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Géraldine Falgarone, RheumatologyDepartment, AP-HP, Hôpital Avicenne,
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Since the beginning, Clusterin (CLU) was revealed not as simple to study, and

certainly not a single protein. The growing research interest on CLU soon produced

many contributions by independent laboratories working in different systems. Thus,
many different names or acronyms have been given to CLU in the early years after

its discovery. Now, a general consensus recommend the name Clusterin and the

abbreviation CLU. CLU was first described as a glycoprotein found nearly ubiquitous
in tissues and body fluids. This early knowledge is mostly related to the secretory form of

CLU (sCLU), which is exported from the cell and released in secretions acting as an

extracellular chaperone. But CLU can also enter the nucleus. The detection of nCLU

(nuclear CLU), which is usually associated to cell death, is now emerging as a very
important event making this issue even more complex. This may explain why CLU is still

often described as an “enigmatic” protein. The use of the term “enigmatic” is a clear

indication that too many aspects related to the biological function(s) of CLU and its

possible role in pathogenesis have been obscure, or very difficult to interpret, for long
time. Contradictory findings on CLU are also present in the literature, sometimes due to

technical biases or alternative interpretation of the same result. The aim of the book is

ambitious: through a careful review of old data, in the light of novel information and up

to date methods and hypotheses, we will try to simplify the picture for the reader and
bring more light in a field still perceived to be too obscure to fully appreciate its

importance and potential implementation in the clinical setting. This introduction

will provide a brief general history and a critical view of the discovery of CLU with the
aim to underline what is new in the field and what is now obsolete. In the rest of the

book, conclusions and “take home messages” will also be provided to the reader

particularly focusing on possible clinical implementations and how all this knowledge

will very likely bring novelty in the fight against cancer. # 2009 Elsevier Inc.
I. INTRODUCTION
Clusterin (CLU) was first described as a glycoprotein found nearly ubiqui-
tous in tissues and body fluids. This knowledge is mostly related to the
secretory form of CLU (sCLU), which is exported from the cell and released
in secretions. In the literature there is a general consensus about the apparent
RESEARCH 0065-230X/09 $35.00
ier Inc. All rights reserved. DOI: 10.1016/S0065-230X(09)04001-9
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2 Saverio Bettuzzi
involvement of CLU in most important biological processes including sperm
maturation, tissue differentiation, tissue remodeling, membrane recycling,
lipid transportation, cell–cell or cell–substratum interaction, cell prolifera-
tion, cell survival, and cell death. For these reasons, CLU is generally
believed to be involved in many and diverse pathological states, including
neurodegeneration, ageing, and cancer (Rizzi and Bettuzzi, 2008; Rosenberg
and Silkensen, 1995; Shannan et al., 2006; Trougakos and Gonos, 2002;
Wilson and Easterbrook-Smith, 2000).
CLU was firstly isolated from ram rete testis fluid (Fritz et al., 1983). Ram

rete testis fluid is known to elicit clustering of Sertoli cells (in suspension)
and erythrocytes from several species. In their pioneer work, the authors
showed that a heat-stable, trypsin-sensitive protein was responsible to
aggregate cells. Thus, they named this extracellular protein “Clusterin,”
suggesting that it may play important roles in cell–cell interactions. Then,
CLU was purified from the same system (Blaschuk et al., 1983; Fritz et al.,
1983) and found to be a glycoprotein with a molecular mass of about 80
kDa and an isoelectric point of 3.6. Using reducing conditions they discov-
ered that CLU dissociates into subunits of about 40 kDa, also showing that
CLU exists both in dimeric and tetrameric forms at neutral pH and low salt
concentrations. In addition, the amino acid composition of CLU was
reported. Further, extracellular CLU was found to contain 4.5% glucos-
amine. In the same work it was suggested that Sertoli cells are the potential
source of CLU, since primary cultures of rat Sertoli cells secreted CLU in the
medium. One year later, different isoelectric forms of CLU were isolated
(Blaschuk and Fritz, 1984). Thus, since the beginning, CLU was revealed not
as simple to study, and certainly not a single protein. This basic knowledge is
still true, but when addressing this issue we need to keep in mind that the
most commonly reported descriptions of CLU only apply to the secreted
form of CLU exported in the extracellular compartment (sCLU).
Thefirst immunolocalizationofCLUdates 1985,whenTungandFritz raised

the first monoclonal antibodies against CLU to investigate its distribution in
the adult ram testis, rete testis, and excurrent ducts (Tung and Fritz, 1985).
Since this first reports, the CLU gene was found expressed in a wide range of
tissues (Choi et al., 1989; de Silva et al., 1990; Fischer-Colbrie et al., 1984;
James et al., 1991), although with very different levels of expression. The
research interest on CLU soon produced many contributions by independent
laboratories working in different systems. Therefore, in the early years after its
discoverymany different names or acronyms have been given toCLU (Table I).
Now, the name Clusterin and the abbreviation CLU is recommended, thanks
to a general consensus among the main researchers on the field.
In humans, CLU was first described by Jenne and Tshopp in 1989 (Jenne

and Tschopp, 1989) as complement cytolysis inhibitor (CLI), a component of
soluble terminal complement complexes in human serum, bearing complete



Table I List of Proteins That Have Been Found Homologue of Clusterin (CLU)

Source Species Name Function Reference

Rete testes fluid Ram Clusterin Reproduction Blaschuk et al. (1983)
Adrenal
medulla

Bovine GPIII Chromaffin
granules

Fischer-Colbrie et al. (1984)

Prostate Rat TRPM-2 Apoptosis Leger et al. (1987)
Prostate Rat SGP-2 Reproduction Bettuzzi et al. (1989)
Neuroretinal
cells

Quail T64 Cell
transformation

Michel et al. (1989)

Serum (liver) Human SP-40,40 Complement

modulation

Kirszbaum et al. (1989)

Serum (liver) Human CLI Complement
modulation

Jenne and Tschopp (1989)

Blood Human ApoJ Lipid transport de Silva et al. (1990)
Blood Human NA1/NA2 Lipid transport James et al. (1991)
Retina Human K611 Retinitis

pigmentosa

Jones et al. (1992)

Homologues have been isolated and/or cloned by different groups working in widely divergent areas.

For this reason, different names and acronyms have been originally given to the same gene/protein, today

named CLU. The CLU gene was located in all mammalians species studied and its sequence was found

highly conserved among species, while the CLU gene products are several proteins of different molecular size

and structure also depending on the experimental system used.

Introduction 3
identity to sulfated glycoprotein 2 (SGP2), one of the most important
glycoprotein produced by Sertoli cells (Collard and Griswold, 1987). SGP2
was found, in turn, to be identical to Clusterin and suggested to play a role in
sperm maturation. In the ventral prostate of the rat, CLU was first identified
as testosterone repressed prostate message 2 (TRPM2) (Montpetit et al.,
1986). At this time, TRPM2 was described as a truncated cDNA with no
correspondent protein. In an independent work published on 1989,
after complete cDNA cloning, sequencing, and comparison, Bettuzzi and
coworkers found that TRPM2 was instead fully homologous to full-length
SGP-2 cDNA (Bettuzzi et al., 1989). Only one year before, Cheng et al. found
that SGP-2 was identical to Clusterin, the serum protein involved in aggrega-
tion of heterologous erythrocytes already described by Fritz et al. in 1983
(Cheng et al., 1988). Finally, in 1990, an apolipoprotein named ApoJ
associated with discrete subclasses of high-density lipoproteins, to which it
was bound through amphiphilic helices present in its structure, was found to
be the human analogue of SGP2 (de Silva et al., 1990).
Therefore, the samecDNA/protein, nownamedCLU,wasfinally found tobe

implicated in important biological phenomena as different as erythrocyte
aggregation, complement activity, lipid transport in the blood, sperm
maturation, and prostate gland involution driven by androgen depletion.
Historically, the first review on CLU is dated 1992 (Jenne and Tschopp, 1992).
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The gene coding for CLU was mapped on chromosome 8 in the human
genome (Purrello et al., 1991; Slawin et al., 1990; Tobe et al., 1991) in
position 8p12! p21 (Dietzsch et al., 1992) and found to be present in single
copy. The CLU gene was then found to be present in all mammalian genomes
studied, with very high homology among species.
Since the beginning it appeared clear that CLU, although being a single

copy gene, was actually coding for different protein products. AWestern blot
analysis of CLU expression in the rat ventral prostate system revealed that
CLU has to be considered more as a family of protein products rather than a
single protein (Fig. 1). Several antirat CLU-positive bands resolved by
electrophoresis, with different molecular weights, are detectable under
basal level of expression (Fig. 1, lane N) in the prostate gland. The proteomic
profile of CLU is even more complex when CLU gene is potently induced in
the regressing prostate following androgen depletion caused by surgical
castration (Fig. 1, lane 1).
In spite of the growing number of papers on this issue (for instance, using

Clusterin or SGP-2 or TRPM2 or ApoJ as key words, 1552 research papers
and 139 reviews can be found on PubMed to date. . .). CLU is still often
described as an “enigmatic” protein. The use of the term “enigmatic” is a
clear indication that too many aspects related to the biological function(s) of
RVP

N 1

RVP = rat ventral prostate
N = normal gland
1 = 4-day castrated

-75 kDa

-50 kDa

-35 kDa

-30 kDa

Fig. 1 Western blot analysis of CLU expression in the rat ventral prostate (RVP). N, normal

prostate; 1, regressing prostate gland 4 days after androgen ablation caused by surgical castra-

tion. Several immunopositive CLU protein bands of different molecular weight are present both
under basal conditions (N) and when potently induced by castration (1). During the regression

of the rat prostate mainly due to massive apoptosis, extra protein bands are produced from the

same gene.
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CLU and its possible role in pathogenesis have been obscure, or very difficult
to interpret, for long time. Contradictory findings on CLU are also present in
the literature. All this do not really help our understanding of the topic.
Following a tradition which started time ago, the 5th Clusterin/Apolipo-

protein J (CLU) Workshop has been held in Spetses (Greece) in June
2008. The next (6th) Workshop will be held in Parma (Italy) in 2011. The
Spetses meeting brought together the most active researchers in this field.
They presented their more recent data and discussed about the mechanisms
through which this unique protein would be executing the fate of the
cell. The debate mostly focused about whether CLU has a key role in
tumor prevention or tumor promotion. The fruitful discussion started to
render some consensus in the field. A scientific report on this event has
been recently published (Trougakos et al., 2009). The idea to write this
book has emerged during the meeting in Spestes as a great opportunity to
bring together experimental data, novel ideas, scientific hypotheses, and
opinions. Our hope is that the contribution of different senior researchers,
focusing on the possible role of CLU in tumorigenesis, presented in this
book would help the reader to understand more in this complex field.
The aim of the book is ambitious: through a careful review of old data, in

the light of novel information and up to date methods and hypotheses,
we will try to simplify the picture for the reader and bring more light in a
field still perceived to be too obscure to fully appreciate its importance and
potential implementation also in the clinical setting. After this introduction,
in which a brief general history and critical view of the discovery of CLU has
been provided, every chapter will be preceded by a specific introduction to
better introduce the reader to the specific topics that will be further dis-
cussed. The book starts with a description of the novel knowledge and the
complexity of the regulation of CLU gene expression, showing how from a
single copy gene multiple transcripts and protein products can be originated
in mammalian cells (Chapters “Clusterin: From one gene and two tran-
scripts to many proteins”, “The shifiting balance between CLU forms during
tumor progression” and “Regulation of Clusterin activity by calcium”)
including the nuclear form nCLU.
Because of the identification of many protein products with different

molecular weights in association to intracellular processing and maturation
of CLU, we will use the term “secreted CLU” (sCLU) when the most of CLU
is fully maturated in the Golgi apparatus and exported from the cell as
glycosylated protein in the extracellular compartment. But its secretion
can be completely abolished. Under these conditions, CLU is not detectable
any longer in the culture medium and the cells will get fully loaded with
CLU. Now CLU can be mostly found in the cytoplasm of the cell, but also in
the nucleus. The condition in which CLU is exclusively present in the
cytoplasm, as well as that in which CLU is solely present in the nucleus,
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are very rare. The most common situation is the detection of an “intracellu-
lar” staining showing CLU both in the cytoplasm and in the nucleus in
intact, fixed cells. Therefore, cytoplasm and nuclear localization may often
coexist. In any case, the detection of even a small amount of CLU in the
nucleus of intact cells by appropriate methods is here defined as “nuclear
CLU” (nCLU). While we can track CLU with appropriate antibodies, we do
not have definitive information about the structural differences between
different protein products besides changes in the molecular weight as
revealed by electrophoresis. Therefore, the detection of the protein forms
sCLU or nCLU is here intended more as a cell functional condition rather
than the identification of a structurally defined molecular form. This is why
we will avoid the use of the term “isoform” in this book for CLU proteins,
waiting for more definitive experimental data on the issue. The term
isoform will be used instead for different transcripts coding for CLU, on
which more is known because they have been identified and sequenced.
Then the discussion will continue with a critical review of what is known

about sCLU and nCLU (Chapters “Nuclear CLU and the fate of the cell”,
“The chaperone action of Clusterin and its putative role in quality control of
extracellular protein folding” and “Cell protective functions of secretory
Clusterin”) with a focus on their potential biological action. Then, we will
address what is known today about the involvement of CLU in important
physiological and pathological conditions such as inflammation and immu-
nity (Chapter “Clusterin: A multifacet protein at the crossroad of inflamma-
tion and autoimmunity”), oxidative stress (Chapter “Oxidative stress in
malignant progression: The role of Clusterin, a sensitive cellular biosensor
of free radicals”), and some of the most diffuse and important kind of
cancers (Chapters “CLU and prostate Cancer”, “CLU and breast Cancer”,
“CLU and colon Cancer” and “CLU and lung Cancer” of Volume 105).
The possibility that sCLU plays an important role in chemioresistance to
anticancer drug is also discussed (Chapter “CLU and chemoresistance” in
Volume 105), as well as the possible diverse role of CLU protein(s) and CLU
gene expression in dependence of the local tissue context and microenviron-
ment (Chapter “CLU and tumor microenvironment” of Volume 105).
Chapter “Regulation of CLU gene expression by oncogenes and epigenetic
factors: implication for tumorigenesis” of Volume 105 is the discussion
arena in which several senior authors in the field will try to merge their
expertise and ideas from different fields in a general consensus to provide an
integrated view on CLU gene expression from a novel point of view, that is,
epigenetic regulation, also discussing how CLU gene expression is affected
by oncogenes during cell transformation.
Finally, Chapter “Conclusion and Perspectives: CLU for novel therapies

and advanced diagnostic tools?” of Volume 105 will try to draw some
conclusions and “take home messages”, dealing with what is now obsolete
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in the field, which clinical implementations have been already attempted,
how successful they have been in consideration of the most up to date
information on this issue and how all this knowledge will very likely bring
novelty in the fight against cancer.
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Hormones and growth factors are the most important regulators of CLU gene expres-
sion. Before 2006, it was believed that a unique transcript of about 1.9 kb was

originated by transcription of the CLU gene. Now we know that alternative transcrip-

tional initiation, possibly driven by two distinct promoters, may produce at least two

distinct CLU mRNA isoforms differing in their unique first exon, named Isoform 1 and
Isoform 2. A third transcript, named Isoform 11036, has been recently found as one of

the most probable mRNAvariants. Approaches like cloning, expression, and function-

al characterization of the different CLU protein products have generated a critical mass

of information teaching us an important lesson about CLU gene expression regulation.
Nevertheless, further studies are necessary to better understand the tissue-specific

regulation of CLU expression and to identify the specific signals triggering the expres-

sion of different/alternative transcript isoforms and protein forms in different cell types
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I. INTRODUCTION
The clusterin (CLU) gene has been independently identified in various fields
without clear relationships between them (see also chapter “Introduction”).
It has been associated to many biological function including tissue differenti-
ation and remodeling, membrane recycling, lipid transportation, cell–cell or
cell–substratum interaction, cell motility, cell proliferation, and cell death
(Rosenberg and Silkensen, 1995; Shannan et al., 2006; Trougakos and
Gonos, 2002; Wilson and Easterbrook-Smith, 2000).
The multifunctional nature of CLU is also reflected by its complex and

wide different expression pattern. CLU is a major secretion product of
Sertoli cells (Collard and Griswold, 1987) and is expressed at very high
and apparently constitutive levels in several cell types including motorneur-
ons (Danik et al., 1993; Michel et al., 1992), dermal fibroblasts (Scaltriti
et al., 2004a), and some epithelia (Aronow et al., 1993). In contrast, in many
other cell types, clusterin gene expression is finely regulated. For instance,
the induction of clusterin gene expression is tightly regulated during the cell-
cycle progression (Bettuzzi et al., 1999), with regard to various cases of
atrophy and programmed cell death (Ahuja et al., 1994; Astancolle et al.,
2000; Bettuzzi et al., 1989) and in neurodegenerative disorders (Calero
et al., 2005; May and Finch, 1992). Clusterin expression is also affected
by oncogenes and several reports indicate that it is downregulated upon
oncogene transformation (Klock et al., 1998; Kyprianou et al., 1991;
Lund et al., 2006; Tchernitsa et al., 2004; Thomas-Tikhonenko et al.,
2004). The relationship between CLU expression and the transformed
phenotype has been found in many human malignant tumors (Shannan
et al., 2006). The wide variation in the levels of CLU expression in different
tissues suggests that its expression is regulated in a tissue-specific manner
and perhaps diverse pathways control its expression in healthy and in
diseased context. A basic way to investigate the biological importance of
CLU is to elucidate the intracellular mechanisms regulating clusterin gene
induction. The human CLU gene was firstly characterized by Wong et al.
(1994). Early studies about CLU gene products reported divergent
50-untranslated regions (50-UTR) in RNAs from rats (Collard and
Griswold, 1987; Wong et al., 1993), humans (Jenne and Tschopp, 1989;
Kirszbaum et al., 1989; O’Bryan et al., 1990), and mice (French et al., 1993;
Jordan-Starck et al., 1994). Therefore, the possibility of alternative first
exons for clusterin transcription products in different mammalian species
was already known at that time. Immediately after, Wong et al. (1994)
characterized the human CLU gene and identified a unique exon I sequence
corresponding to that recorded in the genomic databases at that time. While
the authors correctly concluded that data obtained were not sufficient to rule
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out the possibility of alternative exon I usage, a simplified view prevailed,
therefore until 2006 it was commonly accepted that a unique transcript of
1.9 kb was originated by transcription of the CLU gene (de Silva et al.,
1990). Now, we know that alternative transcriptional initiation, possibly
driven by two distinct promoters, may produce at least two distinct CLU
mRNA isoforms differing in their unique first exon. This is a mechanism
well recognized in mammals, to produce distinct mRNA isoforms, with
heterogeneous 50 ends from a unique gene. Transcription from alternative
promoter results in the production of mRNAs which encode for the same
protein, but have a different 50-UTR, or for distinct protein with different, or
even opposite biological activities, if the first exon contains a functional
ATG which originates a new main open reading frame (ORF). The complex
transcriptional and translational regulation of CLU gene, and the existence
of more than one regulatory promoter region as presented here may account
for the wide different expression pattern of CLU proteins. This chapter will
be, therefore, focused on the basic knowledge ofCLU gene structure and has
the main aim to provide the reader with the most updated findings on its
regulation and its products.
II. CLU GENE ORGANIZATION, PROMOTER REGION,
AND TRANSCRIPTION PRODUCTS
The clusterin (CLU) gene is unique in the genome and well conserved
during evolution. In humans,CLU gene maps on chromosome 8 proximal to
the lipoprotein lipase gene locus, a region that is frequently deleted in
prostate cancer (8p21-p12), (Fink et al., 1993). CLU is organized in
9 exons of variable size, ranging from 126 to 412 bp and spanning a region
of 17,877 bp (Wong et al., 1994). This gene organization is well conserved
also in mouse and rat. The homolog mouse gene maps on chromosome
14 (Birkenmeier et al., 1993) and spans a region of 12,923 bp. Exon 1 and
exon 9 of the murine gene are untranslated exons. The rat homolog gene
maps on chromosome 15, spanning a region of 39,536 bp.
The wide variation in the levels of CLU expression in different tissues

suggests that the CLU expression is tightly regulated and very tissue specific.
A sequence comparison of the 50-flanking region of the gene revealed that the
homology between the putative promoters region is confined within a very
proximal domain immediately upstream the transcription start site while, the
most upstream regions appear completely divergent (Michel et al., 1997).
Before 2006, it was believed that CLU gene originates a unique transcript

of 1.9 kb containing two in-frame ATG start sites, the first of which is on
exon 2 (human clusterin coding sequence, GenBank accession no. M64722).
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Actually, it was then found that more transcripts code for CLU, and all of
them hold a third ATG, which is again in-frame with the other two, and
localizes on exon 3 (Fig. 1 and Fig. 2). The proximal promoter region
relative to the þ1 transcription start site of the sequence M64722S revealed
the presence of a conventional TATA box element as well as some potential
cis-regulatory elements including AP-1, AP-2, and SP1 motifs (Wong et al.,
1994). Besides the AP1 element, a longer domain conserved among the CLU
promoters in all species tested (belonging to different vertebrate classes) has
been found by Michel et al. (1997) in A431. The authors named this 14 bp
sequence as clusterin element (CLE). CLE appears to be strictly related to the
heat-shock response elements (HSE), whose consensus sequence is TTCta-
GAAcaTTC. The CLE sequence differs by only one base from the ideal HSE.
The single mismatch is in the 5-bp repeat nGAAn central motif, which
became AGAAA on the CLU promoter. This change is not believed to be
able to significantly affect the binding affinity of the heat-shock factor HSF.
The high base sequence conservation between distantly related species and
the fact that this element is also present in the regulatory region of several
other genes, like human collagenase, human heme oxygenase, and rat c-jun,
strongly supports the possible role of CLEs as a cis-element of transcription.
Glucocorticoid/androgen-like response elements and cyclic-AMP response
elements (CREs) are also present in the 50-flanking region of the gene.
A recent GenBank update has earmarked two transcriptional isoforms of

human CLU given as RefSeq, named Isoform 1 and Isoform 2 (GenBank
accession number NM_001831.2 and NM_203339.1, respectively). These
two transcripts are probably originated from two alternative transcriptional
initiation start sites and only produced in humans and chimpanzees. Con-
sulting the ASAP (Alternative Splicing Annotation Project) database (Lee
et al., 2003) for the CLU UniGene cluster (Hs.75106) a third transcript,
called Isoform 11036, appears to be as one of the most probable mRNA
variants. The three primary transcript isoforms produced by RNA polymer-
ase contain 9 exons, 8 introns, and a terminal 30-UTR. All these transcripts
have a unique exon 1 and share the remaining sequence from exon 2 to
exon 9 (Fig. 1). In the postgenomic era, it became clear that the number of
genes in eukaryotic genomes does not reflect the biological complexity of the
corresponding organism. It is well known that many genes encode several
variants of proteins due to the usage of alternative promoter and alternative
splicing. In mammals, several genes produce distinct mRNA isoforms, with
heterogeneous 50 ends. This can generate mRNAs which encode for the same
protein, but have a different 50-UTR. In some cases, when the translation
start site exists within the first exon, they encodes for distinct protein with
different, alternative, or opposing biological activities. The CLU gene seems
to be a paradigmatic example of such a complex regulation. Actually,
Isoform 1 is a 50-extended sequence end of the previously published
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mRNA identified by the GenBank accession code M64722. Interestingly, the
complete sequencing of exon 1, previously reported in a truncated form,
highlighted the presence of an additional functional ATG. Therefore, this
mRNA is predicted to produce a protein of 501 amino acids of a molecular
weight of 57.8 kDa (Fig. 2). The same analysis allowed to suggest that the
protein product should have a prevalent cytoplasmic/nuclear localization
according to a computational prediction of its subcellular localization by the
PSORT program (Horton et al., 2007). Thus, the Isoform 1 may account for
the existence of the intracellular forms of CLU escaping the secretion pathway.
At difference, Isoform 2 has an alternative untranslated exon 1. The first

available ATG is located in exon 2, in a region common to the three transcripts
and immediately upstream of a functional endoplasmic reticulum (ER) locali-
zation leader sequence. Using the largest ORF, this mRNA is predicted to
produce a protein of 449 amino acids destined to secretion (Fig. 2). A similar
prediction was made for the sequence M64722, previously published.
Two unusual features of CLU Isoform 2 mRNA are (i) a long (276 nt)

50-UTR, corresponding to the untranslated unique exon 1, which is thought
to contain extensive secondary structure; (ii) a short (57 nt) ORF within the
50-UTR, coding for a putative small regulatory peptide. It is now known that
highly structured UTRs, along with peculiar features such as richness in GC
sequences, upstream ORFs and internal ribosome entry sites, significantly
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Fig. 2 Translation of CLU Isoform 1 mRNA from the largest ORF. Putative Isoform 1 amino

acid sequence translated from the ATG present in exon 1. Light gray highlights specific
N-terminus made of 52 amino acids present only in this isoform, while dark gray indicates

the leader peptide. The methionine residues coded from the three functional ATGs present in the

transcriptional variant 1 are indicated in bold. The second and third methionine are common

with Isoform 2. The extracellular, fully processed, and secreted sCLU is coded starting from the
second methionine.
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influence the rate of translation of mRNAs. This type of regulation has been
extensively studied, for instance, for S-adenosylmethionine decarboxylase
(SAM-DC), a regulatory gene of polyamine metabolism. Deletion of virtu-
ally the entire 50-UTR, or mutation of the internal ORF present in this region
increased dramatically the protein expression, demonstrating that the
50-UTR acts as a negative regulator (Nishimura et al., 1999; Suzuki et al.,
1993). The protein products of other genes, like the suppressor of cytokine
signaling (SOCS-1) (Schluter et al., 2000), retinoic acid receptor beta2
(RARbeta2) (Peng et al., 2005), and Bcl-2 (Harigai et al., 1996), are regu-
lated at translational level and specifically repressed by a mechanism
which bears many similarities to that hypothesized for SAM-DC. Such a
regulation, if confirmed also for CLU, might account for the low level of
expression that is generally found for Isoform 2.
The exon 1 of Isoform 11036 is located in the CLU gene sequence just

between the exon 1 of Isoforms 1 and 2. This sequence is not given as a
RefSeq in the GenBank database, but appears to be one of the most probable
splicing products of the CLU gene. As previously reported for the Isoform 1,
also Isoform 11036 has a functional ATG in the first exon and is supposed to
produce a protein of 460 amino acids with a prevalent nuclear localization
(Horton et al., 2007). All transcripts hold a third ATG, which is again
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in-frame with the others and localizes on exon 3 (Fig. 2). Translation from
this ATG would produce a shorter form of the CLU protein, which is again
supposed to localize to the nuclei (Scaltriti et al., 2004b).
Last but not least, an alternative messenger was found by Leskov et al.

