAP ki-
nase (MAPK) modifies the ezs protein. MAP kinases are the final step in sig-
naling pathways that initiate with a receptor tyrosine kinase, then utilize GT-
Pases (e.g., Ras) and serine/threonine kinases (e.g., RAF and MEK) to
transduce the signal from the cell surface to a nuclear target. Members of the
ETS, YAN, and ELK groups, from both invertebrates and vertebrates, are
targets of MAPKSs.

A. ELK Group Regulation

Members of the ELK group in mammals [Elk-1 and SAP-1a; also known
as ternary complex factors (TCFs)] are regulated by MAP kinase signal-
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ing pathways (for review, see Treisman, 1994). These proteins function in
combination with the serum response factor (SRF) to mediate the respon-
siveness to growth factors. SRF forms a ternary complex with any of the
TCFs on serum response elements (SREs) (see Section V for additional dis-
cussion). The activity of an SRE is stimulated by whole serum or specific
growth factors, as well as pharmacologically by TPA. The best-characterized
target gene is the early growth response gene c-fos. The TCFs show high se-
quence similarity in three regions: the ETS domain; the B box, which medi-
ates interacting with SRF; and the C box, which includes the transactivation
domain. Growth factor stimulation leads to phosphorylation within the C
box, and the major effect of this modification is enhanced transcription ac-
tivity.

Substantial data support this general picture for Elk-1 and SAP-1a (for re-
view, see Treisman, 1994; also Hipskind et al., 1994; Hill and Treisman,
1995; Janknecht et al., 1995; Price et al., 1995; Whitmarsh et al., 1995); In
vitro experiments show that the MAP kinase ERK phosphorylates the same
sites modified iz vivo in response to extracellular stimuli. Constitutively ac-
tivated components of the Ras/MAPK signaling pathway (e.g., v-ras, ANraf,
ERKP319N) can stimulate Elk-1 and SAP-1a. Point mutations that disrupt
sites of phosphorylation interfere with activation. Because in vivo footprint-
ing data indicate that a ternary complex is present at the SRE in unstimu-
lated cells, it was proposed that phosphorylation would affect only transac-
tivation activity. Indeed, augmentation of transcription activation, independent
of DNA binding, is clearly demonstrated by the study of chimeric transcrip-
tion factors. The Elk-1 transactivation domain fused to a heterologous
DNA-binding domain can respond to MAPK signaling. In this context the
C box is modified and displays enhanced transcription activity (Hill et al.,
1993). In the case of Elk-1, phosphorylation also stimulates DNA binding
in both the presence and the absence of SRF (Kortenjann et al., 1994; Gille
et al., 1995, 1996; Shore et al., 1996).

Interestingly, SAP-2/Net is distinct from Elk-1 and SAP-1a in its response
to serum stimulation and ERK-dependent phosphorylation (Giovane et al.,
1994; Lopez et al., 1994; Price et al., 1995; Maira et al., 1996). DNA-bind-
ing activity and ternary complex formation on the SRE is much reduced rel-
ative to ELK-1 and SAP-1. Phosphorylation-dependent activation of the Net
C box is below the level observed with Elk-1 and SAP-1. In fact, whole serum
fails to stimulate the TAD of Net when it is fused to a heterologous DNA-
binding domain. It remains to be resolved whether a different regulatory
pathway controls Net function.

The linkage of a kinase to its substrate is difficult in vertebrate systems.
For example, multiple MAP kinases have overlapping substrate specificity.
The issue of specificity among MAP kinases, p38, ERK, and JNK, and ets
proteins Elk-1 and SAP-1a, has been explored (Cavigelli et al., 1995; Gille
et al., 1995; Price et al., 1995; Strahl et al., 1996; Whitmarsh er al., 1997).
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Although all three kinases activate Elk-1, under most conditions only ERK
and p38 activate SAP-1a; however, in one case it is reported that JNK can
stimulate SAP-1a (Janknecht and Hunter, 1997).

The Ras/MAP kinase signaling pathway in C. elegans also targets an ELK
group protein, Lin-1 (Beitel et al., 1995). This pathway is important for
many different developmental processes in C. elegans; however, Lin-1 is
uniquely required in vulva cell lineage differentiation. At present no target
for Lin-1 transcriptional activity is known and there is no molecular analy-
sis of possible phosphorylation sites. Nevertheless, the genetic tools available
in C. elegans should assist in addressing these issues and completing the sig-
nal transduction pathway from the receptor to the target gene.