(2003) in MCF-7 cells, lacking exon 2. In this transcript, exon 1 of the
Isoform 1 is directly joined to exon 3, therefore lacking the ATG in exon
2 and the ER-localization sequence. According to the authors, this alterna-
tive mRNA is constitutively expressed in MCF-7 breast cancer cell line,
coding for a protein precursor called pnCLU, a putative nuclear pro-death
form. Consulting the ASAP database, this is not one of the most probable
splicing variants. Since its discovery, its existence has never been confirmed
later in other cell lines or tissues by other authors (Andersen et al., 2007;
Cochrane et al., 2007; Schepeler et al., 2007). Also our attempts to amplify
this messenger in prostate cancer cell lines were not successful. As shown in
Fig. 3, we have been actually able to amplify the Isoform 1 and Isoform 2 of
CLU mRNA from prostate cancer cell lines (PNT1a, PC3, and DU145) and
from normal human embryonic fibroblasts (WI38). Isoform 1 is expressed
both in normal and in tumour cell line. On the contrary, Isoform 2 is almost
undetectable in all the transformed cell lines tested, being expressed at
detectable levels only in normal cells. But, in the same systems, we did not
find any evidence of a shorter amplicon due to the “skipping exon 2.”
Therefore, it should be seriously taken into consideration that this transcript
is either very specific to MCF7 cells (for still unknown reasons) or an
experimental artifact.
CLU

1 2

WI38 PNT1a PC3 DU145

1 2 1 2 1 2

GAPDH

Fig. 3 Amplification of CLU transcripts by RT-PCR. CLU RT-PCR products amplified from
different cell lines and resolved on a 1% agarose gel by electrophoresis are shown. Amplicons

were obtained using specific forward primers able to discriminate Isoform 1 from 2. The

forward primer anneals in the unique exon 1 of each transcripts, while the reverse primer

anneals in exon 4. Amplicons size of variant 1 (nucleotide from 67 to 537, NM_001831.2)
and variant 2 (nucleotide from 50 to 657, NM_203339.1) are 470 and 607 base pairs,

respectively, as expected. The housekeeper used in the experiment and amplified in each sample

for comparison is glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
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At difference, many evidences confirm the existence of the previously
described CLU transcripts, making obsolete the idea that the human CLU
gene produces a unique transcript. It was recently demonstrated by Andersen
et al. (2007) that all three CLU mRNA variants are expressed in normal and
transformed colorectal mucosa and cancer. Using laser microdissected (LMD)
tissues and variant specific quantitative real-time RT-PCR, the authors also
demonstrated a variable expression pattern of Isoform 1 in cancer epithelia
respect to matched normal tissue. Interestingly, they found that Isoform 2 was
always downregulated in cancer cells with respect to normal matched tissue,
supporting the idea that only the level of the latter appears to be associated
with colon cancer development (Andersen et al., 2007). Isoform 11036 tran-
script was found to be expressed at very low level in normal and transformed
colonic cells (Andersen et al., 2007; Schepeler et al., 2007).
The same research team found that signaling affecting CLU mRNA iso-

forms production are different. In particular, they found that the Wnt
signaling pathway, via TCF1, specifically regulates the expression levels of
Isoform 1 but not that of Isoform 2 (Schepeler et al., 2007). Cochrane et al.
found that the two isoforms are concomitantly expressed in prostate cancer
cell line, being differentially regulated by androgens (Cochrane et al., 2007).
In particular, Isoform 2 is upregulated by androgens, whereas Isoform 1 is
downregulated by androgens. Moreover, Isoform 2 levels do show a signifi-
cant increase in levels during the progression to androgen-independent
prostate cancer in LNCaP xenograft tumors (Cochrane et al., 2007).
It is now clear that CLU encodes several mRNA variants, but still very

little is known about their biological relevance and regulation. It is also
unclear whether transcription of each mRNA species is driven by a unique
promoter or perhaps by different promoters.
The existence of diverse human CLU transcripts is paralleled by previous

findings in quail. In this system, it was demonstrated that two CLU tran-
scripts with different, mutually exclusive, noncoding 50 exons can be pro-
duced from the avian gene (Michel et al., 1995). In contrast to the avian
CLU gene, whose expression can be driven by two alternative promoters
(Michel et al., 1995), CLU expression in mammals has traditionally been
thought to be controlled by one promoter only. However, the proved exis-
tence of several novel CLU mRNA variants differentially regulated by
diverse signaling pathways (Cochrane et al., 2007; Schepeler et al., 2007),
and the complexity of CLU regulation as illustrated by the observations that
identical growth factors may elicit different CLU responses (Trougakos and
Gonos, 2002) keep this question open. Whether transcription of each
mRNA species is initiated from the same promoter or perhaps (and more
reasonably) by different promoters still remains to be unravelled.
In support of the latter hypothesis, it is known since long ago that many

putative transcriptional cis-element have been identified in the rat first
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intron, like the half glucocorticoid element (Wong et al., 1993), an AP1 site
and two transforming growth factor-� (TGF-�) inhibitory elements
(Rosemblit and Chen, 1994). Recently, by androgen receptor (AR) chroma-
tin immunoprecipitation assay it was found that the first intron of the human
CLU gene contains the putative androgen response elements (ARE)
(Cochrane et al., 2007).
We have performed a simple “in silico” analysis to study the putative

regulatory regions of CLU gene. We used the MatInspector software tool
(Cartharius et al., 2005) to find promoter regions and potential binding sites
of various activator and repressor factors that bind to specific DNA regu-
latory sequences. Although we acknowledge that the inspection of single
transcription factor binding sites (TFBS) in promoter sequences is not suffi-
cient to fully understand gene regulation, it must be considered one of the
initial and crucial events in a rationale chain of analytical steps. Interesting-
ly, we found at least two putative promoter regions, respectively surround-
ing the transcription start site of Isoform 1 and Isoform 2 (Fig. 4). The first
regulatory sequence (P1), is located in the 50-flanking region of the CLU
gene, mostly overlapping with the CLU promoter described by Wong et al.
(1994). This promoter region has a core promoter element of about 150 nt
surrounding the transcription start site of the Isoform 1 (Fig. 4). The core
promoter region of P1 contains the TATA box, SP1 and SP2 sites, and the
CLE element previously described. Interestingly, we have identified a second
putative promoter region (P2) in the first intron of the CLU gene, immediately
upstream of the transcription start site of Isoform 2 (Fig. 4). Considering that
CLU belongs to the apolipoprotein family, it is interesting to note that intronic
enhancer sequences have been shown to be involved in the expression of the
59 39Ex 9Ex 2

Ex 1_1 Ex 1_3 Ex 1_2

P1 P2

TSS1 TSS2

Fig. 4 Putative regulatory regions on CLU gene. The figure focuses on the organization of the
CLU gene promoter on human chromosome 8. Black blocks represent exons from 2 to 9,

common to all transcripts, while gray blocks represent unique exon 1 of different CLU tran-

scriptional variants. TSS1 and TSS2 represent the transcription start site of Isoform 1 and

Isoform 2, as confirmed by CAGE analysis. P1 and P2 represent two putative promoter regions
identified by “in silico” analysis using the MatInspector software. P1 flanks the 50 region of the

CLU gene, surrounds TSS1 and overlaps with the first promoter identified time ago, while P2 is

located in the first intron surrounding the TSS2.
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human apolipoprotein-B gene (Brooks et al., 1994). The putative core element
of the P2 regulatory region contains a TATA box, a CAAT box, SP1 (G/C
box), but not the SP2 binding site. We did not find the CLE element, but we
found a c-AMP responsive element instead and three well-conserved E-box
elements, which are supposed to bindMYCN.We have also identified several
STAT elements in the core promoter region and in the 50 region of the
P2 sequence. TFBS prediction programs like MatInspector may identify and
suggest the presence of a regulatory site but does not provide information
about its functionality in vivo. The binding potential of the TFBS identified
“in silico” must ultimately be proven only by a wet-lab experiment with
defined settings, particularly since potential binding sites in a promoter can
be functional in a cell-, tissue-, or organ-dependent fashion, also affected by
developmental stages, or nonfunctional under different conditions.
III. CLU PROTEIN FORMS
At this point, the reader may find that the situation, although still in
progress, is complicated enough concerning the existing CLU transcripts.
To complicate the picture further, the situation at the protein level is not any
easier. It is now very clear that there are several protein forms all derived by
the unique CLU gene, but it is unclear about how each transcript mentioned
above is related to the diverse CLU protein forms observed. At least three
protein forms closely related to each other have been described, with distinct
subcellular and extracellular localization. Very likely, they may have differ-
ent functions (Caccamo et al., 2003, 2004, 2005; Moretti et al., 2007; Pucci
et al., 2004; Scaltriti et al., 2004b; Trougakos et al., 2005; Yang et al., 2000;
Zhang et al., 2006).
The secreted form of CLU (sCLU) is a 75–80 kDa glycosylated hetero-

dimer present in almost all physiological fluids. Translation of sCLU starts
from the ATG in exon 2 and produces a 427 amino acid sequence that is then
targeted to the ER by an initial leader peptide. The intracytoplasmic precur-
sor is an uncleaved, unglycosylated protein with an apparent size of 60–64
kDa byWestern blot analysis before ER processing. This precursor protein is
further glycosylated and proteolytically cleaved at an internal site between
arg205 and ser206. Two distinct monomers, with limited homology, named
alpha (34–36 kDa; corresponding to residues 206–427) and beta (36–39
kDa; corresponding to residues 1–205) are linked together through five
disulfide bonds (Choi-Miura et al., 1992; Kirszbaum et al., 1992). CLU
also contains at least three potential nuclear localization signals (NLS).
One is a SV-40 large T antigen-like NLS at the N-termini, residues 74–81
in humans (reference sequence: GeneBankTM accession number M64722);
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another one is located between residues 324 and 340; a third one is located
at the C-termini, residues 442–446 (Leskov et al., 2003).
A shorter form of about 50 kDa targeting the cell nucleus has also been

identified (nCLU). Enhanced expression of nCLU is generally associated to
cell death (Caccamo et al., 2003, 2004, 2005; Leskov et al., 2003; Moretti
et al., 2007; Scaltriti et al., 2004b; Yang et al., 2000).
Of notice, alternative CLU protein products have never been isolated,

purified, and crystallized. Therefore, their actual structure is not known.
All the information we have now available on possible secondary structures
of CLU forms are only predicted through the use of computational analysis
programs, but never proved to be true by experimental procedures.
Secreted CLU binds a wide array of biological ligands, acting as an

ATP-independent extracellular chaperon (Poon et al., 2000; Wilson et al.,
1991). It was speculated that CLU has a flexible binding site (Bailey
et al., 2001) due to the combination of an intrinsically disordered region
and amphipathic �-helices ordered structures. Both random coiled and
molten globule regions are putatively present in the CLU protein struc-
ture. They would enable this protein to act as a biological detergent. For
this reason, it has been defined as an extracellular chaperone (Bailey
et al., 2001). It has also been proposed that, thanks to these domains,
CLU may acts as a molecular adaptor that can mediate cellular uptake
and degradation of undesired macromolecules circulating in the blood, in
cooperation with cognate receptors (Bartl et al., 2001; Poon et al.,
2002a,b; Stewart et al., 2007).
Recently, novel information about the pathway of degradation of CLU has

filled the void of knowledge about the basic metabolism of this protein in the
cell. CLU degradation occurs both by the proteasome and the lysosome path-
ways (Balantinou et al., 2009; Rizzi et al., 2009). In prostate cancer PC-3 cells
CLU half-life is less than 2 h. Rapid degradation occurs through the protea-
some, which may represent the main way through which prostate cancer cells
avoid CLU accumulation and escape apoptotic doom (Rizzi et al., 2009).
IV. CONCLUSIONS
Many experimental evidences have demonstrated the existence of diverse
CLU transcripts, making obsolete the idea that the human CLU gene
produces a unique transcript. Concerning the mechanisms driving their
synthesis, recent data show that many of the previous hypotheses, based on
preliminary observations, are no longer true. For instance, while alterna-
tive splicing of CLUmRNAwas never confirmed, the experimental data, so
far, available on the complex transcriptional regulation of CLU gene are
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now demonstrating that at least two distinct transcripts are resulting
from two independent transcriptional start sites, probably driven by two
distinct promoters.
The possibility that the use of alternative promoters in the CLU gene might

result in changes in the protein motifs at the N-terminus, resulting in different
subcellular localization, now represents the new challenge for future research.
This topic is of particular relevance because there is a growing consensus in
the literature concerning the fact that the biological function of CLU is linked
to its different localization inside the cell. Therefore, determining the activity
of alternative promoters under different experimental conditions and in
different cell types or tissue contexts will be fundamental. The fine dissection
of the genetic and epigenetic regulatory mechanism driving this phenomenon
is now imperative for understanding the broad diversity of developmental
processes in both normal and diseased states.
The identification of all CLU transcripts and their transcriptional regu-

lation, together with the characterization of the structure and the intracel-
lular localization of all translational products and their cognate functional
partners, is essential to build a solid bulk of knowledge for the correct
interpretation of the huge mass of data that has been produced until now.
Only through this work we will be able to unravelling the biological
function(s) of CLU.
CLU has been proposed as a target for cancer therapy (Chan et al., 2006;

Gleave et al., 2002; So et al., 2005). The possible link between CLU action
and cancer will be discussed in chapters “CLU and prostate cancer”, “CLU
and breast cancer”, “CLU and colon cancer”, “CLU and lung cancer”,
“CLU and chemoresistance”, “CLU and tumor microenvironment”, and
“Regulation of CLU gene expression by oncogenes and epigenetic factors:
Implication for tumorigenesis”, Vol. 105. In any case, this novel knowledge
is critical and may have important clinical relevance, considering that stra-
tegies for the silencing of CLU gene translation through the use of antisense
oligonucleotides (antisense therapy) have been already attempted to enhance
apoptosis in oncologic patients. These approaches were based on the knowl-
edge, and reference nucleotide sequences, which are now clearly obsolete.
Alternative novel approaches based on upregulation of nCLU in target cells
can now be hypothesized and exploited.
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Cell transformation is strictly linked to important metabolic changes which are
instrumental for initial survival of cancer cells and subsequent spreading of disease.

Early (i.e., anerobic glycolysis) and late metabolic changes (i.e., fatty acid metabolism)

are required for progression and clinical emergence of cancer. Besides well-known tumor
suppressors and oncogenes, several metabolic genes have been found implicated in this

multistep process, among which are fatty acid synthase (FASN) and carnitine palmitoyl

transferase I (CPT I). An intriguing link between these metabolic shifts and a change

in the balance between nuclear and secreted forms of CLU (nCLU/sCLU) has been
suggested. The shifting balance between CLU forms during tumor progression, by

affecting the fate of the cell, seems to be strongly influenced by the metabolic shift

occurring in the different steps of tumor progression. # 2009 Elsevier Inc.
I. INTRODUCTION
In tumor progression, the overall metabolic demand of neoplastic cells is
significantly higher than most other tissues and the cancer cell depends more
on glycolysis, even in the presence of available oxygen. Enhanced “aerobic
glycolysis” in cancer cells is known as the Warburg effect (Shaw, 2006).
Though controversial over the years, a molecular basis for the Warburg effect
is emerging from genetic and pharmacological studies which demonstrate that
specific oncogene and tumor suppressor mutations or dysregulation directly
control glycolysis and oxidative phosphorylation. The combination of these
mutations and the hypoxic conditions in many tumor types is likely to
synergize and to control the CLU expression depending on the overall
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metabolic state of individual tumors. Therefore, changes in CLU forms
expression could be strongly influenced by the metabolic shift occurring in
the different steps of tumor progression.
II. SHIFTING OF CELL METABOLISM IN
TUMORIGENESIS
Mutated cancer cells could benefit from glycolysis in many ways, in fact
glycolysis generates more energy more quickly than in normal cells: unlike to
the normal cell, the neoplastic cell typically utilizes nutrients in an “energy-
independent” manner, as a consequence it does not need to break down
amino acids and fatty acids to generate energy and it can utilize them to
build proteins and lipids necessary for growth. The proliferative advantage
of glycolysis is further demonstrated by in vitro experiments showing that
the switch back to oxidative phosphorylation from glycolysis is accompa-
nied by a decrease in cell growth and tumorigenicity. The long-chain fatty
acids accumulated can be toxic and also induce cell death. Hence, we can
speculate that the shifting of cell metabolism controls tumor cell growth and
apoptosis. The nutrient deprivation and energy stress in nonmutated cell
activate a program that inhibits cell-cycle progression and biosynthetic
process through LKB1-activated AMPK. On the other hand, when cell
lacks tumor suppressors (such as TSC2, LKB1, p53) or carries active onco-
genes (Ras, Akt, Her2) mTOR and HIF1 pathways are activated, increasing
cell growth and protein and lipid synthesis through fatty acid synthase
(FASN) overexpression.
FASN catalyzes the synthesis of palmitate from the condensation of

malonyl-CoA and acetyl-CoA and plays an important role in energy homeo-
stasis by converting excess carbon intake into fatty acids for storage.
In normal cells, FASN is expressed at low levels due to the presence of
dietary lipids. In contrast, neoplastic cells can either use endogenously
synthetic fatty acids to satisfy their metabolic necessities and to support
membrane synthesis. Menendez et al. (2005a,b) show that the extracellular
acidosis present in the microenvironment of solid tumors can work in an
epigenetic fashion by upregulating the transcriptional expression of FASN
gene in breast cancer cells. Moreover, The PI3K/AKT signaling pathway has
also been implicated in the regulation of FASN expression. A positive
feedback loop has been proposed between AKT activation and FASN
expression (Wang et al., 2005). In fact, the well-characterized oncogene
Her-2/Neu and its downstream effector PI3K have a stimulatory effect on
FASN gene. It has been shown that FASN expression is markedly increased
in several human malignancies, notably breast and prostate cancer, and its
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overexpression in tumor tissues from patients with colon, breast and pros-
tate carcinomas as well as melanoma and gastrointestinal stromal tumors
has been associated with a poor prognosis (Pizer et al., 2001). In addition,
one-fourth of human prostate cancers have genomic amplification of FASN
(Rossi et al., 2003).
It has been recently demonstrated that FASN is overexpressed also in

prostate intraepithelial neoplasia (PIN) compared with adjacent normal
tissue, suggesting that it plays a role in the initial phases of prostate tumor-
igenesis, and in metastatic prostate cancer, suggesting that it may function as
a mediator of biological aggressiveness. Importantly, Rossi (Rossi et al.,
2003) demonstrated that FASN-overexpressing prostate cancers display a
characteristic gene expression signature, indicating a particular transcrip-
tion pattern related to its activity. Its role in cancer supports the hypothesis
that FASN is a metabolic enzyme and candidate oncogene in cancer (Migita
et al., 2009).
Overall these data support the role of FASN as a novel “metabolic

oncogene” in cancer cells (Menendez et al., 2005a,b). From a functional
standpoint, pharmacological approaches to decrease expression of FASN
have been shown to result in growth inhibition of various tumor cell lines,
including those derived from prostate cancer and/or prostate cancer tumor
xenografts in vivo (Migita et al., 2009). In addition, functional interference,
mostly by RNA interference, has been shown to result in G1 arrest and/or
induction of apoptosis. FASN-specific inhibitors such as mycotoxin cerule-
nin and its derivative C75, the beta-lactone orlistat, the green tea polyphenol
EGCG, and the novel and potent inhibitors of FASN derived from green tea
catechins (GTC) have been reported to induce programmed cell death in
cancer cells (Zhang et al., 2008).
III. SHIFTING OF CLU FORMS DURING
TUMOR PROGRESSION
Pucci S. and her group have found that the increasing endogenously
synthesized fatty acids together with increasing levels of IL-6, also induced
by Her2/Neu signaling and sustained in breast cancer by autocrine loop,
induce high level of prosurvival sCLU in human breast carcinomas and
in vitro breast cancer cell lines with or without Her2 gene amplification
(SKBR3,MCF7 cells). The expression levels of FASNwould also be in breast
cancer cells, an indicator of Her2 transduction activity. The amplification of
Her2 is present in 25% of breast cancer but it could be commonly present in
various epithelial tumors that overexpress FASN. FASN-derived phospholi-
pids, the end product of nearly 85% of all lipids synthesized de novo by
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FASN in tumor cells, have been observed to end up in lipid rafts in plasma
membranes (Menendez et al., 2005a,b). In tumor progression, general
alterations in the lipid compositions of the cellular and mitochondrial mem-
branes may confer a selective growth advantage to aberrant cells that display
increased FASN activity by inhibition of apoptosis. A strong increase of
sCLU in the cytoplasm of tumoral tissues was correlated with FASN protein
levels. sCLU, which binds hydrophobic macromolecules, would act in
this context to “clear” potentially harmful cellular components, enhancing
survival of cancerous cell.
Treatment in vitro with hydrocortisone strikingly induces an increase of

sCLU protein. A strong increase of sCLU was found in FASN overexpressing
breast tumors, which was detected in the cytoplasm bound to Ku70-Bax
complex, inhibiting Bax-dependent cell death activation in breast cancer
cells. These interactions among Ku–CLU–Bax represent one of cell death
escaping mechanism common in colon cancers as previously published
by Pucci et al. (2009). FASN inhibition by cerulenin induces an increased
expression and the accumulation of nCLU in the nuclei of breast cancer cells,
more evident in the Her2-amplified SKBR3 cells, favoring the proapoptotic
pathway reverting the neoplastic apoptosis resistance.
Moreover, FASN inhibitors induced an increase of Ku70 acetylation and

subsequent sCLU–KU70 release from Bax, sterically inhibited in tumors by
these interactions. Therefore, the apoptotic processes induced through the
inhibition of the oncogene FASN involve BAX heterodimerization and
migration to mitochondria and the accumulation of nCLU in the nuclei.
These observations suggest that FASN overexpression may protect prostate
epithelial cells from apoptosis, while inhibition of FASN expression could
induce the proapoptotic form of CLU in cancer cells.
All together, data suggest a link among tumor progression, cell metabolic

shift, sCLU/nCLU balance, and cell fate in neoplastic cells. These observa-
tions on breast and colon cancer cells are in agreement with data obtained by
Bettuzzi and his group in TRAMP mouse prostate carcinoma model using
GTC, known to inhibit the activity of FASN (Scaltriti et al., 2006).
They reported the effect of the GTC, known to display chemopreventive

effects in many cancer models, including transgenic adenocarcinoma mouse
prostate (TRAMP) mice that spontaneously develop prostate cancer (CaP)
on nCLU production. In particular, CLU expression was detectable at basal
levels in young TRAMP mice, being potently downregulated together with
caspase-9 during onset and progression of CaP. At difference, in TRAMP
mice treated with the FASN inhibitors GTC, tumor progression was chemo-
prevented and CLU mRNA and protein progressively accumulated in the
prostate gland, while caspase-9 expression also returned to basal levels.
Massive nuclear staining with anti-CLU antibodies of prostate cells
(nCLU) was demonstrated at early stages of chemoprevention treatment
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with GTC. These data suggested CLU as tumor suppressor in prostate
cancer, possibly mediating the anticancer effect of GTC (Caporali et al.
2004). Interestingly, in a further study (Scaltriti et al., 2006), molecular
classification of GTC-sensitive versus GTC-resistant prostate cancer was
successfully attempted in the TRAMP mice model by quantitative real-
time PCR gene profiling. A set of eight informative genes previously identi-
fied (Bettuzzi et al., 2003) was used for molecular classification. Linear
discriminant analysis was performed to discriminate four mice classes:
wild type, TRAMP spontaneously developing CaP, GTC-sensitive (chemo-
prevented) TRAMP, and GTC-resistant TRAMP in which administration of
GTC failed to prevent CaP progression. In this study, different combinations
of two genes at a time extracted from the whole set of eight genes (with a
total of 28 different possible combinations) were taken into consideration.
Among these combinations, best performing one was CLU-GAPDH, a well-
known enzyme of the glycolysis pathway, with a 0% misclassification ratio
over the four classes studied. As described previously, this result connecting
dysregulation of CLU expression and glycolysis in cancer cells can be inter-
preted as due to the metabolic shift occurring in the different steps of tumor
progression as hypothesized by the Warburg effect.
Besides the role of FASN in tumor development and progression, it is to

note the behavior of another “player” of cell metabolism, carnitine palmi-
toyl transferase I (CPT I) and its new role in the regulation of DNA acetyla-
tion and CLU expression in the tumoral context. CPT I in normal cells
resides at the outer mitochondrial membrane and it serves to transport
long-chain fatty acids into mitochondria for beta-oxidation. Physiologically,
the overexpression of FASN downmodulates CPT I activity, reducing oxida-
tion of newly synthesized fatty acids suggesting a reciprocal regulation
that could become aberrant in neoplastic cells.
Two isoforms of CPT1 have been characterized, known as L-CPT1

(CPT1A) and M-CPT1 (CPT1B) in liver (L-) and muscle (M-), respectively,
where the expression of each was initially described, showing overlapping
tissue-specific expression. While CPT1B is expressed in skeletal muscle,
heart, testis, and adipose tissue, CPT1A has a more widespread distribution
(Weis et al, 1994). CPT I isoform switching has been shown to take place in
development when programmed cell death is enhanced.
The precursors of sphingolipids like palmitoyl-CoA are subject to removal

from the cytoplasm by CPT I, thus CPT I activity may limit de novo synthesis
of sphingolipids. Therefore, a feedback loop transregulate the activities of
FASN and CPTI. The long-chain fatty acids such as palmitate and stearate
can cause programmed cell death correlated with de novo synthesis of
ceramide (Paumen et al., 1997). It was demonstrated that CPT I interacts
with Bcl-2 protein, that regulates programmed cell death in several systems
and it is also expressed at the outer mitochondrial membrane (Reed, 1994).
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Bcl-2 binding to CPT I may modulate sphingolipid metabolism in a yet to be
defined way and it would control a cell death-specific activity of CPT I at the
mitochondrial membrane. In addition, the carnitine system (which com-
prises carnitine, CPT I, carnitine acetyl transferase, and carnitine translo-
case) plays an important role in the cell-trafficking of short-chain fatty acids
such as acetyl-CoA and works to maintain the acetyl-CoA/CoA ratio
(Bremer, 1997).
Therefore, CPT I activity would confer a protective effect on normal cell

viability, by the clearance of long-chain fatty acyl-CoA from the cytoplasm.
Mazzarelli et al. (2007) recently observed that the CPT I was significantly

decreased in the mitochondria, and it strikingly localized in the nuclei of
tumoral tissues (colon, breast, liver, ovary). At this purpose, in vitro experi-
ments using epithelial neoplastic (MCF-7, Caco-2, HepG2) cells and nonneo-
plastic cell lines (MCF-12F) confirmed a nuclear localization of CPT1 protein
exclusively in neoplastic cells. Moreover, histone deacetylase (HDAC) activity
showed significantly higher levels in nuclear extracts from neoplastic than
from control cells. HDAC1 and CPT1 proteins were coimmunoprecipitated in
nuclear extracts fromMCF-7 cells. The treatment with HDAC inhibitors such
as trichostatin A and butyrate significantly decreased nuclear expression of
CPT1 and its binding to HDAC1. The existence of CPT1A mRNA transcript
variant 2 in MCF-7, besides the classic isoform 1 was also characterized.
Mazzarelli et al. observed that CPT I in the nucleus could be implicated in the
epigenetic regulation of gene transcription, a relevant process to control
tumor growth. In fact, the peculiar localization of CPT1 in the nuclei of
human carcinomas and the disclosed functional link between nuclear CPT1
and HDAC1 propose a new role of CPT1 in the histonic acetylation level of
tumors. In neoplastic cells FASN overexpression inhibited �-oxidation, thus
CPT I protein possibly could move to the nucleus and modulate the acetyl
moieties at histone level. Moreover, the silencing of CPT1A nuclear expres-
sion by small-interfering RNAs is a sufficient condition to induce apoptosis in
MCF-7 breast cancer cells where FASN and sCLU are concomitantly over-
expressed. The apoptosis triggered by RNA interference correlates with
reduction of HDAC activity and hyperacetylation of histone- and nonhistone
proteins, involved in cancer-relevant death pathways. Moreover, the CPT1A
knockdown induces downstream effects on proapoptotic genes (upregulation)
and invasion- and metastasis-related genes (downmodulation), as shown by
microarray analysis. Downstream effects induced by histone hyperacetylation
were the upregulation of proapoptotic transcription (BAD, CASP9,
COL18A1) and the downmodulation of invasion and metastasis-related
genes (TIMP-1, PDGF-A, SERPINB2). Focusing on the cell-death pathway,
CPT1A silencing induced cell death modulating Ku70 acetylation state and
affecting sCLU–Ku70–Bax interactions and inducing nCLU accumulation in
the nucleus.
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IV. CONCLUDING REMARKS
The results provided above bring important evidences of existing mechan-
isms linking tumor progression to the metabolism-dependent epigenetic con-
trol to cell-death escape. In particular, FASN and CLU form production are
specifically regulated in cancer cells which merely retain CPT1A nuclear
localization. The possibility to revert these aberrant interactions by RNA
targeting could offer new strategies for innovative cancer therapies.
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In this chapter, the attention is put on Ca2þ effect on Clusterin (CLU) activity. We

showed that two CLU forms (secreted and nuclear) are differently regulated by Ca2þ and
that Ca2þ fluxes affect CLU gene expression. A secretory form (sCLU) protects cell

viability whereas nuclear form (nCLU) is proapoptotic. Based on available data we

suggest, that different CLU forms play opposite roles, depending on intracellular Ca2þ

concentration, time-course of Ca2þ current, intracellular Ca2þ compartmentalization,

and final Ca2þ targets. Discussion will be motivated on how CLU acts on cell in response

to Ca2þ waves. The impact of Ca2þ on CLU gene activity and transcription, posttran-

scriptional modifications, translation of CLU mRNA, and posttranslational changes as
well as biological effects of CLUwill be discussed.We will also examine howCa2þ signal

and Ca2þ-dependent proteins are attributable to changes in CLU characteristics. Some

elucidation of CLU gene activity, CLU protein formation, maturation, secretion, and

intracellular translocations in response to Ca2þ is presented. In response to cell stress
(i.e., DNA damage) CLU gene is activated. We assume that commonly upregulated

mRNA for nCLU versus sCLU and vice versa are dependent on Ca2þ accessibility

and its intracellular distribution. It looks as if at low intracellular Ca2þ the delay in
cell cycle allows more time for DNA repair; otherwise, cells undergo nCLU-dependent

apoptosis. If cells are about to survive, intrinsic apoptosis is abrogated by sCLU

interacting with activated Bax. In conclusion, a narrow range of intracellular Ca2þ

concentrations is responsible for the decision whether nCLU is mobilized (apoptosis)
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or sCLU is appointed to improve survival. Since the discovery of CLU, a huge research

progress has been done. Nonetheless we feel that much work is left ahead before
remaining uncertainties related to Ca2þ signal and the respective roles of CLU proteins

are unraveled. # 2009 Elsevier Inc.

I. INTRODUCTION
In modern molecular biology, if any concern is put on functions played by
a particular protein, the role of calcium signal should be addressed. Particu-
larly in figuring out the triggering mechanisms that initiate secretion, intra-
cellular translocations, or protein interactions. CLU protein is among those
proteins that behave in a Ca2þ-dependent manner (Caccamo et al., 2004;
Pajak and Orzechowski, 2007a). Moreover, CLU is involved in tumorigen-
esis and regulation of cell life and death (Ammar and Closset, 2008;
Caccamo et al., 2003; Chayka et al., 2009; Leskov et al., 2003; Liu et al.,
2009; Redondo et al., 2007; Rizzi et al., 2009; Scaltriti et al., 2004; Yang
et al., 2000; Zhang et al., 2005). Thus, the answer to the frequently asked
question of how to explain the idiosyncrasy of CLU, may find an explana-
tion studying Ca2þ and its role on the normal and transformed cells. Since
Ca2þ is also indicated to play significant role in protein degradation, the
CLU deprivation has a special merit in well proven pro- and antiapoptotic
effects. It is worth to mention that intracellular Ca2þ fluxes are tightly
controlled both in time and space since a number of catalytically active
proteins critical for cell fate depend on Ca2þ. Additionally, adhesiveness
and other CLU activities seem to be associated with Ca2þ, but these attri-
butes need further exploration. The position of Ca2þ in control of CLU
activities is principally dependent on Ca2þ channels and their regulation. In
this chapter, we took on the task to give an explanatory note to the well-
known features of CLU with respect to Ca2þ waves. The issue of Ca2þ-
dependent regulations of CLU activity was the main objective in our effort to
provide the reader with up to date information, pros and cons, as well as the
gaps that remain to be perceptive in Ca2þ–CLU relations.
II. CA2þ SIGNAL
In contrast to extracellular milieu (1 mM), intracellular cytoplasmic Ca2þ

concentration is kept low (�100 nM) while mitochondria and endoplasmic
reticulum (ER) pile up Ca2þ (millimolar range) from where it is occasionally
released upon stimuli mediated by second messengers (i.e., inositol triphos-
phate, IP3). Besides, Ca2þ is known to promote its own release through the
ryanodine Ca2þ channels. Cell membrane is impermeable to ionic calcium
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except for plasma membrane calcium channels (PMCC) which are different-
ly gated (by voltage or ligands). Additionally, Ca2þ is forced out from the cell
by plasma membrane pumps (Ca2þ-ATPases) or forced out back to ER by
sarcoplasmic reticulum Ca2þ-ATPases (SERCA). Specific calcium ion chan-
nel blockers were used to study the activity of respective channels. Ca2þ

enters cytoplasm transiently (for seconds or minutes), as there is a favorable
concentration gradient. Instantaneously, Ca2þ triggers a variety of signals,
including activation/inactivation of numerous regulatory and catalytically
active proteins (enzymes, transcription factors, chaperones, etc.). Important-
ly, CLU/Apo J belongs to the group of, in some way, Ca2þ-modulated
proteins. Although we know much about Ca2þ fluxes, it is indicative that
the definitive criteria which determine cell fate in response to Ca2þ are not
known accurately. Possibly, Ca2þ concentration may vary in time, even may
oscillate (Ca2þ influx from intracellular stores and subsequent extracellular
Ca2þ entry) offering a room for somewhat diverse outcomes. Frequently,
Ca2þ fluxes bring opposite consequences, such as cell proliferation
versus differentiation, viability versus death, apoptosis versus necrosis.
Probably, partitioning of Ca2þ entry into separate cellular compartments
plays a significant role in the process. In any case, Ca2þ signaling is often
examined when apoptosis is the objective. It has been shown that discrete
Ca2þ signals trigger either the intrinsic, caspase-dependent apoptosis, or
caspase-independent, calpain-mediated apoptosis (Pinton et al., 2008;
Tagliarino et al., 2001). Overall, these observations suggest that calcium
homeostasis is vital for cell survival, including tumor cells. The details how
Ca2þ signals affect particular type of tumor are critical if one wish to defeat
immune escape and antiapoptosis of cancer cells. Links between the Ca2þ

signal, CLU activity, and chemoresistance designate the approach that
should be cautiously inspected.
III. CA2þ CONTRIBUTION TO
CLU-MEDIATED EFFECTS
Presumably, high levels of calcium in serum may promote the growth of
potentially fatal cancers (Liao et al., 2006). Among variety of cancers, the
correlation between calcium ion (Ca2þ) and cancer incidence in man was
observed for prostate cancer (Skinner and Schwartz, 2009). Actually, this
suggests that prospective association between serum calcium and prostate
cancer mortality exist. The G-protein-coupled receptors (GPCR) activated
by Ca2þ were identified in prostate cancer cells (Lin et al., 1998). Alongside
these sensors, prostate cancer proliferation is under control via Ca2þ entry
through the Ca2þ-activated Kþ channels (Lallet-Daher et al., 2009).
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In contrast, in many other cell types (including cancers), it is thought that
high intracellular Ca2þ makes cancer cells primed to cell death (Tagliarino
et al., 2001, 2003). Surprisingly, CLU translocates from cytosol to nucleus at
low intracellular Ca2þ levels which correlates with reduced cell viability and
anoikis in prostate or classical apoptosis in colorectal cancer cells (Caccamo
et al., 2004; Pajak and Orzechowski, 2007a). It was exemplified by extra-
cellular calcium deprivation that leads to reduced viability of astrocytes by
apoptosis (Chiesa et al., 1998). Besides, since secretory activity relies on Ca2
þ influx (Catterall, 2000), intracellular CLU accumulation might be brought
about by low intracellular calcium. Under certain stress conditions, CLU
may evade the secretion pathway and accumulate in cytosol (Nizard et al.,
2007). Thus, the alternative route for CLU location has been postulated in
parallel to exon skip or alternate splicing of mRNA.
It was not a simple coincidence that CLU presence was first demonstrated

in seminiferous tubules. Findings of D’Agostino group clearly showed that
activity of Sertoli cells which control spermatogenesis in testis is affected by
intracellular Ca2þ and that selection of spermatocytes or spermatogonia to
methoxyacetic acid-induced apoptosis is associated with high intracellular
CLU (Barone et al., 2003, 2005). As was mentioned, several voltage-gated
calcium channels (VGCC) have been identified by use of specific calcium ion
channel blockers (N-, L,- and P/Q-type) in Sertoli cells in in vitro and in vivo
studies. The P/Q-type VGCC is unique for its cellular presence and physio-
logical effects. By comparison, L-type VGCCmodulate a laminin-dependent
Ca2þ influx (Taranta et al., 2000), while N- and P/Q-type VGCC are
involved in the regulation of protein secretion (Fragale et al. 2000; Taranta
et al., 1997). P/Q-type VGCC channels are located at plasma membrane of
Sertoli cells lining the basal lamina where blood–testis barrier is set up.
Interestingly, male gametes linked to Sertoli cells do not express this type of
Ca2þ channel. The experimental evidence showed that CLU protein was
secreted by Sertoli cells in response to P/Q VGCC channel activation. Subse-
quently, elevated CLU levels were detected in gametes undergoing pro-
grammed cell death (Barone et al., 2003, 2005). The detailed molecular
mechanism of this reaction is not known at present, although it is admitted
that CLU from Sertoli cells somehow entered male gametes and facilitated
apoptosis. Actually, intact junctions between Sertoli cells and spermatocytes
were essential since CLU secreted was unable to penetrate intact germ cells.
Although spontaneous apoptosis effects up to three-fourth of potential male
gametes, evenmore is deleted in the genotoxic conditions. This process limits
the clonal expansion of germ cells to the number that Sertoli cells are able to
support. It probably prevents the spread of aberrant spermatozoa too.
Recently, it was shown that L-type VGCC allow heavy metal ions Zn2þ

and Cd2þ to enter germ cells (Kaisman-Elbaz et al., 2009). Once permeated,
they trigger apoptosis. It comes across with high levels of Zn2þ and Cd2þ
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found in testis. Notably, Zn2þ and Cd2þ cell influx in depolarizing
conditions enhanced CLU expression and secretion, followed by cell death.
Conversely, attenuation of CLU or Zn2þ and Cd2þ intracellular entry re-
versed eradication of germ cells. This study reminds us that EDTA is a
nonspecific Ca2þ chelator ridding of Zn2þ and Cd2þ prior to Ca2þ removal
and pointing to cautious interpretation of EDTA-based experiments (Kay,
2004).Much remains to be learned on the role CLU in tumorigenesis of testis.
IV. CA2þ INFLUX THROUGH TRPM-2
CHANNELS AND CLU LOCATION
Initially, one of the names given to CLU was TRPM-2 (testosterone
repressed prostate message 2), abbreviation identical to channel enzyme
TRPM-2 (transient receptor potential melastatin 2). Ten years have passed
from discovery of TRPM family of cation channels which are gated by Ca2þ,
ADP-ribose (ADPR), H2O2, and NADþ (Nagamine et al., 1998). They were
identified in CLU-rich tissues such as brain (Nagamine et al., 1998) and
prostate (Wang et al., 2007). ADPR coalesces with the intracellular
C-terminal Nudix-box, a homology domain to enzymes with pyrophospha-
tase activity. It was demonstrated that Ca2þ and ADPR might together
regulate intracellular Ca2þ influx, and Ca2þ facilitates gating of TRPM-2
channel by ADPR. The molecular mechanisms of Ca2þ -, H2O2-, or NADþ-
dependent TRPM-2 activation as well as signaling pathways involving
TRPM-2 activation are not fully understood. It is evident from several
studies that TRPM-2 activation leads to induction of cell death but its
intracellular effectors were not revealed, either. TRPM family of cation
channels are voltage operated, although they do not possess voltage sensor
(Voets et al., 2004). The common feature of TRPM channels is N-terminal
TRPM-homology domain, indispensable for gathering and anchorage of
protein channel complex (Perraud et al., 2003). Three major subfamilies
are canonical (TRPC), melastatin-related (TRPM) and vanilloid-related
(TRPV) channels, although remote subfamilies of polycystin (TRPP), muco-
lipin (TRPML), ankyrin (TRPA), and no mechanoreceptor potential C or
NOMPC (TRPN)-related channels were also identified. The expression of
TRPM and TRPV channels was found in prostate continuum (Wang et al.,
2007). Of all TRPM subtypes, TRPM8 expression was the highest while for
the TRPV subfamily, TRPV4 was most plentiful in rat prostatic tissue. The
function of above-mentioned TRPM and TRPV channel members is uncer-
tain in prostatic tissue. Anyway, it was frequently reported that intracellular
CLU location is tightly regulated by Ca2þ. In contrast to typical VGCC
which are selective for Ca2þ the TRPM and TRPV subtypes are nonspecific



38 Beata Pajak and Arkadiusz Orzechowski
cation channels. It suggests that discrepancies observed in CLU studies when
different Ca2þ chelators were used could be associated with different chela-
tor affinity to cations. For example, EDTA has a far higher affinity for
transition metals than it does for calcium, so it chelates transition metals
with the displacement of calcium. EGTA specificity favors Ca2þ instead of
transition metals. In our study where EDTA and EGTA were exploited in
equimollar concentrations, merely EDTA could elicit anoikis in human
COLO 205 adenocarcinoma cell line. Cytotoxicity of EDTAwas accompa-
nied by CLU nuclear setting (Pajak and Orzechowski, 2007a). Previously,
Caccamo et al. (2004) showed identical reaction in human prostate cells
when BAPTA AM was utilized to eliminate intracellular calcium. BAPTA
AM is a well-known intracellular calcium blocker that enters the cell, is
cleaved and trapped irreversibly as charged Ca2þ chelator. Even then, at high
concentrations BAPTA can trigger apoptosis (Caccamo et al., 2005; Pu and
Chang, 2001) and increased CLU promoter activities (Araki et al., 2005). It
is not clear, if intracellular Ca2þ depletion, or Ca2þ influx from the outside
elicit cell death. The risk of BAPTA toxicity at higher doses may also be
attributed to Ca2þ deprivation from ER as BAPTA can enter this compart-
ment. Altogether, these results demonstrate two faces of Ca2þ and Ca2þ-
associated control of CLU function. Secreted form of CLU (sCLU) stimu-
lated by Ca2þ sustains viability upon cell stress, thus playing a role of
chaperone, whereas its intracellular form (nCLU) is induced by drop in
Ca2þ and favors cell deletion. Opposite effects observed from chelation
studies suggest that Ca2þ concentration substantially affects cell prolifera-
tion. For this reason, CLU contribution to mitogenesis is a subject matter of
extensive research.
V. CA2þ AND CELL PROLIFERATION
In the past, several reports documented Ca2þ involvement in mitogenesis
(Mailland et al., 1997). Boynton et al. (1974) described how changes in
extracellular Ca2þ concentration impinge on proliferation of 3T3 fibroblasts
in serum supplemented medium. Aminimum 0.05 mM of extracellular Ca2þ

was indispensable to support cell divisions while 0.5 mM was optimal.
Similar results were obtained by other authors when serum mitogens
(growth factors) were examined (insulin, Monaco et al., 2009), insulin-like
growth factors (IGFs, Kojima et al., 1988), fibronectin (Illario et al., 2008),
platelet-derived growth factor (PDGF, Ma et al., 1996), epidermal growth
factor (EGF, Peppelenbosch et al., 1992), and fibroblast growth factors
(FGFs, Munaron et al., 1995). They act on target cells by binding to
membrane receptors associated with kinase activity (receptor tyrosine
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kinase, RTK) while other peptides (i.e., bradykinin) act through GPCR. By
assembly with cognate receptors, mitogens elicit cascades of intracellular
signals. Mitogen-activated protein kinases (MAPK, ERK1/2, Illario et al.,
2008) and phosphatidylinositol 3 kinase/Akt (Khundmiri et al., 2006) play
decisive roles by starting replicative processes. Early signals lasting from
seconds to tens of minutes are apparently of paramount importance for ionic
events. They include activation of transporters and channels as well as ionic
redistribution between subcellular compartments (Barbiero et al., 1995).
By Ca2þ-induced Ca2þ release from internal stores (ryanodine receptors)
or Ca2þ permeation from extracellular medium the sustained increase in
Ca2þ might be achieved. Consequently, capacitative and noncapacitative
Ca2þ entry for at least 1 hour allows for the progression from G0 to G1 of
cell cycle (Estacion and Mordan, 1993; Fig. 1).
Recently, cytofluorometrical and electrophysiological evidence for Ca2þ

influx showed the substantial role of ion channels in cell-cycle regulation,
including L-type VGCC (Monaco et al., 2009). Transient receptor
potential (TRPC-1 and TRPM-7) channels are also indicated to mediate
Ca2þ-dependent stimulation of cell proliferation (Abed and Moreau, 2009;
El Hiani et al., 2009). Patch-clamp electrophysiological recordings (whole
cell mode, single channel) were widely used to extend our grasp on the
pattern of cytosolic calcium. Calcium channel blockers (nifedipine, verapa-
mil, SKF96365A), chelators (EDTA, EGTA, BAPTA AM), ionophores
(calcimycin/A23187), and Ca2þ-sensitive dyes (fura 2) were employed as
tools. Serious limitation of these techniques is the duration of experiment
(less than 1 h). Even then, calcium response to mitogenic stimuli is biphasic,
with initial rise (transient) followed by a long-lasting lower phase featured
by several oscillations. It is believed, that initial burst originates from release
of Ca2þ from intracellular stores since it occurs in the absence of extracellu-
lar Ca2þ. It is not the case for subsequent plateau where external source of
Ca2þ is essential.
VI. IS CLU A CA2þ-DEPENDENT PRO- OR
ANTIAPOPTOTIC GENE?
Overexpression of CLU was either observed to suppress apoptosis/ame-
liorate viability in some tumors (Ammar and Closset, 2008; Liu et al., 2009;
Redondo et al., 2007; Zhang et al., 2005) or to be proapoptotic/to depress
survival in other multiple tumor cell lines (Leskov et al., 2003; Yang et al.,
2000). Actually, CLU is a short-lived protein, with the average turnover of
less than 2 h (Rizzi et al., 2009). Opportunely, this half-life corresponds to
the time window where one can keep an eye on Ca2þ intracellular fluxes.
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Fig. 1 Suggested role of Ca2þ ions in the control of cell proliferation. Serum mitogens acting through membrane receptors (RTK, GPCR) activate
transporters and channels as well as ionic redistribution between subcellular compartments. Mitogen-activated protein kinases (MAPK, ERK1/2) and

phosphatidylinositol 3 kinase/Akt are stimulated to target protooncogenes. By Ca2þ-induced Ca2þ release from internal stores (ryanodine receptors) or