B. ETS and YAN Group Regulation

Two Drosophila ets proteins, Pnt P2 and Yan, are targets of the Ras/MAP
kinase pathway. These two transcription factors, as well as the other com-
ponents of the Ras/MAPK cascade, were identified by genetic analysis of
Drosophila photoreceptor cell differentiation (Lai and Rubin, 1992; Klambt,
1993; Brunner et al., 1994; O’Neill et al., 1994; Wassarman et al., 1995).
Both Pnt P2 and a truncated version of Yan are phosphorylated in vitro by
a MAP kinase (Brunner et al., 1994). A single MAPK site lies just N-termi-
nal to the PNT domain in Pnt P2 (Fig. 3). There are nine potential MAPK
sites in Yan; however, mutational analysis has indicated that only one site is
crucial for regulation.

Genetic studies indicate that Yan represses photoreceptor differentiation
and that Ras/MAPK signaling inactivates this repression. Both genetic and
molecular analyses support a model in which phosphorylation causes the ex-
port of Yan out of the nucleus (Rebay and Rubin, 1995; Treier et al., 1995).
Subsequent degradation of Yan also may be regulated by the MAPK signal-
ing. Genetic analyses indicate that Pnt P2 positively regulates Drosophila
photoreceptor differentiation through the Ras/MAPK signaling pathway
(O’Neill ez al., 1994). Pnt P2, the isoform of the Pointed locus, which retains
the MAPK site and nearby PNT domain, is responsive to signaling cues; how-
ever, the mechanism of activation of Pnt P2 is not known. Pnt P2 cooperates
with a second transcription factor, D-Jun, and a potential target gene for
this cooperative partnership is phyllopod (Treier et al., 1995). Thus, this
Drosophila system provides a complete signaling pathway, with events at the
cell surface being linked to specific events in the nucleus.

MAP kinase-dependent signaling pathways also regulate the mammalian
ETS group proteins, Ets-1 and Ets-2. As in the case of Pnt P2 (Fig. 3), the
consensus sequence for a MAP kinase phosphorylation site lies near the PNT
domain of Ets-1 and Ets-2. This site in Ets-1 can be phosphorylated in vitro
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with the MAP kinase ERK2 (Rabault ez al., 1996). Ras activation of intra-
cellular signaling leads to an increase in transcriptional activity of Ets-1 and
Ets-2 in transient expression assays. Both the super activation and in vivo
phosphorylation are dependent on the integrity of the MAPK phosphoryla-
tion site (Yang et al., 1996). Activated RAF also stimulates Ets-2 transcrip-
tion activity. In this context MAPKs p42 and p44 specifically participate in
Ets-2 phosphorylation (McCarthy et al., 1997).

Similar to the case of Pnt P2, the mechanism by which phosphorylation
activates Ets-1 and Ets-2 is not known. Phosphorylation could affect the
transactivation activity of Ets-1 or Ets-2 because the site maps near the TAD
of both proteins. However, effects on DNA binding or protein-protein in-
teractions cannot be eliminated. Finally, it is not known which specific re-
ceptor tyrosine kinase initiates the signaling cascade that is responsible for
the activation of Ets-1 and Ets-2 during normal control of growth and dif-
ferentiation.

C. Ras-Responsive Elements

Ectopic expression of constitutively active Ras can stimulate expression of
a diverse group of genes. Ras-responsive elements (RREs) within promoters
and enhancers contain ets binding sites, suggesting that ets proteins play a
role in ras-mediated transformation. Similar to the SRE, these RREs are usu-
ally composite elements. In one class of RRE, the ets binding site is flanked
by an AP-1 site. This composite element is found in several transcriptional
control regions, including the enhancer of the polyomavirus (Wasylyk ez al.,
1990; Bruder et al., 1992), the promoter of several metalloprotease genes
[e.g., urckinase plasminogen activator (Stacey et al., 1995) and collagenase
(Gutman and Wasylyk, 1990)], as well as in the promoters of the macrophage
scavenger receptor gene (Wu et al.,, 1994) and the heparin-binding epider-
mal growth factor gene (McCarthy et al., 1997). In contrast, the RRE of the
prolactin promoter is composed of binding sites for ets proteins and Pit-
1/GHF-1 (Bradford et al., 1995, 1996; Howard and Maurer, 1995). Al-
though the synergy between Ets-1 and GHF-1 does not require the MAPK
phosphorylation site in Ets-1 (Bradford et al., 1997), Ras stimulates the tran-
scription activity of this partnership. A variety of other ets proteins that are
not in the ETS, ELK, or YAN groups also have been implicated in Ras/MAPK
pathways by preliminary studies [e.g., ERM (Janknecht ef al., 1996), GAB-
Pa (Flory et al., 1996), ER81 (Janknecht, 1996), and ERF {Sgouras et al.,
1995)]. Thus, it remains unresolved precisely which ets proteins function on
RREs and participate in ras-mediated transformation.