Ca2þ permeation from extracellular medium the sustained increase in Ca2þ is achieved. Consequently, the progression from G0 to G1 of cell cycle might

proceed since nCLU stays dormant (pnCLU) in the cytoplasm.
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Irrespective to its short half-life, nCLU was often reported to act as an
antioncogene protein and CLU is consequently summoned up as the
tumor suppressor gene (Caccamo et al., 2003; Chayka et al., 2009;
Scaltriti et al., 2004). Furthermore, CLU-dependent cell-cycle arrest directly
correlates with the drop of intracellular Ca2þ and its transfer to nucleus
(Caccamo et al., 2004; Pajak andOrzechowski, 2007a). CLU behavior bears
the resemblance of transcription factors who once activated translocate and
regulate gene activity (Batsi et al., 2008). It is predominantly noticeable in
p53 “loss of function” cancer cell lines (Batsi et al., 2008; Chen et al., 2004;
Mallory et al., 2005;Markopoulou et al., 2009) probably becauseCLU gene
is negatively regulated by wild-type p53 (Criswell et al., 2003). The latter
possibility is still a matter of debate, although Yang et al. (2000) demon-
strated that CLU interacts with DNA repair machinery in irradiated cells. At
this point, CLU induced cell-cycle arrest and triggered the programmed cell
death. A number of papers has been given testimony of nCLU-mediated
proapoptotic activity (Caccamo et al., 2003; Leskov et al., 2003; Yang et al.,
2000) while some emphasized the causal relationship between cell-cycle
withdrawal and apoptotic cell death (Chayka et al., 2009; Markopoulou
et al., 2009; Scaltriti et al., 2004; Shannan et al., 2006a,b; Fig. 2). Taken
together, CLU is implicated in various cell functions, including DNA repair,
cell-cycle regulation, and apoptotic cell death. Importantly, above-men-
tioned activities are differently controlled by cytosolic Ca2þ. It signifies the
existence of cell death promoting pathway which is an attractive alternative
to caspase-dependent cell deletion. Possibly, robust cell death is elicited by
calpain proteolytic system (Orzechowski et al., 2004). Micro- or millimolar
Ca2þ concentrations trigger �- and m-calpain, respectively. The system is
tightly controlled by calpastatin, however, high cytosolic Ca2þ overcomes
calpastatin inhibition (Orzechowski et al., 2003). As other proteins, CLU is
obviously a target of transcriptional and posttranslational regulation. In this
process, however, not Ca2þ but proteasome and lysosome systems are indi-
cated in CLU proteolytic cleavage. Actually, it is widely accepted that “old”
CLU is polyubiquitinated and degraded by proteasome 26S (Balantinou
et al., 2009; Rizzi et al., 2009). Nevertheless, a great deal of data comes
from studies where proteasome inhibitor MG132 was used to promote CLU
accumulation and to activate CLU gene expression (Balantinou et al., 2009;
Rizzi et al., 2009). It has to be stressed, however, that MG132 at concentra-
tions used almost entirely blocks calpain activity as well (Tsubuki et al.,
1996). Previously, CLU was described as the potent NF-kappaB (NF-�B)
repressor that by unknown mechanism leads to elevated stability of IkappaB
(I�B�), innate NF-�B inhibitor (Santilli et al., 2003). However, when breast
cancer cells were treated with chemotherapeutic drug doxorubicin (Doxo)
combined with histone deacetylase inhibitor (HDACI) sodium butyrate
(NaB) both stabilized CLU but at the same time a second proteasome target,
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I�B� was degraded (Ranney et al., 2007). This apparent inconsistency is
explicable if one admits that CLU was inhibited by calpain proteolytic
pathway (Fig. 3). In such circumstances, cytosolic Ca2þ fluctuations may
considerably affect CLU levels. Rise in Ca2þ would mean less intracellular
CLU (calpain-dependent degradation) whereas fall in Ca2þ would signify
the elevated CLU level. Additionally, CLU level rises in cellular stress,
including oxidative insult (Araki et al., 2005; Stokes et al., 2002). Although
not completely understood, reactive oxygen species (ROS) release Ca2þ

from ER stores/extracellular milieu pointing to stress-dependence of cyto-
solic calcium concentration (Orzechowski et al., 2003). This issue should be
urgently addressed since CLU degradation by Ca2þ-controlled calpain in
cancer cells would overcome its antiproliferative and antitumor effects.
HDACI-s attracted special attention owing to their antitumor activity and
superior differentiation induction. Butyrate, a short-chain fatty acid (SCFA)
released during microbial digestion of fiber in the bowel facilitated extrinsic
apoptosis (Pajak and Orzechowski, 2007b; Pajak et al., 2009). As other
observed, this event occurs despite the concurrent CLU overexpression (Liu
et al., 2009). Anyway, the proapoptotic activity of HDACI-s overrides ham-
pering effect of sCLU on intrinsic apoptosis (Zhang et al., 2005) and peaks
at extensive cell death due to synergy with tumor inhibitors (Ranney et al.,
2007). Aforementioned observations were corroborated by in vitro and
in vivo studies with antisense oligonucleotides (ASO) or siRNA targeting
CLU gene. Data showed that elimination of full-length CLU mRNA further
sensitized tumor cells to chemotherapeutic drugs (July et al., 2004) or to
HDACI (Liu et al., 2009). Even then, the application of ASO such as
OGX011 when used alone could not delete prostate and breast cancer
cells (Chen et al., 2004).
VII. CA2þ HOMEOSTASIS AND CLU TRANSCRIPTION
The details of control of regulation of CLU gene transcription call for
reminding the distinctive origin of secretory (sCLU) and nuclear (nCLU)
clusterin. If CLU mRNA is truncated (alternative splicing) the translation
product is shorter (49 kDa) as it lacks the leader sequence (LS). It remains
inactive in the cytoplasm, unless the NLS is “put into sight.” Subsequently, it
depending on Ca2þ concentration either sCLU binds Ku70–Bax (at elevated Ca2þ concentra-

tion) to maintain cell viability or nCLU binds Ku70 (at low Ca2þ concentration) to compromise

Bax–Ku70 interactions. Former case leads to antiapoptosis, whereas the latter evokes apoptosis.
Cell-cycle checkpoint G1/S is extended for DNA repair unless the ATM/ATR kinases stimulate

p53 protein to generate stress signals.
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is supposed to be posttranslationally altered to 55 kDa cell death protein
(nCLU), although several reports do not confirm this additional CLU pro-
cessing (Scaltriti et al., 2004). Functional analysis of nCLU showed that
ultimately C-terminus evokes apoptosis (Leskov et al., 2003). It remains
uncertain whether increase or decrease of Ca2þ is crucial; nonetheless, the
turmoil in Ca2þ homeostasis leads to change in CLU gene activity. CLU is
induced in cancer and normal cells by ionizing radiation (IR), hypoxia/
hyperoxia, stress-inducible cytokines, and other less defined factors which
accompany profound trauma (Araki et al., 2005; Han et al., 2001;
Trougakos and Gonos, 2004; Zellweger et al., 2002). Nowadays, the
chase started to find common path that would elucidate why cells liberate
sCLU in order to survive and why do they die if nCLU is upregulated.
Notably, intracellular sCLU accumulation was also observed when this
protein evaded the secretion pathway (Nizard et al., 2007). Araki et al.
(2005) hypothesized that production of ROS guides the Ca2þ waves. ROS
causes lipid peroxidation (plasma membrane) and protein modifications
with damage of Ca2þ channels and Ca2þ transporters. Free Ca2þ mounts
up to the point where either CLU gene is activated and sCLU is secreted or
Ca2þ becomes poisonous to start cell death by apoptosis. In the first case,
sCLU is released and acts as a cell debris scavenger (Tschopp et al., 1993).
Thus, by ridding of the mediators of inflammatory reaction sCLU stops
further production and secretion of proinflammatory cytokines which are
known to promote procoagulant phenotype of endothelium (disseminated
intravascular coagulopathy, DIC)—basis for multiple organ failure (MOF),
a fatal syndrome associated with terminal stages of cancer disease. The issue
of Ca2þ-dependent control of transcription has important role in regulating
programmed cell death (Mao et al., 1999; Youn et al., 1999). The mechan-
isms of control were first described in muscle cells where conversion from
fast to slow muscle fibers is mediated by calcineurin (Ca2þ/calmodulin-
dependent phosphatase) (Chin et al., 1998). It involves the Ca2þ-dependent
dissociation of class II histone deacetylases (HDAC-s) from DNA binding
sites for myocyte enhancer binding factor 2 (MEF2) (Lu et al., 2000). Once
activated, MEF2 transcription factor amplifies genes essential for myogen-
esis (McKinsey et al., 2002). Obviously, Ca2þ also activates calmodulin-
dependent kinases (CaMK) which phosphorylate free HDAC-s for the ex-
port from the nucleus with 14-3-3 proteins. Taken together, the effects of
Ca2þ are similar to those brought about by HDACI-s, which have been
already shown to promote CLU expression (Fig. 4). Whether Ca2þ-depen-
dent MEF2 is involved in the regulation of CLU gene transcription is not
known at present, even so looks like it is a very attractive goal for explora-
tion. Moreover, it has been shown that CLU gene is silenced by methylation
in prostate cancer cells (Rauhala et al., 2008). This report corroborates the
results of Rizzi et al. (2009), having shown that nCLU controls fate of
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prostate cancer cells. Transient overexpression of CLU slowed down cell-
cycle progression and retarded growth of cancer rather than normal prostate
epithelial cells (Bettuzzi et al., 2002). For this reason, nCLU is considered as
a putative tumor suppressor gene product that might play pivotal role in the
inhibition of oncogenesis apart from CLU gene loss of function. Overall,
these observations shed more light on the value of epigenetically regulated
genes and specify some role of Ca2þ in the acetylation and/or methylation of
CLU gene that localizes on chromosome 8 (8p21) of human genome (Fink
et al., 1993; Purrello et al., 1991), a portion of the genome which is
frequently deleted in prostate cancers.
VIII. CLU TRANSLOCATIONS IN RESPONSE
TO CA2þ SIGNAL
Intracellular shifts of CLU between the cytoplasm and nucleus and vice
versa, as well as dissimilar expressions of nCLU in aforementioned compart-
ments were demonstrated to be important for cellular decision to live or let
die (Araki et al., 2005; Caccamo et al., 2003, 2005; Miyake et al., 2003;
Nizard et al., 2007; Pajak and Orzechowski, 2007a). CLU translocations
seem to be critically important for biological effects while Ca2þ is an
apparent trigger. Frequently, CLU is induced in response to genotoxic or
ER stress, but alternative transcription initiation or alternative splicing are
not needed (Nizard et al., 2007; Rizzi et al., 2009). The overall picture of
CLU functions is therefore multifaceted and requires careful dissociation
between different stimuli, CLU forms, and Ca2þ resources. Interesting data
were presented by authors who make use of calciummoderators. Araki et al.
(2005) found that BAPTA AM (intracellular Ca2þ chelator), thapsigargin
(inhibitor of SERCA), and �-lapachone (increases cytoplasmic Ca2þ from
ER stores) when used one after the other in different sequences led to rather
different results. Authors concluded that moderate rise in Ca2þ upon low
doses of traumatic agent (IR) activated CLU gene and sCLU formation to
protect cells from insult, while high doses of IR stimulated CLU gene with
nCLU death protein as a major product. Alterations in intracellular Ca2þ

markedly induce sCLU, seemingly to avoid outcomes of cell stress. Admin-
istration of BAPTA AM did not prevent thapsigargin-induced lethality, but it
did protect against �-lapachone cytotoxicity (Tagliarino et al., 2001). As-
tonishingly, in high doses, BAPTA AM also became cytotoxic and enable to
induce CLU gene. The role of BAPTA AM in the latter response is unclear,
but Caccamo et al. (2005) revealed that PNT1A cells kept in Ca2þ supple-
mented medium were sensitized by BAPTA AM to nCLU-induced apoptosis.
On the other hand, at lower doses, Tagliarino et al. (2003) and
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Araki et al. (2005) both observed preventive effect of BAPTA AM on
�-lapachone-mediated apoptosis in MCF-7/WS8 cells. In addition, they
unraveled that �-lapachone treatment activated �-calpain rather than cas-
pases and executed programmed cell death with PARP cleavage to a unique
60 kDa fragment. Interestingly, when MCF-7/WS8 breast cancer cells were
studied by Araki et al. (2005), it became apparent that �-lapachone activates
NAD(P)H:quinone oxidoreductase-1—NQO1 often upregulated in tumor
cells (Marin et al., 1997). Oxidative stress and futile �-lapachone quinon:
hydroquinon cycle driven by NQO1 depletes NADH, NADP(H), and ATP.
As a result, mitochondrial membrane potential collapses, Ca2þ escapes
mitochondrial matrix, and Ca2þ signal arrives to cytoplasm. By what mech-
anism does BAPTA AM protect, and by what it facilitates apoptosis was
ambiguous until different Ca2þ membrane-impermeant inhibitors (mem-
brane-impermeant BAPTA and heparin) were injected by electroporation
into cytosol (Pu and Chang, 2001). Contradictory effects (higher BAPTA
concentration induces while lower inhibit apoptosis) seems to be due to its
dual effect on subcellular Ca2þ distribution. Besides suppressing the Ca2þ

rise in cytosol, BAPTA can also enter into the ER to reduce the free Ca2þ

level within. The depletion of Ca2þ in ER may stimulate apoptosis and
thus would defeat the protection effect of BAPTA AM in suppressing the
cytosolic Ca2þ increase. CLU is supposed to be a tool of cell deletion.
IX. ER STRESS, UNFOLDED PROTEIN
RESPONSE, CA2þ, AND CLU
Heat, reducing, or oxidative insult all can cause severe disorder in protein
maturation (Rose and Doms, 1988). Ca2þ depletion from ER also disrupts
protein folding leading to unfolded protein response (UPR) (Rowling and
Freedman, 1993). A series of signal transduction cascades is elicited, espe-
cially in professional secretory cells where high level of secretory protein
synthesis is required (breast, prostate). Ca2þ occurrence in ER is remarkably
high (5–10 mM), as Ca2þ is vital for control of calnexin (Cnx) and calreti-
culin (Crt) activities. These chaperones possess lectin-binding site that spe-
cifically select proteins for secretion or posttranslational modifications in
Golgi complex. Proteins that exit ER are correctly folded, while misfolded
are hold on for proteolytic disposal. It is indispensable that quality-control
criteria have to be met prior to export of any protein from ER. Cnx (90 kDa)
is ER membrane bound, whereas Crt (60 kDa) resides in the ER lumen. Both
proteins associate with most, if not all, glycoproteins that pass through the
ER (Williams, 2005). Cnx/Crt protein complex lasts until the protein folding
is successfully completed. ATP and Ca2þ are two cofactors engaged in
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substrate binding for calnexin. In turn, calreticulin has a low affinity but it
buffers Ca2þ efficiently, so Crt is a major Ca2þ-binding (storage) chaperone
in ER (Michalak et al., 2009). Previously we mentioned, that CLU level rises
in ER stress and that sCLU is ubiquitously expressed and set up for secretion.
Once activated by stress, cells push out sCLU so very low levels of CLU
remain inside the cell, but if secretion is stopped (low Ca2þ), the cell inevita-
bly will die. A bulk of evidence suggests that the most likely candidate to be
misfolded at some point in ER stress is sCLU. Two polypeptide chains of
sCLU have to be linked by five disulfide bonds in more oxidizing environ-
ment than cytosol. The formation of disulfide bonds is catalyzed in ER by
protein disulfide isomerase (PDI) while the reaction is controlled by Cnx/Crt
upon Ca2þ abundance. Elegant study performed by Losh and Koch-Brandt
(1995) brought the evidence how psCLU is processed in ER and that reduc-
ing microenvironment is able to retain this protein in ER unless more
oxidized lumenal redox state is reestablished. sCLU is a soluble marker for
apical exocytosis and ER stress does not affect secretion of properly folded
and fully glycosylated form of sCLU (Losh and Koch-Brandt, 1995). We
could not find any available data on the position of Ca2þ-dependent Cnx/Crt
effect on CLU activity. However, it is admitted that stress-induced
retrotranslocation of CLU from ER to cytosol is associated with polyubi-
quitination similarly to other misfolded proteins (Nizard et al., 2007). The
contrasting phenotypes of Cxn and Crt deficiency in mice (Denzel et al.,
2002; Mesaeli et al., 1999) indicate that despite structural similarities these
chaperones do not have common functional characteristics and probably
play different roles in development. Furthermore, mice phenotypes are more
severe than those of cultured cells (Crt�/� knockout mice die in embryonic
life, Cnx�/� are viable but have reduced survival), whereas cultured cells
endure the absence of Cnx/Crt (Molinari et al., 2004). With regard to CLU,
it should be emphasized that overexpression of activated Crt rescues Crt�/�

mice (Guo et al., 2002). Given that activation of calcineurin is stimulated by
Ca2þ release from ER and that ER Ca2þ is maintained by Crt it seems likely
that Crt is an upstream regulator of calcineurin in Ca2þ signaling (Lynch and
Michalak, 2003). Although it is highly speculative, the connections between
epigenetically regulated CLU gene, calcineurin, and calreticulin are feasible
and it is tempting to examine if any relationships exist between Ca2þ, Cnx/
Crt, and CLU. Equally important question to ER stress is related to the
redox disorder as a possible causal factor of Ca2þ-mediated and
CLU-associated apoptosis (Markopoulou et al., 2009).
As described above, associations between Ca2þ/Ca2þ-controlled proteins,

cancer cells and expression of CLU gene are indicative for CLU isoforms as
modulators of cell fate. There exist a limited number of studies performed
with calcium chelators, calcium ionophores, and Ca2þ ion channel blockers
that could help to establish the definite role of Ca2þ in CLU activities.
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Certainly, Ca2þ signal is vital for the control of a cellular constituent, and
some of them are known to affect CLU expression and localization. Both
extracellular and intracellular Ca2þ depletion as well as excess of Ca2þ

impaired viability of cancer cells suggesting that Ca2þ concentration should
remain within narrow physiologically acceptable limits. Any long-term
disturbances in Ca2þ homeostasis seem to affect cell-cycle control and
sCLU and nCLU are most likely proteins involved in this regulation.
X. CA2þ, CLUSTERIN, AND DNA REPAIR
Opposing results obtained from studies on tumor cell lines with regard to
pro- and antiapoptotic activity of CLU imply that these effects might be
regulated by Ca2þ fluxes. Intracellular Ca2þ abundance drives CLU secre-
tion, whereas lack of Ca2þ leads to CLU accumulation, nuclear transloca-
tion, and cell death (Scaltriti et al., 2004). CLU might become cytotoxic
when accumulates in high amounts intracellularly either by direct synthesis
or by uptake from the extracellular space (Trougakos and Gonos, 2004). In
turn, secreted CLU protects cells from the hostile microenvironment and
reduces risk of genotoxicity. Accordingly, cells differ in their strength to
secrete sCLU and those less efficient could be less protected from genotoxic
insult. sCLU suppressed p53-dependent stress signaling by maintaining
Ku70–Bax protein complex in the cytoplasm (Trougakos et al., 2009). It
seems likely, that by similar mechanism the proinflammatory cytokine IL-6
promotes immune escape of human colon cancers by stabilizing the Bax–
Ku70–sCLU complex (Pucci et al., 2009). Conversely, nCLU was identified
as the first stress-inducible protein that binds Ku70, forming a trimeric
protein complex with Ku80, prior to assembly with DNA-dependent protein
kinase (DNA-PK) activated by DNA strand breaks (Fig. 2). It is believed that
sCLU suppresses apoptosis by competing for Ku70 with Bax protein
(Shannan et al., 2006a). In contrast, the lack of LS permits nCLU to promote
apoptosis (Leskov et al., 2003). To decipher Ca2þ position in CLU contribu-
tion to DNA repair additional studies are needed, even though at least
spontaneous DNA repair is calcium dependent (Ori et al., 2005). Given
that, Ca2þ message heralds intrinsic apoptosis it is confusing that Ca2þ

depletion is associated with nCLU activation, nuclear location, and cell
death. However, Ca2þ is not essential for apoptosis, with the exception of
DNA oligonucleosomal fragmentation (Scoltock et al., 2000). Although the
picture is far from complete, CLU protein has a signal sequence targeting
nucleus (nuclear localization site, NLS), nuclear export sequence (NES), and
also dinucleotide binding site (DBS). Accordingly, pnCLU is movable to
nucleus although nCLU depends on deficiency of intracellular ionized
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calcium (Caccamo et al., 2005; Pajak and Orzechowski, 2007a) and perhaps
additional modifications (Shannan et al., 2006b). The alternative scenario
for CLU nuclear translocation was reported by O’Sullivan et al. (2003) who
observed, that uncleaved, nonglycosylated, disulfide-linked CLU isoform
targets nucleus in MCF-7 cells dying from apoptosis. Evidently, proapopto-
tic factors led to disruption of Golgi apparatus and incomplete posttransla-
tional modifications of CLU. Surprisingly, mutation in NLS did not affect
the nuclear accumulation of this form of CLU. The authors conclude that
CLU is neither pro- nor antiapoptotic; nonetheless it interacts with Ku70,
the protein partner of DNA-PK responsible for activating double-stranded
DNA repair process (O’Sullivan et al., 2003). The more nCLU, the less Ku70
for activation of DNA repair and apoptosis may proceed even in the absence
of p53 (Chen et al., 2004; Yang et al., 2000). Conversely, secretion of sCLU
shelters cells from apoptosis by scavenging the debris and phosphatidylser-
ine while additionally stimulates CLU gene expression (Bach et al., 2001).
The role of Ca2þ in CLU activity seems to be cell-type specific, where
deficiency of intracellular Ca2þ is required to halt CLU, shift it to nucleus,
and to trigger apoptosis at least in prostate or colorectal cancer cells (Araki
et al., 2005; Caccamo et al., 2005, 2006; Pajak and Orzechowski, 2007a).
Taken together, diverse functions of CLU isoforms, or how they manage
DNA integrity could be explained by intracellular setting where the same
protein if secreted is antiapoptotic while nuclear isoform promotes cell death
(Pajak and Orzechowski, 2006).
XI. CONCLUSIONS
Although CLU protein was discovered in testis more than quarter of
century ago (Fritz et al., 1983) its functions remain ambiguous, not clearly
understood, or even contradictory. We here report a putative dynamic
system based on Ca2þ oscillations that determine CLU anti- or proapoptotic
characteristic. The presented observations suggest that Ca2þ fluxes act to
either relay CLU secretion or grasp CLU for nuclear translocation. Consis-
tent with a central role of Ca2þ in the final CLU fate, the increase in Ca2þ

force out sCLU whereas drop of ionized Ca2þ facilitates tumor cells suicide
by nCLU. Molecular switches regulated by Ca2þ signal (calnexin, calreticu-
lin, calcineurin) and respective reciprocal hierarchy are also attractive pieces
to elucidate any existing links between CLU and Ca2þ-dependent
regulations.
Significant role in these events is played by intracellular and/or PMCCs

including TRPM family of proteins. Although causality was not definitely
established by use of calcium channel blockers and pharmacological probes,
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several lines of evidence support the notion that CLU extra- and intracellular
translocations are modulated by Ca2þ signal. CLU is the unique chaperone
that also plays a part in response to DNA damage. Although our current
knowledge of the role of Ca2þ in CLU-dependent input to DNA repair,
apoptosis, and cell cycle control highlights the relevance of these mechan-
isms both for carcinogenesis and progression of cancer, a lot more has to be
done. Conflicting data relating Ca2þ/CLU contribution to the risk of cancer
point to future studies to investigate whether calcium homeostasis and CLU
are suitable targets for cancer prevention or therapy.
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contradictions, of its biological action is now likely explained by the existence of

different protein products all generated by the same single copy CLU gene. The
relatively recent discovery that CLU can be retained inside the cell and targeted to

many intracellular sites and organelles, including the nucleus, provided us a very

different view from that solely deriving from its possible role in the outer cellular

environment. In particular, nuclear localization of CLU (nCLU) was found to trigger
cell death in many systems.

In this chapter, a critical review of previous work will enable us to reinterpret old

data and observations in the attempt to progressively unravelling the CLU “enigma”

by considering its localization inside and outside the cell. The final picture would
supposedly reconciliate different or alternative hypothesis. Starting with an “histori-

cal” approach demonstrating that nCLU was right under our eyes since the beginning,

up to the more recent contributions we will describe which stimuli would inhibit
secretion and maturation of CLU leading at least one protein product to target the

nucleus and kill the cell. A better understanding of this complex issue is not an easy

work, considering the thoughtfulness in reviewing the existing literature and the

known controversial reports. We hope that the information contained in this article
will be useful for the reader to enlighten this field. # 2009 Elsevier Inc.
I. INTRODUCTION: WHERE IS CLU?
The discovery that Clusterin (CLU) can be retained inside the cell and
targeted to many intracellular sites and organelles, including the nucleus, is
rather recent. Before all this, CLU was known as an extracellular protein,
heavily glycosylated, and expelled from the cell as secreted product into the
outer cellular environment. Secreted CLU (sCLU) can be found in all the
body fluids studied, in different amounts. The rather well-known description
of the maturation process of CLU, as it can be found in many reviews in the
literature, usually refers to the secreted protein product. At difference, we
know very little about the structure of the intracellular products of CLU or
the molecular mechanisms driving this process. But we know a bit more
about which stimuli would inhibit secretion and maturation, causing CLU
to target many intracellular sites and the nucleus. Very importantly, we also
know about the biological effects caused by nuclear targeting of CLU, which
will be our main topic in this chapter.
Although we know that important changes in the molecular weight, as

revealed byWestern blot analysis, are associated to intracellular processing
and maturation of CLU, and that a 45–55 kDa protein band (the range is
due to similar but not identical observations in different research reports) is
usually associated to the detection of CLU inside the nucleus, we do not
have definitive information about the structural differences between these
protein products (please see also chapters “Introduction” and “Clusterin
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(CLU): From one gene and two transcripts to many proteins”).
Most importantly, we lack definitive structural information of CLU in
relation to its intracellular localization. sCLU is known to be a very sticky
protein outside the cell, where it can act as an extracellular chaperone (see
chapters “The chaperone action of CLU and its putative role in quality
control of extracellular protein folding” and “Cell protective functions of
secretory CLU (sCLU )”). Probably for the same reason, when CLU is
retained within the cell, it can be found nearly everywhere bound to
organelles (mitochondria), membranes, cytoskeleton, nucleus, and many
other cell structures. In this chapter, we will use the term sCLU when the
most of CLU is fully maturated in the Golgi apparatus and exported from
the cell as glycosylated protein. Under these conditions, usually the cyto-
plasm of the healthy cell is almost depleted of CLU, which can only be
found in small amounts in vesicles and Golgi. At difference, the secretion of
CLU can be completely abolished. Under these conditions, CLU is not
detectable any longer in the cell-culture medium and the cells will get
fully loaded with CLU. Now CLU can be mostly found in the cytoplasm
of the cell, but also in the nucleus. The condition in which CLU is only
present in the cytoplasm as well as that in which CLU is only present in the
nucleus is very rare. The most common situation is the detection of an
“intracellular” staining showing CLU both in the cytoplasm and in the
nucleus. The detection of even a small amount of CLU in the nucleus of
intact cells by appropriate methods is here defined as nuclear CLU (nCLU).
Therefore, cytoplasm and nuclear localization may coexist. Importantly,
we will see that when nCLU prevails, the cell is doomed to die very rapidly
and disappear from the culture or the tissue. Detection of prevailing nCLU
in living cell is not easy, and can only be done by taking advantage of a
window of opportunity that can last very shortly.
Here, we will describe how and why the presence of even small amounts of

nCLUwill drive the fate of the cell. Detection of nCLU is here intended more
as a functional condition rather than a structurally defined molecular form.
This is why we will not use the term “isoform.” At the moment we are not
aware of definitive experimental data showing which structural domains are
characteristics of each different protein product, as well as we do not exactly
know which domains are necessary for nuclear targeting, since at least three
nuclear localization signal (NLS), present in the human CLU amino acid
sequence, have been identified but found to be unnecessary for nuclear
targeting. Thus, while we have a sketchy idea about the structure of sCLU,
we still do not know how nCLU looks like. Waiting for more data about
that, we will focus on the biological effects of nCLU and their potential
implication for the fate of the cell.
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II. PRELIMINARY REMARKS BEFORE DEALING WITH
nCLU: THE POSSIBLE ACTION OF sCLU
AS DIFFERENTIATING AGENT
Although this topic will be specifically discussed in chapters “The chap-
erone action of CLU and its putative role in quality control of extracellular
protein folding” and “Cell protective functions of secretory CLU (sCLU ),”
we would like to provide some preliminary remarks on the action of
soluble sCLU because we consider these informations are instrumental to
a better understanding of the topic of this chapter, that is, nCLU. Extracel-
lular sCLU is often considered to be a survival factor. Programmed cell
death is often associated to active cell cycling. Quiescence and differentia-
tion are believed to be conditions rather refractory to apoptosis. Therefore,
a prodifferentiating activity can be easily seen as prosurvival or antiapop-
totic as well. This issue is relevant, because when CLU is actively exported
from the cell as sCLU, nCLU is not detectable any longer inside the cell.
And vice versa, in a Yin-Yang fashion. To our opinion, important experi-
mental data were obtained in a pioneer work on differentiating smooth
muscle cells (SMC). SMC grown to a high-density monolayer culture
undergo a morphological transition and formmulticellular nodules, resem-
bling SMC present in the aortic media and in some atherosclerotic plaques.
In an early observation, the process of nodule formation was found asso-
ciated with the enhanced production of a secreted 38-kDa glycoprotein.
After cloning and sequencing, the authors (Diemer et al., 1992) demon-
strated that the 1646-base pair cDNA, containing a single open reading
frame encoding 446 amino acids, was actually homolog to the human
complement cytolysis inhibitor (CLI), also called serum protein-40,40
(SP-40,40), or sulfated glycoprotein-2 (SGP-2); in other words, CLU. The
level of expression of CLU mRNA increased as the cultures begin to form
multilayered regions (Diemer et al., 1992). Later on, these data were
further confirmed when SMC cultures were studied after seeding on a
preformed extracellular matrix composed of Matrigel. Under these condi-
tions, SMC formed nodules within 24 h. Cultures seeded on a collagen gel
formed nodules slightly later, at 48–72 h. Surprisingly, it was found that
Matrigel contains sCLU as a major component. The authors proposed that
endogenous CLU supports the rapid formation of nodules. In fact, nodule
formation in SMC cultures growing on collagen gel is inhibited by the
addition of anti-CLU antibody. The collagen gel does not contain CLU, but
it was found to induce CLU expression in SMC. Also in this case, forma-
tion of nodules by SMC growing on collagen gels was inhibited by admin-
istration of anti-CLU antibody or by preincubation with sCLU purified
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from plasma. These results suggest that sCLU has a functional role in
modulation of SMC proliferation and differentiation (Thomas-Salgar
and Millis, 1994). The investigation continued later. To directly test
the hypothesis that sCLU was directly responsible of SMC phenotypic modu-
lation, cultured vascular SMC were stably transfected with an expression
plasmid for manipulation of the level of expression of CLU. Twenty-four
clones were selected and characterized for CLU expression and culture mor-
phology. Clone SM-CLU18AS, expressing and secreting high levels of CLU,
formedmulticellular nodules, while clone SM-CLU13AS, expressing low level
of CLU, was unable to form nodules even in the presence of a preformed
collagen gel. Importantly, CLU-negative SM-CLU13AS were still capable to
form nodules when exogenous CLU (i.e., sCLU)was added to the system. SM-
CLU13AS formed nodules when cultured in Matrigel and in the presence of
sCLU-containing conditioned media prepared from nodular SMC or SM-
CLU18AS cultures. These results demonstrate that CLU is required for for-
mation of SMC nodules, suggesting that CLU may play an important role in
the morphological transition of SMC and their reorganization in the tissue
(Moulson and Millis, 1999).
In other experiments, butyrate, a powerful antiproliferative agent, a

strong promoter of cell differentiation, and an inducer of apoptosis, was
used to inhibit vascular smooth muscle cells (VSMC) proliferation at
physiological concentrations. Then expression of genes differentially
related to growth and differentiation was studied. Results indicated that
butyrate-inhibited VSMC proliferation was related to the downregulation
of genes encoding positive regulators of cell growth. At the same time,
upregulation of negative regulators of growth or differentiation inducers
was detected. Among the downregulated genes, PCNA, retinoblastoma
susceptibility-related protein p130 (pRb), cell division control protein 2
homolog (cdc2), cyclin B1, cell division control protein 20 homolog
(p55cdc), high mobility group (HMG) 1 and 2, and several others were
found. On the other hand, upregulated genes (i.e., negative regulators of
growth or differentiation inducers) included cyclin D1, p21WAF1,
p141NK4B/p15INK5B, inhibitor of DNA binding 1 (ID1), noticeably
CLU, and others (Ranganna et al., 2003). Thus, CLU was characterized
as a negative regulator of growth (or a differentiation inducer) in this
system. In addition to this, sCLU was then found to be a potent inhibitor
of VSMC migration, adhesion, and proliferation. In a recent work, CLU
was identified as upregulated in distal anastomotic intimal hyperplasia
after prosthetic arterial grafting. The effect of sCLU on VSMC migration
was studied using a microchemotaxis chamber. In this experimental model,
administration of sCLU caused inhibition of migration, adhesion, and
incorporation of thymidine in VSMC. By means of microarray analysis,
it was found that exposure of VSMC to sCLU caused upregulation of
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interleukin-8 and endothelin-1, thus suggesting that the possible genetic
targets of sCLU are linked to cell senescence and differentiation
(Sivamurthy et al., 2001). A strong inhibitory effect of CLU on cell adhe-
sion and migration and a clear link with anoikis-death was then confirmed
also in prostate epithelial cells.
III. A BRIEF HISTORY OF nCLU
What may appear novel, actually it is not. In this chapter, we will show
the reader that the existence of nCLU was hypothesized and somehow
known long time ago. Clear evidences about nCLU date 1996. Since then,
a critical review of the literature shows that, in the time-frame 1996–2002,
about 25 papers referring to nCLU have been published. Later, from 2003
to June 2009, they were twice as much (about 53), demonstrating a
growing interest concerning this issue. So, the new actor in the play,
nCLU, is making the story more complex but also more interesting and
challenging. It appears rationale to believe that the biological role of CLU
outside and inside the cell is possibly very different. We have produced
experimental data suggesting a very important role of CLU at deciding the
final fate of the cell as a function of its localization inside or outside the
cell. Understanding this scenario would enable us to build a paradigm, in
which CLU is an example about how the merging of information from
different fields, laboratories, and research teams may render an integrated
view depicting a new scenario and suggesting new hypothesis capable to
resolve apparent contradictions. One example for all: a typical contradic-
tion found in the literature is the link between CLU and cell death. Is it
CLU pro- or antiapoptotic? Does CLU plays any important role in cell
death? Well, the answer “yes” to the second question may not be so
straightforward. Considering that sCLU is present at high concentration
in blood (100 �g/ml) and many fluids and secretions (1–15 �g/ml), we may
speculate that, if the secreted form is proapoptotic, the most of the cells in
the body would die. But even the reverse is hard to believe: if the secreted
form is antiapoptotic, the most of the biological events requiring pro-
grammed cell death, which are absolutely necessary for an healthy body,
would never occur. Thus, the story must be more complicated. For in-
stance, many other players must be considered, because the possible
biological effect observed in the end will be very likely the result from
the action of many proteins, and not only CLU.
Before getting more deeply into these considerations, we need to know

about how nCLU was found and its possible association with fundamental
biological events such as apoptosis, proliferation, regeneration, and
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differentiation. The data here presented are derived from results obtained
in different experimental models. In most of the cases reported, information
was obtained in epithelial or neuroepithelial cells systems, sometimes in
stromal cells.
IV. CLU EXPRESSION AND LOCALIZATION IN
THE REGRESSING RAT VENTRAL PROSTATE
After the first isolation and characterization of extracellular CLU protein
(sCLU) in ram rete testis fluid in 1983 (Blaschuk et al., 1983; Fritz et al.,
1983), a truncated cDNAwith no correspondent protein was cloned in the
regressing rat ventral prostate following surgical castration and named
testosterone repressed prostate message 2 (TRPM2) (Montpetit et al.,
1986). In 1989, we independently completed the cDNA cloning and se-
quencing of the most highly upregulated mRNA in the same experimental
system (Bettuzzi et al., 1989). After sequence comparison, we found a
complete homology of our 1.7 kb cDNA to full-length SGP-2 cDNA.
At the same time, we found that the truncated cDNA named TRPM2
was also identical to SGP-2. It was only 1 year before when it was found
that SGP-2 was identical to CLU, a serum protein involved in aggregation
of heterologous eritrocytes (Cheng et al., 1988). Therefore, the circle was
closed, and different research teams found that the same cDNA/protein
was implicated in different phenomena at different body sites, and regu-
lated in a very complex way not only by androgens but also by estrogens
and other growth factors. In fact, it is important to know from the begin-
ning that SGP-2/TRPM2 was also upregulated in the female rat uterus
following ovariectomy (Bettuzzi et al., 1989), thus CLU expression was
not only regulated by androgens but also by estrogens at least. The com-
mon trait of these experimental models is that massive cell death is always
induced following androgen or estrogens withdrawal in target organs such
as prostate and uterus. The hypothesis that CLU expression may have
much to do with cell death was a rather obvious consequence. When
reliable antibodies against CLU were available, we studied the tissue
distribution of CLU in the rat prostate during the time-course of androgen
ablation by surgical removal of the testis. As shown in Fig. 1, we detected a
wave of protein accumulation perfectly overlapping the time-frame induc-
tion of apoptotic death. Typically, the expression of CLU gene is induced
right after castration reaching its highest level on the 4th day, then the
protein products continue to accumulate for 3–4 more days. Later, the
staining for CLU start to decrease levelling down to basal levels at 7–8 days
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Fig. 1 Immunohistochemistry analysis of CLU expression showing the time-course induc-

tion of CLU overexpression and nCLU staining during the involution of the rat prostate

gland following surgical removal of the testis. Positive control: prostate of an intact rat;
4dC, rat prostate 4 days after castration (left, 20�; right, 40�); 16dC, rat prostate 16 days

after castration; 24dC, rat prostate 24 days after castration. Please note that nuclear

staining of CLU (nCLU) is clearly evident in some basal cells at 4dC (arrows; 40�).

The decrease in CLU nuclear staining occurring later after castration is probably due to
the disappearance of cells in which nCLU has triggered cell death. All sections were

counterstained with hematoxylin.
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after castration. The time-course of CLU mRNA induction is identical by
Northern blot analysis (Bettuzzi et al., 1989).
Interestingly at 4 days after castration, when the peak of both CLU over-

expression and cell death was reached (Bettuzzi et al., 1989), a clear nuclear
signal was easily detectable in basal cells of the glandular epithelia. The
decrease in CLU nuclear staining occurring at later stages after castration is
probably due to the disappearance of cells in which nCLU has triggered cell
death. For what we know, nCLU induces anoikis-death very rapidly, so the
target nCLU-positive cells are very likely difficult to detect because they
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rapidly disappear from the tissue in vivo. This experiment shows that,
following the appropriate stimulus, CLU is targeted in the nucleus at appro-
priate time in the rat ventral prostate system. So, nCLU was already detect-
able long ago in one of the most typical experimental system where it was
identified and described earlier.
V. CLU WAS FOUND POSITIVELY LINKED
TO APOPTOSIS AND NEGATIVELY LINKED
TO PROLIFERATION: THE EARLY YEARS (1993–1995)
The possible link between CLU expression and the fate of the cell was
suggested long ago. A positive association with apoptotic death was found
soon (Bettuzzi et al., 1991). Many researchers have investigated on the same
issue. In 1993–1995, nCLU was still not explicitly hypothesized, but several
reports started to provide evidences about important biological effects of CLU.
The recovery of the kidney after ischemic acute renal failure is an interesting
model in which the role played by mitogenesis and dedifferentiation in the
repair process can be investigated. In this model, various proteins implicated
in mitogenesis, differentiation, and injury were identified. Proliferating cell
nuclear antigen (PCNA), a specific marker for cell proliferation, was detected
primarily in the S3 segment of the proximal tubule, with maximal expression
at 2 days postischemia. Vimentin, normally present in mesenchymal cells but
not in epithelial cells (it is considered a marker of dedifferentiation), was
prominently expressed in the S3 segment at 2–5 days postischemia. Immuno-
histochemistry analysis showed that none of the cells positively stained with
CLU antibodieswere stainedwith PCNAor vimentin antibodies. Consistently,
none of the PCNA or vimentin-positive cells were expressing CLU. Thus, at
sites where significant ischemic injury occurs, surviving cells positively expres-
sing a set of markers indicating that they were undergoing mitogenesis post-
ischemically (PCNA and vimentin) did not express CLU (Witzgall et al.,
1994). In this experimental model, CLU gene expression was found inversely
associated to proliferation and vimentin expression.
On the opposite hand, CLU expression was found positively associated

with the quiescence state of the cell. Involution of the mouse mammary
gland is characterized by loss of secretory epithelial cells. This phenomenon
is massively caused by induction of programmed cell death. Programmed
cell death in the mammary gland is associated with the expression of the
growth arrest gene Gas-1, a marker of the quiescence state of cells. The
irreversible phase of involution, characterized by internucleosomal DNA
fragmentation, is preceded by nuclear activation of protein kinase A and
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transcription factor activator protein 1. Both events can be prevented by
lactogenic hormone treatment in explant cultures derived from mammary
tissue at lactation. In this system, the increase in activator protein 1 expres-
sion was found associated with the epithelial expression of CLU (SGP-2).
CLU was suggested to be a potential target gene of activator protein 1
(Jaggi et al., 1996). The strict association between inhibition of CLU gene
expression and stimulation of cell proliferation was previously found in
human lymphocytes synchronized in the quiescence state and then stimu-
lated to proliferation by administration of phytohemagglutinins (PHA)
(Grassilli et al., 1991). Moreover, the close link between CLU and Gas-1
expression was later confirmed in another experimental system in which
dermal stromal cells have been synchronized by serum starvation and then
stimulated to growth. During the G0 phase of the cell cycle, CLU expression
reached the maximum level together with Gas-1, while stimulation of pro-
liferation again inhibited CLU gene expression (Bettuzzi et al., 2002) and
Gas-1, as expected.
Tissue regeneration is another interesting model in which CLU expres-

sion can be studied and its possible function(s) challenged. Renal artery
stenosis was used to induce unilateral noninfarctive renal atrophy (Gobe
et al., 1995). After several weeks, mitosis was at normal levels and atrophic
kidney cells showed minimal apoptosis or inflammatory response. At this
stage, regeneration of atrophic kidneys was stimulated by removal of the
contra-lateral healthy kidneys. The regrowth response was very rapid,
involving renal hyperplasia rather than hypertrophy. In the first 24 h of
acute regenerative phase, CLU expression was markedly increased,
decreasing later on to untraceable levels by 5 days of regeneration. Cell
proliferation peaked at 3–5 days of regeneration and was localized in
dedifferentiated tubules. CLU mRNA was actually found in dedifferen-
tiated tubules, more precisely localized in dilated or collapsed atrophic
tubules that had lost the identifying surface structures of normal tubular
epithelium, and in the periphery of some blood vessel walls. Despite the
regenerative stimulus, a transient but marked increase in apoptotic cell
death in atrophic tubules in the first 24 h of regeneration was detected.
Experimental data provided evidences of a temporal association between
increased CLU gene expression and apoptosis. In situ localization showed
CLU mRNA accumulated in apparently viable as well as apoptotic cells in
the epithelium of tubules. CLU mRNA expression was rarely occurring in
epithelial cells present in foci of nonatrophic (nondedifferentiated)
nephrons that responded to the regenerative stimulus by cellular hypertro-
phy (Gobe et al., 1995). In this model, CLU gene expression was clearly
associated to the wave of apoptotic cell death rapidly occurring after the
regenerative stimulus, and not to hyperproliferation.
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VI. CLU AND FOLLICULAR ATRESIA, ANOTHER
MODEL OF TISSUE INVOLUTION
LINKED TO APOPTOSIS
Hypophysectomy is known to induce involution of follicles. Hypophysec-
tomy-induced ovarian follicular atresia is an apoptotic process. Also in this
system changes in the steady-state levels of ovarian CLU mRNAwere found.
Nuclear condensation, cytoplasmic shrinkage, and production of apoptotic
bodies at all levels of the granulosa cell layer was demonstrated by electron
microscopic analysis of the degenerating cells of atretic follicles. Upregulation
of ovarianCLU gene expression was specifically seen in theca-interstitial cells,
an effect that was prevented by the concurrent administration of FSH (an
established antiatretic) or pregnant mare serum gonadotropin (PMSG)
(Hurwitz et al., 1996).
VII. CLU EXPRESSION WAS FOUND ASSOCIATED
TO NONAPOPTOTIC CELL DEATH
It is well known that the death of a cell is not only due to apoptosis.
To make short a long story, beside by necrosis, a cell can die by other
programmed cell death modalities already described, including autophagy.
Cell death is more prominent in blastocysts from diabetic rats than control
embryos. In this model, increased nuclear fragmentation occurs mainly in
the inner cell mass. In addition, terminal transferase-mediated dUTP nick
end labeling (TUNEL) demonstrated an increase in the incidence of non-
fragmented DNA-damaged nuclei in these blastocysts. By quantitative RT-
PCR, an increase in CLU mRNA levels was found in blastocysts from
diabetic rats. In situ hybridization showed that only about half the cells
expressing CLU mRNA had nuclear fragmentation. In vitro administration
of high D-glucose increased nuclear fragmentation and TUNEL labeling, as
well as CLU transcription. Tumor necrosis factor-alpha (TNF-�), a cytokine
upregulated in the diabetic uterus, did not induce nuclear fragmentation nor
CLU expression, but increased the incidence of TUNEL-positive nuclei,
suggesting that CLU expression may be related to cell death not linked to
DNA fragmentation (Pampfer et al., 1997). Peroxisome proliferator-acti-
vated receptor-gamma (PPAR-gamma) is a ligand-activated transcription
factor that controls growth, differentiation, and inflammation in different
tissues. AR42J cells were treated with troglitazone, a ligand of PPAR-
gamma. Induction of apoptosis by troglitazone was evaluated by assessing
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cell viability, DNA fragmentation as well as by flow cytometry. Troglitazone
induced the expression of pancreatitis-associated protein-1 and CLU
mRNAs. Dose-dependent troglitazone-induced apoptosis was not blocked
by inhibitors of caspases (Masamune et al., 2002). Interestingly, CLU
expression was again found associated to cell death even if not related to
activation of caspases.
In another experiment (Zhang et al., 1997), castrated male rats were

treated with mimosine, a reversible S1-phase cell-cycle blocking drug. The
effect of mimosine on prostate cell apoptosis caused by castration was
studied. Following administration of a single dose of mimosine (25 mg/kg/
day), internucleosomal DNA fragmentation associated with apoptosis was
partially suppressed in the rat ventral prostate at all early time points
analyzed postcastration (24, 48, and 72 h). Suppression was dose-dependent.
Treatment with mimosine up to 150 mg/kg/day was sufficient to reduce the
internucleosomal DNA fragmentation in the prostate by 90% at 72 h post-
castration. Nevertheless, the treatment did not suppress the histological
appearance of apoptotic bodies in the regressing ventral prostate. Thus,
programmed cell death independent from DNA fragmentation was induced.
Under these conditions, several mRNAs coding for apoptosis-associated
genes such as bcl-2, p53, TGF-beta, and CLU were induced, to confirm
that apoptosis was somehow involved. The fact that the apoptotic bodies
found in mimosine-treated cells were lacking nuclear DNA fragmentation
(Zhang et al., 1997) suggested again that CLU gene overexpression may be
associated to alternative cell death pathways.
VIII. CLU EXPRESSION WAS FOUND ASSOCIATED
TO LESIONS IN CENTRAL AND PERIPHERAL
NERVOUS SYSTEM
CLU gene expression was found associated to neurodegeneration in the
brain (Laping et al., 1994). Transforming growth factor-beta 1 (TGF-�1)
was studied as a possible regulator of messenger RNAs synthesis in astro-
cytes and neurons. After hippocampal deafferentation by perforant path
transaction, the mRNAs coding for tubulin alpha 1, glial fibrillary acidic
protein, and CLU are increased. Because of the fact that TGF-�1 mRNA is
increased following this lesion, a study aimed at identifying which mRNA
could be induced by TGF-�1 alone was performed. To this aim, porcine
TGF-�1 was infused into the lateral ventricle. The result was an increase in
the mRNAs for tubulin alpha 1, glial fibrillary acidic protein, and CLU. This
experimental model mimicked brain lesions, because 24 h after infusion in
the ipsilateral hippocampus, TGF-�1 also increased several subsets of
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neuronal and astrocyte mRNAs coding for cytoskeletal proteins that are
usually elevated in response to experimental lesions and Alzheimer’s disease
(Laping et al., 1994).
CLU was found implicated in brain degeneration (Norman et al., 1995).