Additional phosphorylation events are discussed in other sections of this
review. These include the modulation of the PU.1-Pip partnership by phos-
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phorylation of PU.1 (see Section V) and the modulation of the DNA bind-
ing of Ets-1 by calcium-dependent signaling pathways (see Section VIII). The
growing list of ets proteins that respond to signaling strongly indicates that
this is a major regulatory pathway for the ets family.

D. Conclusions

We have summarized evidence that the Rass/MAPK signaling pathways
modulate the activity of ets proteins. The data are most extensive for mem-
bers of the ELK, ETS, and YAN groups; nevertheless, members of other
groups are likely to be modulated by signaling input. Posttranslational mod-
ifications can augment the specificity of individual ets family members. Al-
though multiple ezs proteins may be expressed in a particular cell type, their
specific activities may be differentially regulated by the responsiveness of the
cell to signaling cues. Because sites of phosphorylation lie outside of the most
highly conserved ETS domain, the responsiveness to a particular signaling
cascade can be distinct among the different ets proteins. We described an ex-
treme example of this differential regulation in the case of Pnt P2 and Yan
in which phosphorylation inactivates one factor and stimulates the activity
of another. Thus, the link of ets proteins to signal transduction pathways pro-
vides a route to enhanced specificity.

The regulation of ets proteins by signaling pathways is an exciting and fast-
moving direction with many unanswered questions. It will be interesting to
determine whether other signaling pathways also regulate members of the
ets family and whether ets protein activities are modulated by phosphoryla-
tion in novel ways. The available biochemical and genetic tools should bring
excellent progress in this area within the next few years.

VIII. AUTOINHIBITION

Transcription factors are modular proteins with individual domains for
DNA binding, transactivation, and subunit association. Additional regions
exist within transcription factors that negatively regulate these functional
domains. Such inhibitory regions are defined by their absence; the activity of
a domain is enhanced when the inhibitory sequences are removed. In this
way, individual domains of transcription factors can be repressed, most like-
ly through intramolecular interactions, until a regulatory pathway inacti-
vates the autoinhibition.

The ets family has emerged as a model system to study the phenomenon
of intramolecular inhibition. Both DNA binding and transactivation are neg-
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atively regulated by an autoinhibitory mechanism in a variety of ets proteins.
Protein—protein interactions between cooperative DNA-binding partners, as
well as posttranslational modifications, have been implicated in derepres-
sion. Thus, autoinhibition is linked to other control pathways that regulate
the specificity of ets proteins.

A. DNA Binding

In at least six members of the ets family, the intrinsic DNA binding activ-
ity of the ETS domain is repressed by inhibitory sequences. Deletion and par-
tial proteolysis experiments demonstrate that the ets proteins SAP-1, Elk-1,
Net, Ets-1, Ets-2, and ERM contain regions that negatively regulate DNA
binding (Dalton and Treisman, 1992; Hagman and Grosschedl, 1992; Lim
et al., 1992; Rao and Reddy, 1992; Wasylyk et al., 1992; Fisher et al., 1994;
Giovane et al., 1994; Janknecht et al., 1994; Lopez et al., 1994; Petersen et
al., 1995; Price et al., 1995; Jonsen et al., 1996; Laget et al., 1996; Maira et
al., 1996). Although inhibitory sequences that negatively regulate DNA
binding and transactivation have been discovered in a significant number of
other transcription factors, including p53 (Hupp et al., 1992), HSF (Green
et al., 1995), and C/EBPB (Williams et al., 1995), no other family of tran-
scription factors has been shown to use autoinhibition as such a prominent
mechanism for regulating DNA binding activity.

The most complete picture of how autoinhibition can regulate DNA bind-
ing comes from molecular and structural studies of Ets-1. Two regions of Ets-
1, N- and C-terminal to the ETS domain, act together to decrease the DNA-
binding affinity 10- to 20-fold (Hagman and Grosschedl, 1992; Lim et al.,
1992; Wasylyk et al., 1992; Fisher et al., 1994; Petersen et al., 1995; Jonsen
et al., 1996). Three o helices (HI-1, HI-2, and H4) that are located in the N-
and C-terminal inhibitory regions interact with the first helix of the ETS do-
main (H1) to form an inhibitory module (Fig. 9) (Donaldson et al., 1996;
Skalicky et al., 1996). Thus, the two inhibitory regions are both structural-
ly and functionally linked. Insight into the mechanism of inhibition came
from the finding that an a helix within the N-terminal inhibitory region un-
folds on DNA binding (Petersen et al., 1995). These data indicate that DNA
binding leads to disruption of the inhibitory domain. Thus, DNA binding
and the integrity of the inhibitory module appear to be mutually exclusive;
DNA binding disrupts the inhibitory domain and reestablishment of the in-
hibitory module destabilizes DNA binding. The recent finding that helix H1
of the ETS domain is directly involved in DNA binding provides a possible
mechanism for this model. The DNA contacts made by H1 may preclude in-
tramolecular contacts between this helix and the inhibitory helices (HI-1, HI-
2, and H4).
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ETS domain

Hi-1 HI-2 Hi 81 82 H2 H3 S3 S4 H4

Inhibitory Inhibitory

Fig. 9 Model of autoinhibition within the Ets-1 protein. (A) Secondary structure elements of
the Ets-1 ETS domain and autoinhibitory sequences (Donaldson et al., 1996; Skalicky et al.,
1996). The « helices are depicted as rectangles and the B strands as arrows. (B) Tertiary struc-
ture of the Fts-1 inhibitory module and the ETS domain in the presence and absence of DNA
as based on NMR-derived structural data and biochemical analyses. Orientation on DNA is
modeled from structural analyses of PU.1-DNA (Kodandapani et al., 1996) and Ets-1-DNA
complexes (Werner et al., 1995). In the absence of DNA (left panel), the inhibitory module ex-
ists as a four-helix-like bundle structure composed of the N- and C-terminal inhibitory helices
(HI-1, HI-2, and H4) as well as H1. Note that H1 is also a component of the ETS domain, thus
structurally coupling inhibition and DNA binding. On binding DNA (right panel), disruption
of the inhibitory module occurs and HI-1 unfolds (Petersen et al., 1995; Jonsen et al., 1996).

Figure 10 shows the location of inhibitory sequences that autoregulate
DNA binding. The number and positions of the autoinhibitory regions vary
among the family members. These variations may reflect differences in the
mechanisms of autoinhibition. Indeed, in contrast to Ets-1, the flanking in-
hibitory regions within ERM do not function cooperativly to mediate inhi-
bition (Laget et al., 1996). Furthermore, the autoinhibitory domain within
Net is distinct from the other ELK group proteins, Elk-1 and SAP-1 (Price et
al., 1995; Maira et al., 1996). Moreover, sequences responsible for mediat-
ing inhibition are only conserved within highly-related ets genes. The in-
hibitory sequences of SAP-1 and Elk-1 lie in the conserved B box. Likewise,
the inhibitory regions of Ets-1 and Ets-2 display sequence similarity. In con-
trast, there is no sequence conservation among inhibitory regions from the
different gene groups, PEA3 (ERM), ELK (Elk-1, SAP-1 and Net), and ETS
(Ets-1 and Ets-2).
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PNT domain ETS domain
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Fig. 10 Autoinhibitory sequences within ets proteins. Sequences that mediate repression of
DNA binding are indicated by the stippled areas (Dalton and Treisman, 1992; Petersen et al.,
199S; Price et al., 1995; Jonsen et al., 1996; Laget et al., 1996; Skalicky et al., 1996). The ETS
domain is solid black. The PNT domain is indicated in gray. Note the differences in numbers of
inhibitory regions and their positioning with respect to the ETS domain. Note also that the B
box in Elk-1 and SAP-1 mediates both DNA binding autoinhibition and protein-protein inter-
actions with SRF. Additional mapping of Ets-1, Ets-2, Elk-1, and Net autoinhibitory sequences
has been performed and yields results similar to those illustrated here (Hagman and Grosschedl,
1992; Lim et al., 1992; Rao and Reddy, 1992; Wasylyk et al., 1992; Fisher et al., 1994; Gio-
vane et al., 1994; Janknecht et al., 1994; Lopez et al., 1994; Maira et al., 1996).

The frequent repression of DNA binding within the efs family is intrigu-
ing. It will be interesting to determine whether a conserved feature of the ETS
domain is targeted in each case. Perhaps the high degree of sequence con-
servation found within the ETS domain and the high affinity of DNA bind-
ing of the isolated ETS domain require this additional level of regulation.
Consistent with this idea is the absence of autoinhibitory regions in PU.1,
one of the most highly divergent vertebrate member of the ets family.

B. Activation

Transcriptional activation is also regulated by autoinhibition. ERM is the
best-studied case (Laget et al., 1996). To map an ERM transactivation do-
main, a heterologous DNA-binding domain from the yeast protein GAL4
was fused to ERM. On deletion of the ERM ETS domain, transactivation by
the fusion protein increases ~20-fold. Disruption of the DNA-binding ac-
tivity of the ETS domain has no effect on the repression. Thus, the ETS do-
main acts as a negative regulator of ERM transcriptional activity by a mech-
anism that is independent of DNA binding. Autoinhibition of the Elk-1 TAD
is also detectable, although at a more modest level. An EIk—-GAL4 fusion pro-
tein has threefold higher activation activity when the ETS domain is deleted
(Janknecht et al., 1994). Similar findings are reported for Ets-1 and Ets-2
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(Schneikert et al., 1992; Chumakov et al., 1993). This suggests that within
the ets proteins ERM, Elk-1, Ets-1, and Ets-2, intramolecular coupling of the
TAD and DNA-binding domains occurs to regulate transactivation. It will
be interesting to investigate whether a conformational change is part of this
inhibitory mechanism.