In the neurologically mutant mouse strain lurcher (Lc), heterozygous ani-
mals display autonomous degeneration of cerebellar Purkinje cells begin-
ning in the second postnatal week. In this model, Lc Purkinje cells die by
apoptosis, showing nuclear condensation, axon beading, and membrane
blebbing. Experiments with in situ hybridization showed that CLU mRNA
is not expressed at detectable levels in normal Purkinje cells, but only in
Lc Purkinje cells just prior to their death. In the same model, expression of
the Kv3.3b potassium channel, which marks the terminal phase of Purkinje
cell differentiation, is also evident in Lc Purkinje cells prior to their death
(Norman et al., 1995). A similar association was found in peripheral
nervous system degeneration. In fact, CLU gene expression was found
altered (i.e., increased) in retinal degeneration (Jomary et al., 1993). In
the rds mutant mouse model, a model for the inherited human disease
retinitis pigmentosa, the photoreceptors undergo a slow degeneration via
apoptosis leading to eventual loss of the entire photoreceptor population.
Scattered CLU-positive cells were found in the outer nuclear layer of
dystrophic retinas. The increased level of CLU protein in the dystrophic
retina was interpreted as associated to dying photoreceptor cells due to
apoptosis. In this system, CLU protein and apoptotic nuclei were coloca-
lized using brown and red coloured substrates, respectively. CLUwas found
colocalized with apoptotic nuclei both in the outer nuclear layer of rds
mutant retinas as well as in the small intestine epithelial cells undergoing
cell turnover and exfoliation (Agarwal et al., 1996). These results are of high
interest for at least two reasons: (i) overexpression of CLU was also ob-
served in other neurodegenerative diseases such as Alzheimer’s and Pick’s
disease; (ii) overexpression of CLU will be found later associated to APC
expression in colon cells (Chen et al., 2004), thus accounting for the finding
that CLU was localized in small intestine epithelial cells undergoing turn-
over and exfoliation.
IX. INCREASED CLU EXPRESSION IS LINKED
TO INHIBITION OF PROLIFERATION AND
INDUCTION OF CELL DIFFERENTIATION
CLU expression was also studied during the regeneration of the pancreas
in pancreatectomized rats, a known model of cell proliferation and differ-
entiation (Min et al., 2003). In this system, following the stimulus CLU
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was found transiently expressed in the differentiating acinar cells, but
faded afterwards. As it was found before, CLU-positive cells were negative
for PCNA and BrdU incorporation, whereas the most of epithelial cells in
ductules of the regenerating pancreas showed increased proliferation
activity. CLU was also found expressed in some endocrine cells of the
regenerating tissue, in particular in the glucagon-secreting cells. Following
a transient 2.5-fold increase in cell proliferation, transfection of CLU
cDNA induced transformation of nondifferentiated duct cells into differ-
entiated cells, displaying immunoreactivity for cytokeratin-20 (Min et al.,
2003). A negative association of CLU expression with cell proliferation
and particularly to S-phase was previously observed about 1 year earlier
(Bettuzzi et al., 2002).
X. EARLY STUDIES ON TRANSLATIONAL
UPREGULATION OF CLU DURING
APOPTOSIS: THE ROLE OF NF1
Since the beginning of this story, CLU gene expression was found rapidly
induced in early involution of the mouse mammary gland after weaning and
the rat ventral prostate following surgical castration. A study was conducted
in the search for DNA-binding proteins, regulatory elements on the promot-
er, and transcription factors involved in regulation of CLU gene expression.
DNaseI footprints were used to this aim in the proximal mouse CLU gene
promoter, leading to the identification and characterization of a twin nuclear
factor 1 (NF1)-binding element at �356/�309. The study was conducted in
both experimental models, prostate and mammary glands: nuclear extracts
from 2-day regressing mouse mammary gland showed an enhanced foot-
print over the proximal NF1 element, while extracts from regressing pros-
tate showed enhanced occupancy of both NF1-binding elements. Then, by
EMSA andWestern blot analysis, a 74-kDa NF1 protein whose expression is
triggered in early involution in the mouse mammary gland was identified.
This protein was found induced in the mammary system but not in the
regressing rat ventral prostate. When cells were grown with laminin-rich
extracellular matrix, apoptosis and the expression of the 74-kDa NF1 were
both suppressed. A switch in the expression of different members of the NF1
transcription factors family was seen when the status of mammary epithelial
cells changed from differentiated to involuted/apoptotic (Furlong et al.,
1996; Kane et al., 2002). Unfortunately, this study did not provide hints
about the regulation of CLU transcriptional activity in the regressing rat
ventral prostate system.
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XI. CLU GENE EXPRESSION AND CELL DEATH
INDUCED BY VITAMIN D (CALCITRIOL) AND
TAMOXIFEN (TAM): IMPLICATION IN
CHEMIORESISTANCE
It is known that 1,25-dihydroxycholecalciferol D3 (1,25-(OH)2D3), the
active metabolite of vitamin D, is a potent inhibitor of breast cancer cell
growth both in vivo and in vitro. In a interesting early study (Welsh, 1994), it
was shown that when MCF-7 cells are treated with 100 nM 1,25-(OH)2D3
apoptosis is induced as assessed by morphology (pyknotic nuclei, chromatin
and cytoplasmic condensation, nuclear matrix protein reorganization). Cell
death is triggered at 48 h after starting the treatment. The antiestrogen
4-hydroxytamoxifen (TAM) also induces apoptosis in MCF-7 cells. A com-
bined treatment of both agent was attempted following the suggestion that
TAM may act synergically and greatly enhance inhibition of cell growth
caused by 1,25-(OH)2D3 alone. As a matter of fact the combined treatment
with 1,25-(OH)2D3 and TAM enhanced the degree of apoptosis and the
number of dying cells. Under these conditions, a subclone of MCF-7 cells
resistant to 1,25-(OH)2D3 was isolated and characterized. In this early
report, treatment of both parental and resistant MCF-7 cells with TAM
was found to induce apoptosis and CLU expression (Welsh, 1994). The
morphological changes typical of apoptotic death seen in 1,25-(OH)2D3-
treated MCF-7 cells were also associated with upregulation of cathepsin B
(a gene previously found associated with mammary gland apoptosis) and
downregulation of bcl-2, an antiapoptotic gene. Thus, changes in the level of
expression of several molecular markers show that the growth inhibitory
effect of 1,25-(OH)2D3 on MCF-7 cells involves activation of apoptosis.
A vitamin D3-resistant variant (MCF-7D3Res cells) was studied to gain
further information in this model. The resistant clone was selected by
continuous culture of MCF-7 cells in 100 nM 1,25-(OH)2D3. The experi-
ment yielded the MCF-7D3Res cells, which represent a stably selected
phenotype. In contrast to MCF-7 parental cells (MCF-7WT cells), MCF-
7D3Res cells do not exhibit apoptotic morphology, DNA fragmentation, or
upregulation of apoptosis-related proteins after treatment with 1,25-(OH)
2D3.MCF-7D3Res cells are cross-resistant to several vitamin D3 analogues,
all being potent growth regulators of MCF-7WT cells. Interestingly, apo-
ptosis can be induced at comparable levels in both MCF-7WT and MCF-
7D3Res cells in response to the antiestrogen TAM. Under these conditions,
upregulation of CLU was seen in both cell lines (Narvaez et al., 1996). Thus,
cross-resistance to vitamin D3 analogues does not require CLU overexpres-
sion: on the contrary, even in resistant cells, induction of apoptosis by
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another drug (i.e., TAM) is linked to CLU gene overexpression. This obser-
vation was then confirmed later in a study in which the role of apoptosis in
vitamin D-mediated growth arrest of MCF-7 cells was studied. The mor-
phological features of apoptosis and the increase in the cell death rate were
accompanied by increased soluble DNA–histone complexes, indicative of
DNA fragmentation. Under these conditions, the level of CLU mRNA
and protein were significantly upregulated in MCF-7 cells treated with
1,25-(OH)2D3 as compared to control cells together with cathepsin B
mRNA (Simboli-Campbell et al., 1996).
The link between apoptosis induced by vitamin D3 analogues and CLU

overexpression was further investigated later on. A non hypercalcemic
vitamin D3 analogues called BXL-628 was developed to inhibit prostate
cell growth in benign prostate hyperplasia (BPH) and brought from the
bench to the animal model and finally to the clinics. In this study, CLU
gene overexpression was studied and used as a biomarker of cell response to
the analogue. In particular, CLU overexpression was specifically found
confined to cells positive for DNA fragmentation and cell death (Crescioli
et al., 2003, 2004).
XII. EARLY OBSERVATIONS: CLU EXPRESSION IS
INDUCED BY TGF-BETA 1; NF-KAPPA B
INHIBITORS BLOCKED THE SECRETION OF CLU
Interestingly, a link between CLU expression and TGF-beta 1 was found in
MCF-7 cells treated with TAM. As described above, DNA fragmentation is
induced in MCF-7 cells by TAM as detected by terminal deoxynucleotidyl
transferase-mediated dUTP-biotin end labeling (TUNEL). Northern blot
hybridization studies showed an increase in the amounts of CLU and
TGF-beta 1 mRNAs in MCF-7 cells after treatment with TAM. The authors
of the study suggest that the induction of apoptosis by TAM in MCF-7 cells
may be mediated by the secretion of active TGF-beta (Chen et al., 1996).
The first demonstration that TGF-beta 1 can induce intracellular localiza-
tion and nuclear targeting of CLU appeared in the literature the same year
(1996) (Reddy et al., 1996).
The fact that CLU can be retained inside the cells following inhibition of

secretion was observed when inhibitors of nuclear factor-kappa B (NF-�B)
were given to glial cells. In this work, LPS was givn and glial cells became
activated. This maneuver induced a dose-dependent increase in CLU expres-
sion. It was known that NF-�B plays a pivotal role in glial activation. For this
reason, the activity ofNF-�Bwas inhibited by using aspirin andMG-132. Both
treatments blocked basal CLU secretion as well as LPS-induced CLU secretion



nCLU and the Fate of the Cell 75
(Saura et al., 2003). MG-132 is well known as a potent inhibitor of the
proteasome. In a very recent work, potent accumulation of nCLU in prostate
epithelial cells following administration ofMG-132was confirmed. The likely
explanation derives from the discovery that CLU is constantly cleared from
prostate cancer cells by efficient polyubiquitination (Rizzi et al., 2009). This
finding bears also important consequences on the possible role of CLU and
nCLU in tumorigenesis, but these issues will be further developed in this book.
To this regard, and particularly considering the link between CLU and NF-�B
activity, please see the two chapters dedicated to CLU and inflammation
(see chapter “CLU a multifacet protein at the crossroad of inflammation and
autoimmunity”) and CLU and tumorigenesis (chapter “Regulation of CLU
gene expression by oncogenes and epigenetic factors: Implication for tumour-
igenesis” Vol. 105). As a matter of fact, a different kind of link between
CLU and NF-�B activity was found later. Inside the cell, CLU was found
capable to bind and stabilize IkB, an important inhibitor of NF-�B. IkB
is known to bind and block NF-�B in the cytosol. This event would inhibit
nuclear translocation of NF-�B and its transactivating activity. Thus, in the
intracellular compartment (cytosol), CLU may act as a potent inhibitor of
NF-�B (Santilli et al., 2003). In consideration of the fact that NF-�B is
known to play a major role in inflammation and tumorigenesis, this discovery
opens a new scenery for the possible role of CLU in cell transformation.
XIII. 1996: nCLU FINALLY APPEARS IN
THE LITERATURE
The first experimental evidences that, in addition to the well-characterized
sCLU form which preferentially acts in the extracellular compartment in-
cluding blood and body fluids, a nuclear form of CLU (nCLU) also exist
were provided in the year 1996. CLU, when retained inside the cells, may
have completely different biological effects. In the pioneer work by Reddy
et al. an intracellular form of the protein was found to be induced and
accumulated in the nucleus of two epithelial cell lines (HepG2 and
CCL64) in response to treatment with TGF-beta (Reddy et al., 1996). The
study provided the first in vitro demonstration that two active in-frame ATG
sites can be recognized and drive the production of different CLU protein
forms. Initiation from the ATG in exon 2 would encode for the secretory
form of CLU (sCLU). The other in-frame ATG is located 33 amino acids
downstream of the latter. When this ATG is active, the protein would lack
the hydrophobic signal sequence. The truncated CLU protein resulting, with
a lower molecular weight by Western blot analysis, is supposed to be not
recognized by microsomes and therefore not glycosylated. Thus, we must
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hypothesize a completely different pathway of maturation. In this case, nCLU
is retained inside the cell and it can be found both in the cytoplasm and in the
nucleus. Targeting to the nucleus was supposed to be due to the presence of
SV40-like nuclear localization signals (Reddy et al., 1996).
In another report of the same year, CLU expression was studied in popula-

tions of Shionogi carcinoma cells subjected to multiple cycles of androgen
withdrawal and replacement (intermittent androgen suppression). Interest-
ingly, the parent tumor is negative to CLU expression: considering that
prostate epithelial cells do express basal levels of CLU, this initial observa-
tion suggests that expression of CLU is initially downregulated in cancer
cells. After castration, the CLU gene was found actively expressed in degen-
erating cells, comprising the vast majority of the tissue specimen. Thus, CLU
overexpression was initially confirmed as associated to cell death. After the
first and subsequent cycles of androgen withdrawal, CLU was also found
expressed in nonregressing tumors. Immunohistochemistry analysis demon-
strated that androgen-dependent tumor cells accumulated CLU both in
cytoplasm and nuclei after each cycle of intermittent androgen suppression.
The proportion of cells showing nuclear staining for CLU increased with
cycles before castration from 3% to 30% of total (Akakura et al., 1996).
These data have been interpreted as demonstrating the protective role of
CLU against cell death. In the light of the previous considerations and what
is known today, these findings allow us to suggest that nuclear staining of
androgen-dependent tumor cells under androgen-ablation condition is a
demonstration of the opposite, that is, the proapoptotic role of nCLU
instead. This was clearly demonstrated later. In the work by Akakura
et al., more intense nCLU staining was reported in recurrent androgen-
independent cells. This finding was interpreted by the authors as an “anom-
alous nuclear localization of CLU” which may be instrumental to inhibit
early events in the apoptotic process. In other words, according to the
authors, sequestration of CLU into the nucleus would inhibit a cytolytic-
protection activity of sCLU or cytoplasmic CLU. In their opinion, this event
would help the generation of androgen-independent stem cells in an andro-
gen-depleted environment. Actually, thanks to many independent reports, it
is now well recognized that nuclear staining of CLU is a hallmark of cell
death. Thus, nCLU-positive cells would have been those in which apoptotic
death has been triggered. In the same system, the authors found constitutive
expression of CLU in the cytoplasm of a lesser amount of cells, estimated to
be around 2–3% of total. Cancer stem cells are supposed to be a minor
population in a prostate cancer tissue specimen. As a matter of fact, their
estimation of the relative proportion of androgen-independent stem cells
along the intermittent androgen-suppression cycles showed that their num-
ber increased from 1/520,000 to 1/720, still less than 2% of total cells at
final stage, a value fully compatible with the proportion of cells positive for
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constitutive CLU expression in the cytoplasm (2–3%) and not in the nucleus
(up to 30%). As we will discuss later, very similar data, that is, increased
expression of CLU in the cytoplasm accompanied by inhibition of nuclear
targeting of CLU, was found in stable cell clones obtained from prostate
cancer cells surviving to CLU overexpression. These cells exhibit slow
proliferation activity, genetic instability, and resistance to cell death
(Scaltriti et al., 2004a,b). Therefore, the results by Akakura et al. can be
interpreted in an alternative way: in their experimental system, stem cancer
cells would be the minor population of cells with exclusive staining of the
cytoplasm, in which very likely inhibition of nuclear targeting of CLUwould
provide prosurvival and acquisition of resistance to cell death.
XIV. A ROLE FOR nCLU IN THE NUCLEUS:
BINDING TO Ku70
Few years later, CLU was identified as a Ku70-binding protein (KUB1-
KUB4) using yeast two-hybrid analyses. Previously identified as KUB1, by
sequence analysis it was then revealed to be CLU. CLU was previously
described by the same research group as X-ray-inducible transcript 8
(XIP8) because it was found potently induced when high doses of X-ray
were given to cells. KUB2 was identified as Ku80, while KUB3 and KUB4
were not identified in this work. Stable overexpression of full-length CLU in
MCF-7:WS8 cell line caused decreased Ku70/Ku80 DNA end binding.
Administration of CLU monoclonal antibodies rescued the cells (Yang
et al., 1999). This result is difficult to interpret and not in agreement with
a prosurvival role of sCLU, because anti-CLU antibodies administered to
living cells have very likely reacted with the secreted form of CLU and not
the intracellular form, which was not accessible in the experimental system.
In any case, a further confirmation of the proapoptotic role of nCLU
appeared in the literature the year after (Yang et al., 2000). In another
work by the same research group, CLU was found coimmunoprecipitated
and colocalized with Ku70/Ku80 by confocal microscopy in vivo. Ku70/
Ku80 was defined as a DNA damage molecular sensor with a key role in
repairing double-strand breaks in human MCF-7:WS8 breast cancer cells.
Overexpression of nCLU or its minimal Ku70-binding domain (120 aa of
CLU C-terminus) in nonirradiated MCF-7:WS8 cells dramatically reduced
cell growth and colony-forming ability. Clonogenic toxicity was concomi-
tant with cell-cycle arrest at the G1 checkpoint and increased cell death.
The authors concluded that enhanced expression and accumulation
of nCLU–Ku70/Ku80 complexes is an important cell death signal
(Yang et al., 2000). Furthermore, increased nCLU was found to prevent
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DNA-PK-mediated end joining. This event stimulated cell death in response
to IR. A further important confirmation appeared in the literature in 2001,
when overexpression of nCLU alone, in the absence of IR, was found to
stimulate cell death (Leskov et al., 2001).
XV. nCLU TODAY: THE DARK SIDE OF THE
MOON REVEALED
After 2003, several papers detecting nCLU and describing, or hypothesizing,
its possible biological role started to pile up in the literature. Our contribu-
tion to the field, besides the confirmation of the existence and the importance
of nCLU in other experimental systems, was the demonstration that over-
expression of nCLU is associated to detachment-induced apoptosis, also
known as “anoikis” (Caccamo et al., 2003, 2004, 2005). Following the
apoptotic stimulus (serum starvation), SV40-immortalized prostate epithe-
lial cells (PNT1A) started to round up and slowly detach from plates. Then,
chromatin condensation and formation of apoptotic bodies were seen.
Under these conditions, caspase-3, -8, and -9 were activated together with
PARP, and DNA fragmentation was induced as seen by FACS analysis.
Anoikis-death was preceded by the appearance of CLU into the nucleus.
In our hands, a specific nCLU electrophoretic band of 45 kDa appeared as an
early event just before cell irreversible death induction. Detection of this
nCLU form to the nucleus was associated to S-phase arrest at the G0/G1-
S-phase checkpoint and incomplete DNA synthesis, consistently to what
we have previously found by transient overexpression of CLU cDNA in
the same cells (Bettuzzi et al., 2002). Therefore, the proteomic expression
profile of CLU can change, at least in PNT1A cells, as a consequence of cell
growth condition. Nuclear targeting of a specific 45-kDa nCLU form was an
early event preceding cell death. This finding was consistent with the com-
plementary discovery thatCLUwas identified as one of the rare genes whose
expression is specifically repressed by anchorage in a DNA microarray
analysis study (Goldberg et al., 2001). The most important experimental
proof that a truncated form of CLU actually induces anoikis-death was
provided shortly after (Scaltriti et al., 2004a,b). To this aim, we have
designed a family of expression vectors in which we have been deleted the
first in-frame ATG present on Isoform 2, but common to all alternative CLU
mRNAs and the leader peptide, from the full-length cDNA for CLU only
leaving the last in-frame ATG in the coding sequence (please see also chapter
“Clusterin (CLU): From one gene and two transcripts to many proteins” in
this book for further details on CLU transcripts isoforms). Therefore, these
vectors express a truncated form of CLU whose molecular weight is about
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49 kDa as calculated by only considering the translated amino acid sequence
and no further modifications such as glycosylation or cleavage. Consistently,
we have actually detected a 49-kDa band in the experimental system,
demonstrating that the lacking of the leader peptide actually completely
abolished the known pathway of maturation, blocking the protein precursor
from entering the Golgi apparatus for full processing and production of the
secreted form. Under these conditions, the 49-kDa CLU form accumulated
in the cytoplasm and in the nuclei (nCLU) and secretion of CLU was
inhibited. Transient transfection of metastatic prostate cancer PC-3 cells
with 49-kDa nCLU resulted in NLS-independent massive nuclear localiza-
tion of the protein. G2/M-phase blockade and caspase-dependent apoptosis
rapidly followed. Constitutive expression of 49-kDa nCLU in recombinant
PC-3 cell clones caused intense clonogenic toxicity, confirming a negative
correlation between nCLU accumulation and cell survival. Only rare clones
overexpressing the truncated form of CLU lacking the leader peptide and
targeting the nucleus survived, demonstrating that the primary role of nCLU
is proapoptotic. The straightforward conclusion arising from these data is
that expression of CLU protein and targeting to the nucleus is incompatible
with the survival of human prostate cancer cells. Anyhow, when we engi-
neered cells to maintain nCLU expressed, some clones survived. In these
cells, we found that proliferation was inhibited and the phenotype was
altered. In particular, mitosis was impaired, causing endo-reduplication
and chromosome instability. Cells selected to survive nCLU overexpression
were slow growing, due to arrest at the G2-M checkpoint by downregula-
tion of the mitotic complex cyclin B1/cyclin-dependent kinase 1. The most
intriguing feature of these cells is that, although stably transfected and
expressing the 49-kDa nCLU form, the protein was exclusively localized in
the cytoplasm. This scenario suggested that, to survive nCLU expression,
prostate cancer cells had developed apoptosis-inhibitory properties includ-
ing inhibition of nuclear targeting of CLU. This could have significance
for the resistance of prostate cancers to chemo/radiotherapy, where CLU
overexpression and cytoplasm localization of CLU has been observed, also
opening new perspectives for the characterization of androgen-independent
and apoptosis-resistant prostate cancer cells.
These experimental evidences may possibly help to explain the conflicting

results obtained in different laboratories. CLU might be a proapoptotic or a
survival gene depending from tissue contest, cell localization, and the pre-
vailing protein form. The idea that sCLU may protect cells from death (to
this regard, please see chapters “The chaperone action of CLU and its
putative role in quality control of extracellular protein folding,” “Cell
protective functions of secretory CLU (sCLU ),” this volume; and “CLU
and chemoresistance,” Vol. 105) while nCLU is a prodeath signal, is grow-
ing among the experts in the field. Further support to this hypothesis and to
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the idea that possible differential roles are played by the two CLU forms on
cell growth and motility was recently provided (Moretti et al., 2007).
In nonmalignant PNT1A cells both sCLU and nCLU, when differentially
overexpressed, significantly decreased cell proliferation and motility. In
metastatic PC-3 cells instead, only nCLU inhibited cell growth and the
migratory behavior, while sCLU was ineffective. This result strongly sug-
gests a different role for CLU forms in benign and cancer cells, nicely
explaining some contradictory data in the field. Inhibition of cell motility/
migration by nCLU was linked to a dramatic remodeling of the actin
cytoskeleton. In particular, a massive dismantling of cytoskeleton organiza-
tion was detected. This effect was due to specific binding of nCLU to
�-actinin, a key protein for the regulation of actin cytoskeleton. Thus, a
native protein partner of CLU was identified inside the cell. In addition, this
finding nicely explains two important phenomena previously described
(i) induction of anchorage-dependent apoptosis (anoikis-death) by nCLU
and, conversely, (ii) repression of CLU expression by anchorage.
XVI. THE MOLECULAR MECHANISMS OF
PRODUCTION OF nCLU ARE STILL SKETCHY
As described above, nuclear translocation of CLU was seen following
ionizing radiation. The nCLU-inducible protein would bind Ku70 and trig-
gers apoptosis. Also overexpression of CLU was found to kill MCF-7 cells.
In this experimental model, an inactive precursor of nCLU was supposed to
be constitutively expressed and reside in the cytoplasm when MCF-7 cells
are not irradiated. X-ray administration would induce the translocation of
CLU into the nucleus and induction of apoptosis would follow (Leskov
et al., 2003).
In this paper, the synthesis of endogenous nCLU is suggested to result by

alternative splicing of the known CLU transcript. As a matter of fact, this
event has never been confirmed later in other cell systems, leaving this
possibility as only confined to the specific cell line used. On the other
hand, the story became a lot more complicated recently when other tran-
scripts coding for CLU were discovered. To this regard, please see also
chapter “Clusterin (CLU): From one gene and two transcripts to many
proteins” in this book.
An alternative explanation of how nCLU may be produced in the same

system was provided by treating MCF-7 with TNF-� or the antiestrogen ICI
182,780, compounds both capable to induce apoptosis in MCF-7. In this
experimental model, it has been described that the treatment caused
substantial changes in the activity of Golgi-resident enzymes. As a
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consequence, the biogenesis of CLU was supposed to be significantly altered
(O’Sullivan et al., 2003).
Under these conditions, the appearance of a 50–53 kDa uncleaved, non-

glycosylated, disulfide-linked form of CLU was described. This nCLU pro-
death form was found accumulating in the nucleus. Surprisingly, in spite of
the fact that CLU contains a cryptic SV-40-like NLS, mutation of this
sequence did not affect nuclear targeting of nCLU form. More recently we
found, by sequence comparison analysis, that three NLS are actually present
in the full-length cDNA sequence of CLU. In our work, we succeeded at
mutating all three of them, but again nuclear targeting of CLU resulted was
unaffected (Scaltriti et al., 2004b).
At the moment, the precise functional role of these cryptic NLS is not clear.