C. Derepression of Inhibition

Intramolecular inhibition provides a pathway for regulation of ets pro-
teins. For some members of the ets family, derepression of DNA binding in-
hibition is directly coupled to intermolecular protein—protein interactions.
The full-length proteins, SAP-1a and Elk-1, bind the SRE weakly or not at
all (Dalton and Treisman, 1992; Rao and Reddy, 1992; Janknecht et al.,
1994; Price et al., 1995). Deletion of the inhibitory sequence element, the B
box, activates SAP-1a and Elk-1 autonomous binding. The full-length SAP-
1a and Elk-1 proteins also have high affinity for the SRE in the presence of
SRF. These findings indicate that release of inhibition occurs on ternary com-
plex formation with SRF (see Section V). Interestingly, the B box containing
the inhibitory domain also mediates ternary complex formation with SRE
Thus, the B box participates in two different protein—protein interactions:
intramolecular interactions that mediate autoinhibition and intermolecular
interactions that are required for cooperative DNA binding with SRE. Mu-
tation of amino acids required for SRF interaction does not release autoin-
hibition, implying that the two functions require different residues of the B
box (Ling et al., 1997).

Derepression of transactivation autoinhibition within ERM also may be
coupled to intermolecular protein—protein interactions. Jun has been shown
to enhance the transactivation activity of ERM in assays utilizing the
ERM-GAL4 fusion proteins (Nakae et al., 1995). Enhancement requires
both the transactivation domain and the ETS domain. An interaction be-
tween Jun and ERM has been demonstrated and mapped to the carboxyl-
terminal portion of ERM, which contains the ETS domain. In a model sim-
ilar to that proposed for Elk-1 and SRF, intermolecular interactions between
Jun and the ERM inhibitory domain release autoinhibition.

Posttranslational modifications also provide a mechanism for derepression
of autoinhibition. In the case of Elk-1, effects of phosphorylation on inhibi-
tion are superimposed on the regulation of autoinhibition by SRF interac-
tion. As discussed above, Elk-1 is phosphorylated via a MAP kinase path-
way. Phosphorylation of Elk-1 enhances ternary complex formation with
SRF on the c-fos SRE (Gille et al., 1995). A calcium-dependent signaling
pathway appears to regulate the DNA binding activity of Ets-1. However, in
this case modification lowers the DNA binding activity (Rabault and Ghys-
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dael, 1994). Importantly, the sites of phosphorylation are clustered near and
within the N-terminal inhibitory region (Fig. 9). Therefore, phosphorylation
could be a mechanism to stabilize the inhibitory module and reinforce re-
pression. Due to this added repression, regulatory pathways that activate
DNA binding may be very important to Ets-1 function.

D. Conclusions

Many routes to specificity of ets proteins converge at the level of autoin-
hibition. Two major functions, DNA binding and transactivation, are in-
hibited. By adding a layer of regulation to these vital functions, the activities
of ets proteins can be differentially modulated. In the characterized cases, in-
hibitory sequences lie outside of the highly conserved ETS domain; thus,
unique pathways for derepression are easily envisioned. Protein partnerships
and signaling cascades play roles in derepression. Autoinhibition strength-
ens the requirement for a protein partner. The low DNA binding activity of
the repressed protein may prevent any biological activity until a partner is
present. Regulation of inhibition by signaling pathways provides a mecha-
nism by which protein modifications can affect functions such as DNA bind-
ing and transactivation. Linkage of protein modifications to autoinhibition
provides regulatory pathways that can be unique for each ets protein. Thus,
autoinhibition can contribute to the biological specificity of ets proteins.

IX. PERSPECTIVES: ets PROTEINS AND CANCER

The review of ets proteins as transcription factors provides a framework
for understanding their role in human cancer. The route to oncogenesis by a
transcription factor is likely to be indirect, functioning through a change in
expression of target genes. Although we do not yet have a list of what these
target genes may be for the ets family, we can predict the routes to misregu-
lation. We have described how the accurate control of gene expression by ets
proteins is dependent on a large number of regulatory steps. Specificity for
a particular target gene relies first on the DNA-protein interaction, which is
set both by the affinity and the specificity of the interaction as well as the
availability of active molecules in the nucleus. Additional layers of regula-
tion, including protein partnerships, modifications directed by signaling
pathways, and autoinhibitory sequences further limit the range of function
of ets proteins. To summarize, we use Elk-1, which illustrates all of these lev-
els of control {Fig. 11). Functional domains of Elk-1 include the ETS domain
for DNA binding, the B box for protein—protein interactions, and the C box



48 Barbara . Graves and Jeannine M. Petersen

MAPK Signaling Pathways

SRE

Fig. 11 Multiple levels of control of Elk-1. Regions of Elk-1, including the DNA-binding do-
main (ETS domain), autoinhibitory sequences (B box), a protein partner interaction domain (B
box), and the transcriptional activation domain (C box), regulate Elk-1 activity at the serum re-
sponse element (SRE). Phosphorylation adds an additional level of control. In the model, au-
tonomous DNA binding of Elk-1 is negatively regulated by the autoinhibitory sequences with-
in the B box. For simplicity, we have depicted the B box interacting with the ETS domain.
Cooperative DNA binding with the serum response factor (SRF) to the SRE releases autoinhi-
bition; direct protein—protein contacts occur between the Elk-1 B box and the SRF to mediate
this derepression. Phosphorylation of the C box directed by the Ras/MAPK signaling pathway
increases the interaction between SRF and Elk-1 and also stimulates Elk-1 transcriptional ac-
tivity. The conformational change that accompanies Elk-1 binding to the SRE is based on data
from Ets-1 showing that a conformational change occurs within the inhibitory domain on DNA
binding. TAD, Transactivation domain.

for transactivation. DNA binding is negatively regulated by an autoin-
hibitory pathway that requires the B box and the ETS domain such that Elk-
1 cannot efficiently bind DNA in the absence of a protein partner. Dere-
pression involves cooperative DNA binding with the protein partner SRF;
the B box is necessary for this protein—protein interaction. Phosphorylation
of the C box in response to Ras/MAPK signaling stimulates the activation
function of Elk-1 and also increases the efficiency of the SRF interaction and
DNA binding.

The numerous layers of control that modulate e#s protein specificity pro-
vide a variety of routes for misregulation and, thus, altered gene expression.
Overexpression, as observed in the case of insertional activation by retro-
viruses, is a simple scenario in which the higher concentration of an ets pro-
tein leads to DNA binding at new sites or binding to sites independent of a
partner protein. Loss of an autoinhibitory domain, as might happen in chro-
mosome rearrangements, provides another route. Derepression of DNA
binding or transactivation activity would then lead to misregulation of tar-
get genes. Finally, alteration of signaling cascades could affect ets protein ac-
tivity. In this case an ets protein could play a role in oncogenesis without be-
ing genetically altered or expressed at abnormal levels. Recall the case in
which mutation in ras lead to changes in gene expression of ets target genes
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with Ras-responsive elements. In conclusion, all of the regulatory strategies
that provide specificity for ets proteins could be altered such that target gene
expression is affected. Thus, oncogenetic transformation by ets proteins like-
ly involves the disruption of one of the many control mechanisms that gen-
erate specificity.
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Kaposi’s sarcoma (KS) is a vascular tumor predominantly found in the immunosup-
pressed. Epidemiologic studies suggest that an infective agent is the etiologic culprit. Ka-
posi’s sarcoma-associated herpesvirus (KSHV), or human herpesvirus-8 (HHV-8), is a
gamma human herpesvirus present in all epidemiologic forms of KS and also in a rare
type of a B cell lymphoma, primary effusion lymphoma (PEL). In addition, this virus is
present in most biopsies from human immunodeficiency virus (HIV)-associated multi-
centric Castleman’s disease (MCD). MCD is a lymphoproliferative disorder with, like
KS, a prominent microvasculature. The genome of KSHV contains the expected open
reading frames (ORFs) encoding for enzymes and viral structural proteins found in oth-
er herpesviruses, but it also contains an unprecedented number of ORFs pirated during
viral evolution from cellular genes. These include proteins that may alter cellular growth
(e.g., Bcl-2 and cyclin homologs), induce angiogenesis {e.g., chemokine, chemokine re-
ceptor, and cytokine homologs), and regulate antiviral immunity (e.g., CD21 and inter-
feron regulatory factor homologs). No ORF with sequence similarity to the Epstein-Barr
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nuclear antigens (EBNAs) and latent membrane proteins (LMPs) of Epstein—Barr virus
(EBV) is present, but proteins analogous to these in structure and in latent expression
are found [e.g., ORF 73 encoding for KSHYV latent nuclear antigen (LNA-1) and K12 en-
coding for a possible latent membrane protein]. Current serologic assays confirm the
strong association of infection with KSHV and risk of KS development. The mechanism
of how this new virus may trigger the precipitation of KS is still unclear.