O’Sullivan et al. suggested that the retrograde transport from the Golgi to the
ER is responsible for the translocation of CLU to the nucleus. In this case,
CLU would be not correctly processed and thus being nonglycosylated and
uncleaved. Anyhow, they provided further evidences that translocation of
CLU to the nucleus occurred in dying cells. As described before, we consis-
tently found that removal of the leader sequence led to the production of a
prodeath 49-kDa protein band in intact live cells, a molecular weight per-
fectly corresponding to the expected size of the nonglycosylated and
uncleaved protein form (Scaltriti et al., 2004b). These data do not support
the hypothesis that translocation of CLU to the nucleus would occur as a late
event due to disruption of nuclear membrane following the activation of cell
death, but are suggesting instead that targeting of CLU to the nucleus is an
early event occurring in living cells and triggering cell death later.
Again working on MCF-7 cells, the possible involvement of p53 at reg-

ulating CLU expression and cell response was hypothesized (Criswell et al.,
2003). Here sCLU, the extracellular secreted form of CLU, was found
induced after very low, nontoxic doses of ionizing radiation and regarded
as being cytoprotective. On the other hand, nCLU induced at higher X-ray
dosage was confirmed cytotoxic. It appeared rationale to believe that sup-
pression of sCLU (and maybe induction of nCLU) may stimulate cell death.
In this contest, the factors possibly regulating the stress-inducible expression
of sCLU have been studied. In this model, p53 was found to suppress sCLU
induction responses. They used isogenically matched HCT116 colon cancer
cell lines which differed only in p53 or p21 status. The experiments demon-
strated a role for p53 in the transcriptional repression of sCLU. The finding
is interesting, but similar experiments in the colon cancer model did not
confirm a functional role of p53 at regulating the cell fate through CLU
expression (Chen et al., 2004). As a matter of fact, APC and p21 were found
capable to induce CLU overexpression and nCLU translocation, triggering
cell death. In the same paper is also shown that drug resistance by colon
cancer cells can be reversed by upregulation of nCLU, which restored
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sensitivity to apoptosis in 5Fu þ Fas treated resistant cells. Restored sensi-
tivity was abolished by antisense against CLU (Chen et al., 2004). In this
scenario, the idea that cells must presumably suppress sCLU to stimulate cell
death is possible, but induction of nCLU seems to commit cells to death
more potently. A recent finding supporting this idea is the fact that CLU was
found to be a very short-lived protein (Rizzi et al., 2009). At difference from
what was believed for long time, CLU protein forms are very unstable inside
prostate cancer cells because they are constantly degraded by polyubiquiti-
nation and proteasome activity. Half-life of CLU forms is less than 2 h in
prostate cancer cells. Interestingly, when protesome activity is specifically
blocked with MG-132, CLU secretion is abolished and a huge accumulation
of all CLU protein forms occurs inside the cells. Under these conditions,
fluorescence microscopy demonstrated strong nuclear targeting of CLU
(nCLU) and induction of cell death. This result suggests that prostate cancer
cells may need to constantly deplete intracellular environment from nCLU
and expel sCLU as secreted product to avoid commitment to death.
In 2005, a strong suggestion that production of nCLUmay be a posttransla-

tional event was provided by the discovery that intracellular calcium depletion
by BAPTA-AM was capable to induce nuclear targeting of CLU with 4 h in
prostate cells. Production of nCLUwas again confirmed associated to apopto-
tic cell death induction (Caccamo et al., 2005). Due to the rapid targeting,
induction of alternative transcription starting sites or alternative splicing
seems unlikely. In this system, the prevailing form of CLU in the cells consists
of a 65-kDa intracellular CLU precursor. This protein product is progressively
converted to low-molecular-weight forms including sCLU. In cells grown in a
calcium-depleted medium, the 65-kDa CLU precursor was rapidly converted
to a 45-kDa CLU form. This event was preceding or concomitant to poly
(ADP-ribose) polymerase (PARP) activation. Cells were rescued by Ca2þ

administration, which blocked both the accumulation of the 45-kDa form
and PARP activation. Administration of BAPTA-AM, a well-known intracel-
lular Ca2þ blocker known to trigger caspases activation and apoptosis, caused
a switch to the 45-kDa form of CLU already at 4 h after the beginning of
treatment, a time when caspase-9 activation started to be evident. Only later,
at 24–48 h, the decrease in cell proliferation wasmassive. Nuclear targeting of
the 45-kDa CLU form was confirmed by fluorescence immunocytochemistry.
Further insights on the biology ofCLU and calcium are provided in the chapter
“Regulation of CLU expression by calcium” of this book.
Rapid changes in the proteomic profile of CLU protein forms and

subsequent accumulation in the cells was also seen in heat-shock experimental
models (Caccamo et al., 2006). Sublethal heat shock, to which nontumori-
genic PNT1A and metastatic PC-3 cells can cope and survive, inhibited the
secretion of CLU (sCLU), leading to increased intracellular/cytoplasm accu-
mulation of CLU. At difference, lethal heat stress caused massive
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accumulation of proapoptotic nCLU. Death was due to caspase-3-dependent
apoptosis. To induce thermo-tolerance, double heat stress (sublethal heat
shock followed by recovery and lethal stress) was given to both cell lines.
The treatment induced HSP70 and thermo-tolerance in PNT1A cells, but not
in PC-3 cells. Interestingly, CLU secretion was inhibited and CLU was accu-
mulated in PNT1A, suggesting that targeting of CLU to the cytoplasm might
be prosurvival. In PC-3 cells instead, accumulation of nCLU was very evident
and concomitant to caspase-3 induction and PARP activation, that is, inducing
apoptotic doom. Thus, CLU expression and its subcellular localization were
strictly related to the cell fate. In particular, nCLU and HSP70 seems to affect
cell survival in an antagonistic fashion. Prevalence of heat-induced nCLU
would not allow metastatic PC-3 cells to cope with heat shock. An important
clinical link of this finding is that this resultmay provide a rational explanation
about why malignant cells are more sensitive to heat when delivered by
minimally invasive procedures for ablation of localized prostate cancer. Of
notice, in this experimental system the nuclear translocation of CLU was a
very rapid event, not easy to explain by alternative site transcription or
alternative splicing events. To further support this idea, we found that induc-
tion of nCLU was clearly associated to inhibition of CLU mRNA transcrip-
tion, a data consistent with posttranslational modification of a protein
precursor already present in the cell (Caccamo et al., 2004). The precursor
could be previously accumulated in the cell and kept “in-check,” waiting for
the apoptotic stimulus triggering its rapid conversion to the prodeath form.
XVII. IN THE END: IS TARGETING OF CLU TO THE
NUCLEUS AN EXPERIMENTAL ARTIFACT?
One of the criticisms that can be raised on this issue is whether the
experimental methods used to localize CLU inside the cell may have been
misleading the researchers, leading to false conclusions. Disruption of the
cell and purification of cell fractions is known to be tricky. Purity of the
nuclear or cytoplasm fractions with no cross-contamination is always a
problem. In addition, one of the best known features of CLU is its tendency
to bind many proteins and cell structures once the cell is broken. CLU can
bind to the nuclei of dead cells if lacking an intact cell membrane
(Humphreys et al., 1997). Homogenization of tissues and cells may release
CLU forms which have not undergone complete processing and maturation.
This may cause binding of CLU immature forms to cell structures, including
nuclei. This event would not occur in intact cells under physiological con-
ditions. For these reasons, the experimental procedure used to identify the
location of CLU in intact cells is fundamental. The use of fluorescence or
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laser confocal microscopy in intact fixed cells may be of great help in this
matter. As described before, a clear demonstration that CLU can actually be
found in the nucleus of dying cells was provided by Scaltriti et al., thanks to
these methods (Scaltriti et al., 2004a,b). In this model, an expression vector
in which a truncated cDNA for human CLU lacking the leader peptide
sequence (with its 50 leading ATG) was inserted. Under these conditions, a
downstream 50 ATG in-frame became active, causing the production of a
truncated form of CLU of 49 kDa which is perfectly compatible with an
unglycosylated protein product. The accumulation of this CLU form in the
cell nucleus caused cell death. This result was independently confirmed by
Zhang et al. (2006) and Moretti et al. (2007), also showing that the
truncated form of CLU was capable to specifically bind alpha-actinin,
disturb the cytoskeleton organization, and cause cell detachment and inhi-
bition of migration. Another interesting model in which CLU was found to
enter the nucleus and cause rapid cell death was described by Caccamo et al.
(2005). As previously described, depletion of intracellular calcium by ad-
ministration of BAPTA-AM caused the translocation of CLU to the nucleus
very rapidly. Only 4 h later the most of CLU was inside the nucleus and the
vast majority of cells were subjected to anoikis-death.
But another important confirmation was obtained in vivo in a real clinical

setting. Pucci et al. have studied the tissue distribution of CLU protein in
healthy colon mucosa and cancer specimens by immunohistochemistry. This
study has demonstrated that translocation of CLU from the nucleus (nCLU) to
the cytoplasm is directly related to tumor progression. In fact, nCLU has been
detected in the epithelial cells of healthy colon mucosa. Considering that we
have previously seen that CLU is induced by APC in colon cells in a p21-
dependent fashion (Chen et al., 2004) and that nCLU induces anoikis-death in
epithelial cells (Caccamo et al., 2003), this finding is consistent with the
proapoptotic action of nCLU and its role in the negative regulation of cell-
cycle progression of colon cells. At difference, when colon cells progressed
towards high-grade and metastatic carcinoma, nCLU was not detectable and
CLU was distributed only in the cytoplasm of cancer cells (Pucci et al., 2004).
In all these experimental models, cells were not fractionated and

CLU localization was detected in intact cells with appropriate experimental
methods. Therefore, alternative explanations based on possible experimental
artifacts are very unlikely to provide the answer.
XVIII. CONCLUSIONS
At the moment, it is still very true that unambiguous structural identifica-
tion of alternative and intracellular forms of CLU are lacking. It is a personal
and commonly shared experience that no known antibody (commercially
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available) is actually capable to discriminate sCLU from nCLU, no matter
about which claims are made from the provider. At the same time, many
good-quality antibodies can detect CLU when outside or inside the cell, thus
allowing tracking extracellular, sCLU as well as intracellular CLU even
when located inside the nucleus (nCLU) in different experimental models.
The choice of the right tool for these studies is clearly fundamental. In any
case, it is evident that more work is needed for a better understanding of this
intriguing issue. Now the existence of different CLU forms with a differen-
tial propensity toward the cytosol and excretion in the extracellular com-
partment, or the nucleus and retention inside the cell, are firmly established.
A general consensus toward the fact that a shift from sCLU to nCLU would
doom the cell to death is now reached by experts. In many experimental
systems, nCLU has been found to induce cell death. These notions may bear
important consequences and practical implementation in the clinics soon.
Nevertheless, unravelling the alternative CLU protein structures, the

mechanisms of their production, the differential regulation of their expres-
sion, and their potential mechanism of action through interaction with native
intracellular partners or receptors will require more work in the future.
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The function(s) of clusterin may depend upon its topological location. A variety

of intracellular “isoforms” of clusterin have been reported but further work is

required to better define their identity. The secreted form of clusterin has a potent

ability to inhibit both amorphous and amyloid protein aggregation. In the case of
amorphous protein aggregation, clusterin forms stable, soluble high-molecular-weight

complexes with misfolded client proteins. Clusterin expression is increased during

many types of physiological and pathological stresses and is thought to function as
an extracellular chaperone (EC). The pathology of a variety of serious human diseases

is thought to arise as a consequence of the inappropriate aggregation of specific

extracellular proteins (e.g., A� peptide in Alzheimer’s disease and �2-microglobulin
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in dialysis-related amyloidosis). We have proposed that together with other abundant

ECs (e.g., haptoglobin and �2-macroglobulin), clusterin forms part of a previously
unknown quality-control (QC) system for protein folding that mediates the recognition

and disposal of extracellular misfolded proteins via receptor-mediated endocytosis and

lysosomal degradation. Characterizing the mechanisms of this extracellular QC system

will thus have major implications for our understanding of diseases of this type and
may eventually lead to the development of new therapies. # 2009 Elsevier Inc.

I. INTRODUCTION
The focus of this chapter is on the chaperone action of the secreted
extracellular form of clusterin. However, before dealing with this, a
brief discussion of what is currently known about intra- and extracellular
forms of CLU follows. While in mammals clusterin is usually secreted, many
reports have suggested that it occurs in the nucleocytosol continuum,where it
has been proposed to influence, for example, DNA repair (Yang et al., 2000),
transcription (Santilli et al., 2003), microtubule organization (Kang et al.,
2005), and apoptosis (Debure et al., 2003; Yang et al., 2000; Zhang et al.,
2005). Various mechanisms have been proposed to explain the presence of
clusterin in the nuclear and cytosolic compartments, including:

(i) Alternative initiation of transcription—this was proposed to yield a
43-kDa nuclear clusterin isoform in CCL64 and HepG2 (two epithelial
cell lines) treated with transforming growth factor beta (Reddy et al.,
1996).

(ii) Alternative splicing—this was proposed to account for a 49-kDa
nuclear clusterin isoform in MCF-7 cells exposed to ionizing radiation
(Leskov et al., 2003).

(iii) Retrotranslocation of clusterin via an ERAD-like pathway from the
Golgi apparatus to the cytosol (Nizard et al., 2007).

(iv) Reinternalization of secreted clusterin from the extracellular milieu into
the cytosol (Kang et al., 2005).

However, it is important to note that none of these studies sequenced
the intracellular isoforms; therefore, it is not known for certain whether
clusterin isoforms of different mass resulted from alternative splicing or
transcription initiation or simply represented species at different stages of
maturation (e.g., cleaved or uncleaved, at different stages of glycosyla-
tion). Furthermore, in some cases, the methods used to identify the
location of intracellular isoforms (e.g., cell fractionation) may have led
to false conclusions. It is known that clusterin binds to the nuclei of
dead cells lacking an intact cell membrane (Humphreys et al., 1997).
Disruption of live unfixed cells may release poorly glycosylated and/or
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uncleaved clusterin from the ER/Golgi allowing it to bind to nuclei,
which would not normally occur in intact cells. In addition, a very
recent report describes the secreted form of clusterin as being present
in the nucleocytosolic continuum and mitochondria (Trougakos et al.,
2009). Unambiguous structural identification of intracellular isoforms of
clusterin protein (e.g., “nuclear clusterin”) is required before their exis-
tence can be accepted as firmly established and their function(s) mean-
ingfully assigned. A recent study reported that a 60-kDa intracellular
clusterin isoform conferred resistance to apoptosis upon cancer cells by
antagonizing conformationally altered Bax (Zhang et al., 2005); howev-
er, this study did not address how clusterin was diverted from its normal
secretory pathway.
Determining the biological importance of clusterin has been complicated

by the propensity of the protein to interact with a wide variety of molecules
including lipids (de Silva et al., 1990), amyloid proteins (Boggs et al.,
1996), components of the complement membrane attack complex (MAC)
(Jenne and Tschopp, 1989; Kirszbaum et al., 1989), immunoglobulins
(Wilson and Easterbrook-Smith, 1992), other molecules of clusterin
(Blaschuk et al., 1983), misfolded proteins (Wilson and Easterbrook-
Smith, 2000), and the chemotherapeutic drug Taxol (Park et al., 2008).
A reasonable hypothesis is that many of these interactions result from a
single underlying property of clusterin, related to a primary function.
There is now a substantial body of evidence that clusterin has a chaperone
action like that of the small heat-shock proteins (sHSPs) and is one of the
first described extracellular chaperones (ECs) (Carver et al., 2003; Hatters
et al., 2002; Humphreys et al., 1999; Lakins et al., 2002; Poon et al., 2000,
2002a,b; Wilson and Easterbrook-Smith, 2000; Yerbury et al., 2007). As
part of its chaperone action, clusterin appears to bind to exposed regions of
hydrophobicity on misfolded proteins (Poon et al., 2002a). As many of the
identified ligands for clusterin are hydrophobic in character, we suggest
that the interactions of clusterin with these ligands are related to its
chaperone properties. In the case of the clusterin–Taxol interaction, this
may have clinical consequences; sequestration of Taxol by clusterin may
account for why clusterin-overexpressing tumors are Taxol-resistant (Park
et al., 2008). However, this is not to exclude the possibility of other
functions for clusterin. Indeed, the function(s) of the protein may be
dependent upon its location (intracellular vs. extracellular). This is one of
the reasons why more careful work is needed to definitively establish
whether any of the variously reported cytosolic/nuclear clusterin isoforms
are genuine. The rest of this chapter will focus on what we believe is a
major function for the protein in the context of extracellular space.



92 Amy Wyatt et al.
II. CLUSTERIN AS A CHAPERONE

A. Molecular Chaperones
Increased expression in response to cellular stresses, including heat shock,
oxidative stress, and heavy metals, or to pathologic conditions, such as
infection, inflammation, ischemia, tissue damage, and mutant proteins
associated with genetic diseases, is synonymous with, but not limited to, a
group of stress-response proteins broadly referred to as molecular chaper-
ones. The term “molecular chaperone” was first used to describe the func-
tional activity of the nuclear protein, nucleoplasmin, in preventing the
aggregation of folded histone proteins with DNA during nucleosomal as-
sembly. This term was later extended by Ellis to encompass a large and
diverse group of proteins that facilitate the noncovalent assembly of other
proteins but which do not themselves form part of the final folded structure
(Ellis, 1987). Much of the current understanding of molecular chaperones
centers on the heat-shock protein (HSP) family, a large group of structurally
unrelated thermal-stress-inducible intracellular proteins, which includes
HSP100, HSP90, HSP70, HSP60, and the sHSPs. These molecular chaper-
ones function to: (1) ensure correct folding of newly synthesized polypep-
tides, (2) unfold and refold polypeptides during translocation across
membranes, (3) assemble and disassemble macromolecular complexes, or
(4) resolubilize or facilitate the degradation of partially folded and/or
aggregated proteins.
From a therapeutic perspective, by far the most important trait of molec-

ular chaperones is their ability to specifically recognize, interact with, and
prevent the aggregation of nonnative proteins. Protein aggregation is
thought to underpin the pathologies of many debilitating human diseases,
known as protein deposition diseases, such as cataract, cystic fibrosis, and
the amyloidoses (e.g., Alzheimer’s, Parkinson’s, and Creutzfeldt–Jakob dis-
eases). Whether in vivo or in vitro, protein aggregation occurs when a
specific trigger induces the partial unfolding of proteins, which causes once
buried hydrophobic regions to become surface-exposed. Due to their aver-
sion to the aqueous surrounding, the exposed hydrophobic regions of non-
native proteins associate with similar regions on neighboring proteins.
Continuation of this molecular cascade leads to the formation of protein
aggregates which usually adopt one of two major forms. They may exist as
disorganized amorphous species comprised of randomly associated proteins,
or as highly ordered fibrillar structures. For example, it has been proposed
that the cytotoxic species associated with various neurodegenerative disor-
ders are most likely to be soluble oligomeric protein aggregates that are
amorphous in structure, while the protein aggregates found in the deposits
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of amyloidoses sufferers are characterized by highly ordered �-sheet-rich
proteins in the form of insoluble fibrils (Dobson, 2003, 2004; Lopez de la
Paz and Serrano, 2004). It is believed that molecular chaperones such
as the HSPs interact with hydrophobic domains of nonnative “client” pro-
teins. Through this mechanism, molecular chaperones are able to promiscu-
ously bind and stabilize nonnative proteins, but avoid natively structured
proteins.
B. The In Vitro Chaperone Action of Clusterin
A decade ago, a report emerged that provided, for the first time,
detailed evidence to support the hypothesis that clusterin may function
as a molecular chaperone (Humphreys et al., 1999). A series of
publications soon followed, which, together with the original article,
highlighted clusterin’s ability to inhibit, in a dose-dependent manner,
the stress-induced amorphous aggregation and precipitation of a number
of unrelated target proteins, including heat-stressed glutathione-S-trans-
ferase, catalase, alcohol dehydrogenase, and ovotransferrin, and chemi-
cally reduced bovine serum albumin, �-lactalbumin, lysozyme, and
ovotransferrin (Humphreys et al., 1997; Poon et al., 2000, 2002a,b).
Enzyme-linked immunosorbent assays (ELISAs) and size-exclusion chro-
matography indicated that, like the sHSPs, clusterin binds preferentially
to and forms high-molecular-weight complexes with these stressed target
proteins. It was also shown that clusterin interacts only with slowly
precipitating forms of �-crystallin and lysozyme, indicating that the
kinetics of protein aggregation may be an important determinant for
efficient binding of clusterin to its client proteins (Poon et al., 2002b).
The manner in which clusterin interacts with partially unfolded and