I. INTRODUCTION

A. History

For over 100 years, Kaposi’s sarcoma remained a rare curiosity to clini-
cians and cancer researchers, until it shot to prominence as the sentinel of
what we now call the acquired immune deficiency syndrome (AIDS). In 1872,
the Hungarian dermatologist Moriz Kaposi published the case histories of
five middle-aged and elderly male patients in Vienna with idiopathic multi-
ple pigmented sarcomas of the skin (Kaposi, 1872). All these patients initially
presented with purplish skin nodules on the lower extremities, and two pa-
tients died from disseminated disease. This form of the disease was epony-
mously designated Kaposi’s sarcoma in 1891 at the suggestion of another
prominent dermatologist of the time, Kébner, and is now called classic KS.

Classic KS occurs predominantly in elderly male patients of Southern Eu-
ropean ancestry (Franceschi and Geddes, 1995). A high frequency is also
seen in Israel and other Middle Eastern countries. This form of the disease
is generally not as aggressive as the form originally described by Kaposi, for
unknown, possible immunological, reasons.

In some equatorial countries of Africa, KS has existed for many decades,
long preceding HIV (known as endemic KS) (Oettle, 1962). This form is
found in younger patients as well as in the elderly; the male:female ratio is
>3:1. It is generally a more aggressive disease than classic KS, though less
so than African AIDS-associated KS (Bayley, 1984) (Wabinga et al., 1993).
In particular, endemic KS in African children is associated with predominant
lymph node involvement with rarer skin lesions. The majority of these chil-
dren die from the disease (Ziegler and Katongole Mbidde, 1996). In most of
the African countries where KS occurs, malaria is also found, suggesting a
possible immunological mechanism similar to that seen with malaria and
Burkitt’s lymphoma.

During the past 20 years, the incidence of KS among renal transplant re-
cipients and other patients receiving immunosuppressive therapy has in-
creased (known as posttransplant KS or iatrogenic KS). Patients of Mediter-
ranean, Jewish, or Arabian ancestry are also clearly overrepresented among
immunosuppressed patients who develop KS after a transplant (Franceschi
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and Geddes, 1995), indicating that those born in countries where classic KS
occurs continue to be at risk of developing KS even if they migrate to “low-
risk” countries. These data suggest that there is a genetic predisposition or
environmental factor (possibly an infectious agent) responsible for KS de-
velopment.

In 1981, the U.S. Centers for Disease Control and Prevention (CDC) be-
came aware of an increased occurrence of two rare diseases in young gay
men from New York City and California (Service, 1981): Kaposi’s sarcoma
and Pneumocystis carinii pneumonia (PCP). This was the beginning of what
is today known as the AIDS epidemic and AIDS-KS is today the most com-
mon form of KS. In HIV-infected individuals the underlying immunosup-
pression leads to a fulminant disease that starts with a few skin lesions, but
without treatment often develops into disseminated disease affecting various
organs, including lung, liver, gut, and spleen.

B. Kaposi's Sarcoma Histogenesis and Clonality

Histologically, KS is a complex lesion (Fig. 1, see color plate). In early KS
lesions, which normally appear on the skin, there is a collection of small, ir-
regular endothelial-lined spaces that surround normal dermal blood vessels
and these are accompanied by a variable, inflammatory infilcrate of lym-
phocytes (patch stage). This stage is followed by the expansion of a spindle-
celled vascular process throughout the dermis. These spindle cells form slit-
like vascular channels containing erythrocytes (plaque stage). The later
nodular-stage KS lesions are composed of sheets of spindle cells, some of
which are undergoing mitosis, and slitlike vascular spaces with areas of he-
mosiderin pigmentation. The spindle cells form the bulk of established KS
lesions and are therefore thought to be the neoplastic component, but there
is still some controversy over the histogenesis of spindle cells. Although the
majority of the spindle cells stain positive for endothelial cell markers, in-
cluding factor VIII and CD34, some cells express proteins characteristic of
smooth muscle cells, macrophages, or dendritic cells (Nickoloff and Grif-
fiths, 1989; Stiirzl et al., 1992). Some spindle cells simultaneously express
antigenic determinants characteristic of several different cell types, suggest-
ing that KS spindle cells might be derived from a pluripotent mesenchymal
progenitor cell or a mesenchymal cell experiencing dysregulated differentia-
tion. Circulating KS-like spindle cells have been isolated and cultured from
patients with AIDS-KS and from those thought for other reasons to be at risk
of AIDS-KS (Browning et al., 1994). These circulating cells have an adher-
ent phenotype and express markers of both macrophage and endothelial cells
(Sirianni et al., 1997).

The nature of KS remains controversial regarding whether it is a neoplas-
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tic lesion or a reactive process. The exact tumor cell type is still controver-
sial, and especially in early lesions the “tumor cell” compartment makes up
the minority of the tumor bulk, the majority of cells being inflammatory cells.
Furthermore, the clinical presentation of multiple skin lesions in a defined
distribution and the spontaneous remission of lesions also favor a reactive
hyperplasia rather than a true malignancy.

A useful marker for clonality is the inactivation pattern of X chromosomes
(Vogelstein et al., 19835). In females, one of the two X chromosomes in each
cell is inactivated by condensation and DNA methylation and the other one
remains active, This inactivation occurs in an early stage of embryonic de-
velopment at random, and the same methylation pattern is passed to daugh-
ter cells in somatic replication. Normal tissues in females are thus composed
of cellular mosaics, differing only in which of the two X chromosomes has
been inactivated. In neoplasms derived from a single cell, all of the tumor
cells would retain the same X chromosome inactivation pattern. In poly-
clonal tissues, approximately half the cells have a methylated X chromosome
from one parent, and half have a methylated X chromosome from the oth-
er parent,

Using this marker for clonality, Rabkin and colleagues were the first to
show that individual KS lesions are probably clonal (Rabkin et al., 1995). A
further study, however, indicated in skin lesions, including four with nodu-
lar KS, where more than 70% of the cells were spindle cells, a polyclonal
pattern of inactivation (Delabesse et al., 1997). Most recently Rabkin et al.
(1997) showed that multiple lesions in the same patient were monoclonal,
indicating that KS is a disseminated monoclonal cancer and that the changes
that permit the clonal outgrowth of spindle cells occur before the disease
spreads. These studies need confirmation.

Early KS (patch stage) is probably a nonclonal proliferation of endothelial
cells or endothelial precursors (e.g., angioblasts) (Risau, 1997) with a promi-
nent inflammatory and angiogenic response, whereas advanced disease may
sometimes develop as a true clonal malignancy with metastases of clonally
derived spindle cells to different sites. This hypothesis is comparable to the
scenario in immunodeficient individuals with EBV-driven polyclonal lym-
phoproliferation, which can progress to clonal B cell lymphomas.

C. Cytokines

All known tumors produce cytokines and their cells respond positively or
negatively to cytokines in culture. KS is no exception and in vitro and in vivo
high local levels of cytokines are produced, including interleukin, basic fi-
broblast growth factor, and tumor necrosis factor (IL-6, bFGF, TNF-a), on-
costatin M, and vy-interferon (IFN-y) (Ensoli et al., 1989, 1994; Miles et al.,
1990; Nair et al., 1992; Salahuddin et al., 1988; Samaniego et al., 1995). In
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particular IL-6, bFGEF, and IFN-v have been shown to be angiogenic in vitro
and in some in vivo assays. IL-6 is produced by KS spindle cells and exoge-
nous IL-6 can also enhance the proliferation of KS cells in culture (Miles et
al., 1990). Because of the nature of KS lesions it has been suggested that such
lesions are “cytokine driven.”

The more aggressive nature of HIV-associated KS has led to speculation
that HIV-encoded proteins may enhance KS growth (Ensoli et al., 1994). The
HIV-1 Tat protein transactivates HIV viral genes and also some host cell
genes (Vaishnaw and Wong-Staal, 1991). Tat can be released by infected cells
and can act extracellularly (Frankel and Pabo, 1988; Ensoli et al., 1993). Tat
can induce a functional program in endothelial cells related to angiogenesis
and inflammation, including the migration, proliferation, and expression of
plasminogen activator inhibitor-1 and E selectin (Albini et al., 1995). Tat in-
duces growth of KS spindle cells i vitro and is angiogenic in vivo and in
transgenic mice (Vogel et al., 1988; Ensoli et al., 1993, 1994). The Tat basic
domain contains an arginine- and lysine-rich sequence that is similar to that
of other potent angiogenic growth factors, including vascular endothelial
growth factor-A (VEGF-A) and bFGF (Albini et al., 1996). Tat specifically
binds and activates the Flk-1/kinase domain receptor (Flk-1/KDR), a VEGF-
A tyrosine kinase receptor (Albini et al., 1997). Tat-induced angiogenesis can
be inhibited by agents blocking this receptor (Albini et al., 1997). The RGD-
containing region of Tat has also been postulated to have a role in the patho-
genesis of AIDS-KS; however, baboons infected with HIV-2, whose Tat lacks
an RGD sequence, can develop KS-like lesions, albeit of myofibroblast,
rather than endothelial, origin (Ensoli et al., 1994; Barnett et al., 1994).
AIDS-associated KS is frequently more aggressive than non-HIV-related KS
and it is possible that the angiogenic properties of Tat contribute to this phe-
nomenon,

D. An Infectious Cause?

Studies of AIDS case surveillance support the pre-AIDS data on the exis-
tence of a sexually transmissible KS cofactor: KS occurs predominantly in
gay and bisexual men with AIDS, less commonly in those acquiring HIV
t