aggregating client proteins is not clear. Sequence analysis of full-length
clusterin reveals several motifs that may be important for its chaperone
action. Amphipathic �-helices located at the N-terminus of the �-subunit
and at both the N- and C-termini of the �-subunit possess hydrophobic
surfaces that are believed to mediate clusterin binding to cell membranes of
sperm (Law and Griswold, 1994) and potentially, to various other ligands,
many of which are predominantly hydrophobic in character. It is likely that
the binding of clusterin to many of its ligands is achieved through these
hydrophobic moieties. Results published by Poon et al. (2002a) are consis-
tent with this proposed mechanism. At physiological pH, clusterin exists
predominantly as a mixture of dimers and tetramers of the disulfide-linked
�–� heterodimer “monomer.” When exposed to mildly acidic conditions,
these oligomers dissociate to form �–� monomers which show enhanced
binding to the hydrophobic probe 1-anilino-8-naphthalenesulfonate (ANS),
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indicating significant exposure of hydrophobic surfaces. The exposed
hydrophobic regions appear to be available for binding to chaperone client
proteins, because the mildly acidic conditions induce increased client protein
binding by clusterin and an enhancement of its chaperone action (Poon
et al., 2002a). In a physiological context, this effect may be of significant
importance. At sites of inflammation, cardiac ischemia, infarcted brain,
and in the brains of Alzheimer’s sufferers (McGeer and McGeer, 1997), a
phenomenon known as acidosis occurs, where the local pH can fall below 6.
Under these mildly acidic conditions, the enhancement of clusterin’s
chaperone action could help reduce the rate of progression or severity of
pathology by inhibiting the aggregation and accumulation of inflammatory
and/or toxic insoluble protein deposits.
Despite its ability to stabilize aggregation-prone proteins, clusterin is

unable to protect against or restore the stress-induced loss of enzyme
activity of alcohol dehydrogenase, catalase, and glutathione-S-transferase.
The lack of recovery of functional activities of these enzymes implies that
clusterin is unable to independently refold them. Nevertheless, it was
shown that clusterin can maintain stressed proteins in a state that is
competent for subsequent refolding by heat-shock cognate protein
70 (HSC70) (Poon et al., 2000). Several sHSPs have been shown to act in
a similar manner to clusterin. For instance, HSP18.1 (from peas) was
shown to stabilize heat-denatured firefly luciferase in such a way that other
chaperones, present at high concentrations in rabbit reticulocytes or wheat
germ extracts, could refold it (Lee et al., 1997). Similarly, mammalian
HSP25 was shown to form stable complexes with heat-stressed citrate
synthase, which could be subsequently reactivated by HSP70-mediated
refolding (Ehrnsperger et al., 1997).
Earlier reports had described the ability of clusterin to inhibit the in vitro

fibrillar aggregation of the amyloid � (A�) peptide, the major component
of senile plaques associated with Alzheimer’s disease (Matsubara et al.,
1995; Oda et al., 1995). Subsequent studies showed that clusterin, at a
concentration commonly present in human plasma (100 �g/mL), can
reduce by as much as 90% the fibrillar aggregation of PrP106–126, the
amyloid-forming and neurotoxic fragment of the prion protein responsible
for the bovine prion disease, bovine spongiform encephalopathy (BSE)
(McHattie and Edington, 1999). In 2002, Hatters and coworkers demon-
strated similar inhibitory effects of clusterin on amyloid fibril formation. It
was reported that even at substoichiometric concentrations, equivalent to a
30:1 molar excess of client protein to clusterin, clusterin was able to
completely suppress in vitro amyloid fibrillogenesis of apolipoprotein C-II
(ApoC-II), a protein lipase activator (Hatters et al., 2002). However, in
this case, clusterin was unable to dissociate the mature ApoC-II fibrils
once they had formed (Hatters et al., 2002). More recently, clusterin
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has been shown to influence the fibrillogenesis of other proteins, including
the disease-associated variants of lysozyme, I56T and D67H (Kumita et al.,
2007), �-synuclein, calcitonin, �-casein, SH3 (amyloidogenic domain of
phosphatidylinositol 3-kinase), and CC�w, a derivative of the coiled-coil
� (CC�) peptide, which was originally designed de novo as a model to
study the transformation of helical conformations into amyloid
fibrils (Yerbury et al., 2007). For most of the targets tested, clusterin
caused dose-dependent inhibition of amyloid fibril formation. However,
for �-synuclein, A�, and calcitonin, very low levels of clusterin (relative
to client protein) significantly increased amyloid formation. It was pro-
posed that when present at very low concentrations, clusterin may stabilize
prefibrillar oligomers that “seed” fibril growth and are believed to be
primarily responsible for amyloid-associated cytotoxicity. In fact, it
was shown that under these conditions the cytotoxicity of A� and SH3
aggregates were enhanced (Yerbury et al., 2007). These results suggest that
the clusterin:client protein ratio is an important determinant of the nature
and extent of effects of clusterin on both amyloid formation and toxicity.
This may partly explain why clusterin can exert significantly different
effects on amyloid formation in different experimental systems. In all
cases where inhibition was observed, electron microscopy imaging of the
resulting aggregates revealed that the final structures formed in the
presence of clusterin ranged from spherical particles of varying diameters
to amorphous aggregates.
Clusterin does not bind to native forms of proteins, and affects amy-

loid formation to a greater extent when added during the lag phase
versus the growth phase (Kumita et al., 2007; Yerbury et al., 2007).
Exactly how clusterin interacts with amyloid-forming proteins remains
unclear, although the existing evidence suggests that clusterin interacts
predominantly with prefibrillar oligomeric species formed during the
latter stages of the lag or nucleation phase of amyloid aggregation
(Kumita et al., 2007; Yerbury et al., 2007). Prefibrillar aggregates are
known to possess surface-exposed hydrophobicity that has been
implicated in their ability to exert cytotoxic effects by interacting with
cell membranes (Bucciantini et al., 2004). Thus the interaction of
clusterin with amyloid-forming proteins may, as in the case of
amorphously aggregating proteins, stem from hydrophobic interactions.
Another possibility is that clusterin may interact with amyloid-forming
proteins via functional groups of charged or aromatic amino acids that
are critical for fibril formation (Makin et al., 2005). Regardless of the
precise mechanism by which clusterin affects amyloid formation, it is
possible that increasing the levels of clusterin in vivo may represent a
potential therapeutic strategy in the fight against extracellular amyloid
deposition disorders.
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III. IN VIVO INSIGHTS INTO THE CHAPERONE
ACTION OF CLUSTERIN

A. Associations of Clusterin with
Extracellular Protein Deposits
Clusterin is found in human blood plasma at around 35–105 �g/ml
(Murphy et al., 1988), in cerebrospinal fluid (CSF) at 1.2–3.6 �g/ml (Choi
et al., 1990), in seminal plasma at around 2–15 mg/ml (Choi et al., 1990),
and is also found in numerous other biological fluids including breast milk,
ocular fluid, and urine (Aronow et al., 1993). Due to the inherent chaperone
action of clusterin, and its presence in many extracellular fluids, it follows
that it may be found in extracellular locations associated with misfolded
proteins. In fact, clusterin has been found associated with all disease-asso-
ciated extracellular protein deposits tested to date, including amyloid
deposits (Yerbury et al., 2007) (Table I). The presence of clusterin in these
deposits may indicate its incorporation into insoluble aggregates under
conditions in which the capacity of extracellular protein folding
quality-control (QC) mechanisms have been exceeded.
The overexpression of clusterin has been reported in many disease

states including atherosclerosis, cancers, diabetes, myocardial infarction, neu-
rodegenerative diseases, and renal diseases (Rosenberg and Silkensen, 1995).
Additionally, clusterin is upregulated in experimental models of pathological
Table I Protein Deposition Disorders in Which Clusterin Has Been Found Colocalized with

Extracellular Protein Deposits

Disease Main constituent Reference

Alzheimer’s disease A� Calero et al. (2000)
Creutzfeldt–Jakob disease PrP Freixes et al. (2004)
Gerstmann–Straussler–Scheinker disease PrP Chisea et al. (1996)
Gelatinous drop-like corneal dystrophy Keratoepithelin Nishida et al. (1999)
Lattice type I corneal dystrophy M1S1 Nishida et al. (1999)
Age-related macular degeneration Drusen Crabb et al. (2002),

Sakaguchi et al. (1998)
Pseudoexfoliation (PEX) syndrome PEX material Zenkel et al. (2006)
Down’s syndrome A� Kida et al. (1995)
HCHWA-Dutch type A� Matt-Schieman et al. (1996)
Familial British dementia ABri Ghiso et al. (1995)
Atherosclerosis LDL/ApoB100 Witte et al. (1993)
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stress including heat stress (Michel et al., 1997), heavy metal exposure
(Trougakos et al., 2006), inhibition of the proteosome generating proteotoxic
stress (Loison et al., 2006), ionizing radiation (Criswell et al., 2005), oxidative
stress (Strocchi et al., 2006), and shear stress (Ubrich et al., 2000). This further
suggests that clusterin plays a role in stress states associatedwithmany types of
disease. It may also act in a protective capacity in pseudoexfoliation
(PEX) syndrome, as decreased levels of clusterin in the eye are associated
with the deposition of PEX material causing this disease (Zenkel et al., 2006).
In contrast, it has been proposed that at least under some conditions,
clusterin can promote the solubility and toxicity of oligomers of A� peptide
(Oda et al., 1995). A later related study claimed that clusterin had the
opposite effect, and inhibited the toxicity of similar A� oligomers (Boggs
et al., 1996). A recent study has provided an observation that may at least
partly explain these apparently contradictory results—the molar ratio of clus-
terin to fibril-forming protein determines whether pro- or antiamyloidogenic
effects result (Yerbury et al., 2007).
B. Mouse Models
There have been a number of studies undertaken using transgenic mice in
which clusterin expression has been ablated (“knock out” mice) or (in one
case only) increased. The results from these studies have been apparently
contradictory, suggesting that simple interpretations based on the assump-
tion that whatever effect is observed results from the action of clusterin
alone are not appropriate. In a transgenic mouse model of Alzheimer’s
disease using mice expressing amyloid precursor protein (APP; PDAPP
mice), a comparison between clusterin�/� and clusterinþ/þ mice showed no
difference in A� deposition in the brain at 12 months of age. However, the
ablation of clusterin expression resulted in lower thioflavin-S staining of
brain matter and a decrease in the number of visibly damaged neurons
(DeMattos et al., 2002). Although there was no electron micrograph data
to confirm that these deposits were in fact amyloid the authors suggested
that clusterin promoted fibril formation and associated toxicity in this
model. In contrast, PDAPP double knockout ApoE�/�, clusterin�/� mice
showed earlier onset and had significantly increased A� levels in cerebrospi-
nal and interstitial fluid and thioflavin-S-positive material in the brain
(DeMattos et al., 2004), suggesting a cooperative protective effect of ApoE
and clusterin to inhibit A� deposition in the brain. Collectively, these results
suggest that clusterin’s in vivo effects on amyloid formation are likely to
involve multiple interactions and form part of a complex mechanism that
is currently not fully understood. To better understand the nature and
mechanism(s) of interaction between clusterin and amyloid-forming
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proteins in the complex in vivo environment it is essential that further
in vitro studies are undertaken.
One study has suggested that clusterin can promote cell injury—Han et al.

(2001) reported that clusterin knockout mice had 50% less brain injury than
controlmice followingneonatalhypoxic-ischemic injury. In contrast, a number
of other studies suggest that clusterin has protective effects:

� In an axotomy-induced cell death model, clusterinþ/þ mice had signifi-
cantly more surviving motor neurons compared to clusterin�/� mice,
suggesting a neuroprotective role (Wicher and Aldskogius, 2005).

� In clusterin knockoutmice, damage to testicular cells is increased after heat
shock and the clearance of damaged cells is impaired (Bailey et al., 2002).

� In mice overexpressing clusterin, the number of dead cells present post-
ischemic brain injury was significantly lower than those found in wild-type
and clusterin�/� mice. Also, in this model, the content of glial and inflam-
matory cells in the area surrounding the ischemic zone was least in
clusterin overexpressing mice and greatest in clusterin knockout mice
(wild-type mice were in between these two values; (Wehrli et al., 2001)).

� Clusterin�/� mice have more severe inflammation and cellular pathology
in experimentally induced murine autoimmune myocarditis than
clusterin-expressing control mice (McLaughlin et al., 2000).

� Lastly, ageing clusterin�/� mice develop progressive glomerulopathy
which is characterized by the accumulation of insoluble protein deposits
in the kidneys (Rosenberg et al., 2002). This suggests that clusterin inhibits
the age-dependent accumulation of protein deposits in glomeruli.

Taken together, the mousemodel studies suggest that clusterin (i) can affect
extracellular protein aggregation, and (ii) may be involved in the clearance of
aggregating protein species and/or dead cells which could have important
anti-inflammatory and cytoprotective consequences in vivo. The report from
Han et al. (2001) proposing that clusterin exacerbates cell injurymay relate to
a unique function of clusterin in that model, and/or may imply that the
inherent complexity of the system is inconsistent with the assumption that
the effects seen arise solely from the absence of clusterin.
IV. OTHER EXTRACELLULAR CHAPERONES (ECs)
AND A MODEL FOR QUALITY CONTROL (QC)
OF EXTRACELLULAR PROTEIN FOLDING
Denatured plasma proteins are catabolized more rapidly than their
native counterparts (Margineanu and Ghetie, 1981) and it has been
shown that polymorphonuclear leukocytes selectively catabolize denatured
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extracellular proteins versus those that are in native conformations
(Bocci et al., 1968). In both cases, lysosomal enzymes are implicated in the
degradation process (Bouma, 1982; Coffey and de Duve, 1968). In addition,
the fact that each plasma protein has an individual and specific half-life
suggests that they are selectively removed from the extracellular space and
degraded (Margineanu and Ghetie, 1981). Furthermore, there is a
positive correlation between pathological protein deposition and ageing;
extracellular protein aggregation and deposition is usually only observed
in disease states and in the elderly (Carrell, 2005). Extracellular pathological
protein deposits include A� in Alzheimer’s disease, human islet amyloid
polypeptide in Type II diabetes, and prion protein in Creutzfeldt–Jakob
disease. Collectively, these observations suggest that there is an extracellular
protein folding QC system that under normal conditions keeps extracellular
protein aggregation in check but that loses its efficiency with age
(Dobson, 2002). If this virtually uncharacterized extracellular protein
folding QC system is analogous to the extensively characterized intracellular
system (Wickner et al., 1999), then it is likely that it incorporates
multiple functional components. The discovery of clusterin as an EC may
be just the tip of an iceberg in terms of characterizing mechanisms of
extracellular protein folding QC.
A. Other ECs
In recent years a number of secreted proteins have been reported as having
an in vitro chaperone action. These include serum amyloid P component
(Coker et al., 2000), fibrinogen (Tang et al., 2009), albumin (Marini et al.,
2005), macrophage inhibitory factor (Cherepkova et al., 2006), apolipopro-
tein E (Wood et al., 1996), haptoglobin (Yerbury et al., 2005a), and
�2-macroglobulin (French et al., 2008). Not all studies have been thorough-
ly followed up and it is not clear in all cases how the in vitro chaperone
activity relates to any corresponding in vivo function. Apart from clusterin,
the best characterized ECs are haptoglobin and �2-macroglobulin.
B. Haptoglobin
Haptoglobin is a secreted glycoprotein found in most body fluids. Its
plasma concentration is between 0.3 and 2 mg/mL (Bowman and Kurosky,
1982) and it is found in CSF between 0.5 and 2 �g/mL (Sobek and Adam,
2003). Humans may exhibit one of three different haptoglobin phenotypes
(Hp 1–1, Hp 1–2, or Hp 2–2). In its simplest form, it exists in a barbell-like
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structure of two disulphide linked �1� subunits (Hp 1–1); in the presence
of the �2 chain haptoglobin assembles into a range of various sized dis-
ulphide linked polymers of �� subunits in a �1��(�2�)��1� configuration
(Hp 2–1), or in �2�-based ring-like structures (Hp 2–2) (Kurosky et al.,
1980). Haptoglobin is an acute-phase protein, the expression of which is
upregulated in response to a variety of insults including infection,
neoplasia, pregnancy, trauma, acute myocardial infarction, and other
inflammatory conditions (Langlois and Delanghe, 1996). Haptoglobin has
many described biological functions, however, it is most commonly known
for its particularly strong noncovalent interaction with hemoglobin
(KD�10�15 M) (Dobryszycka, 1997). The sequestration of hemoglobin
by haptoglobin reduces oxidative damage after induced hemolysis
(Lim et al., 1998) through the reduction of free hemoglobin and iron
available to catalyse oxidation reactions (Gutteridge, 1987). Haptoglobin
has also been described as having a bacteriostatic effect (Barclay, 1985),
an ability to stimulate angiogenesis through an unknown mechanism
(Cid et al., 1993), and has been implicated in the regulation of lymphocyte
transformation (Baskies et al., 1980).
Recently, haptoglobin has been characterized as one of a small group of

secreted proteins that can act as molecular chaperones by inhibiting the
stress-induced aggregation of a range of proteins (Ettrich et al., 2002;
Pavlicek and Ettrich, 1999; Yerbury et al., 2005a, 2009). Functionally, it
has a sHSP-like ability to maintain aggregating proteins in solution
by forming high-molecular-weight complexes with them. Moreover,
depletion of haptoglobin from human plasma significantly increases the
susceptibility of plasma proteins to aggregation and precipitation in vitro
(Yerbury et al., 2005a).
C. a2-Macroglobulin
�2-Macroglobulin is a secreted glycoprotein that is highly abundant in
many biological fluids. Its approximate concentrations in human plasma
and CSF are 1.5–2 mg/mL and 1.0–3.6 �g/mL, respectively (Biringer et al.,
2006; Sottrup-Jensen, 1989). �2-Macroglobulin is a homotetramer consist-
ing of 180-kDa subunits that form two disulfide-linked homodimers that
noncovalently interact to form the 720-kDa tetramer (Jensen and Sottrup-
Jensen, 1986). �2-Macroglobulin is best known for its ability to bind to and
inhibit a wide range of proteases. It does this using a unique trapping
mechanism. �2-Macroglobulin contains a “bait region” which when pro-
teolytically cleaved exposes a thioester bond which results in covalent
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attachment to the protease and a large conformational change in the
�2-macroglobulin tetramer exposing a recognition site for the low-density
lipoprotein receptor-related protein (LRP), a cell-surface receptor (Barrett
and Starkey, 1973). Aside from its known interaction with proteases,
�2-macroglobulin is known to bind to many growth factors and cytokines
as well as being found complexed with proteins known to aggregate and
form deposits in vivo such as �2-microglobulin (Gouin-Charnet et al., 2000),
A� peptide (Du et al., 1997), and prion protein (Adler and Kryukov, 2007).
Recent evidence indicates that �2-macroglobulin is likely to be an impor-

tant EC. Similar to clusterin and haptoglobin, �2-macroglobulin has also
been shown to have a sHSP-like chaperone activity (French et al., 2008) – it
inhibits the in vitro formation of both amorphous and fibrillar aggregates by
a range of proteins (French et al., 2008; Yerbury et al., 2009). This activity
has been demonstrated for globular proteins and peptides not only
at physiological temperature and pH, but also at elevated temperatures,
low pH, and under conditions of oxidative stress. It has been shown that
�2-macroglobulin binds to and forms complexes with some intermediate
protein species during the amyloid aggregation process (Yerbury et al.,
2009) and that depletion of �2-macroglobulin from human plasma renders
plasma proteins more susceptible to aggregation and precipitation at physi-
ological temperatures (French et al., 2008). While in complex with nonna-
tive proteins, �2-macroglobulin can still be activated by a protease and bind
to LRP on the surface of cells (French et al., 2008). After LRP-mediated
endocytosis, complexes formed between �2-macroglobulin and proteases
are known to transit to lysosomes where they are degraded (Lauer et al.,
2001). Interestingly, complexes formed between �2-macroglobulin and pep-
tides elicit an immune response similar to that elicited by HSP–peptide
complexes (Strivastava, 2002).
D. A Family of Functionally Related ECs
Clusterin, haptoglobin, and �2-macroglobulin form a small group of
secreted proteins with functional similarities. They have, in common, an
ability to stably bind misfolded proteins and thereby inhibit inappropriate
protein–protein interactions, preventing aggregation, and maintaining pro-
teins in solution. Each of these ECs has specific cell-surface receptors that
recognize and internalize them in complex with ligands for subsequent
degradation in lysosomes (Graversen et al., 2002; Hammad et al., 1997;
Shibata et al., 2000). Each of these ECs is also found associated with
pathological protein deposits in vivo. Clusterin is found associated with
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extracellular protein deposits in numerous diseases including normal periph-
eral drusen and macular drusen in age-related macular degeneration patients
(Crabb et al., 2002), MAC in renal immunoglobulin deposits (French et al.,
1992), prion deposits in Creutzfeldt–Jakob disease (Chisea et al., 1996;
Freixes et al., 2004; Sasaki et al., 2002), and amyloid plaques and soluble
A� peptide in Alzheimer’s disease (Calero et al., 2000; Ghiso et al., 1993)
(see also Table I). Haptoglobin has been found associated with amyloid
deposits in Alzheimer’s disease (Powers et al., 1981) and drusen (Kliffen
et al., 1995). In addition, �2-macroglobulin is found associated with A�
deposits in Alzheimer’s disease (Fabrizi et al., 2001) and prion protein
deposits in spongiform encephalopathies (Adler and Kryukov, 2007). The
reason for the in vivo association of ECs with protein deposits is not yet
established, but it may indicate a failure in or the overwhelming of the
machinery responsible for QC of extracellular protein folding.
E. A Model for QC of Extracellular Protein Folding
We have proposed a model for the QC of extracellular protein folding in
which ECs recognize and bind to regions of exposed hydrophobicity on
nonnative extracellular proteins to form soluble complexes. These com-
plexes are subsequently internalized via receptor-mediated endocytosis and
degraded by proteolytic enzymes within lysosomes (Fig. 1). The liver and
the reticuloendothelial system are likely to be the major contributors to the
clearance of EC–client protein complexes in vivo (Yerbury et al., 2005b). If
this model is correct, one would expect to detect EC–client protein
complexes in vivo. In fact, both clusterin and �2-macroglobulin are found
complexed with soluble amyloid-forming proteins in human extracellular
fluids (clusterin–A� (Ghiso et al., 1993); �2-macroglobulin–prion
protein (Adler and Kryukov, 2007); �2-macroglobulin–�2-microglobulin
(Motomiya et al., 2003); clusterin–prion protein (Ecroyd et al., 2005)).
In addition, it would be expected that inhibiting these in vivo clearance
mechanisms could induce extracellular protein deposition disorders such as
Alzheimer’s disease. Evidence from studies in mice suggests that this could
be the case; radiolabeled A� injected in to the brain of mice is normally
rapidly removed, however, coinjection with the LDL family inhibitor
RAP, antibodies against LRP-1 or �2-macroglobulin significantly slows
its removal (Shibata et al., 2000). Furthermore, when complexed with
clusterin, A�1�42 is cleared from the brain more than 80% faster than
A�1�42 alone, and this clearance is significantly inhibited by antimegalin
antibodies (Bell et al., 2007).
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Fig. 1 Speculative model for extracellular chaperone-mediated clearance of nonnative pro-
teins. Nonnative extracellular proteins are bound by extracellular chaperones that mediate their

uptake into cells by receptor-mediated endocytosis. EC–NN complexes are internalized and
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permission from Yerbury et al., 2005b).
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V. FUTURE RESEARCH DIRECTIONS

A. Refinement of In Vitro Conditions Used to Study the
Chaperone Action of Clusterin
The induction of protein aggregation in vitro requires conditions (such as
increased temperature) which partially disrupt native structure but which do
not completely inhibit interactions such as hydrogen bonding. However, the
intrinsic stability of globular mammalian proteins means that, at 37 �C, low
concentrations of most proteins in simple buffers do not unfold and aggre-
gate at an experimentally convenient rate. There are obvious practical
limitations to producing clusterin–client protein complexes in vitro to
mimic those generated in vivo. If we are to consider extracellular proteins
in an in vivo context then it is important to remember that additional
stresses including ROS and shear stress will be present and contribute to
the unfolding of these proteins. Moreover, macromolecular crowding such
as that present in complex biological fluids would favor protein aggregation
in vivo compared to buffered solutions at low protein concentrations.
In vitro, it is difficult to accurately replicate the in vivo effects of, for
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example, shear stress, especially when it is experimentally inconvenient to
wait for prolonged incubations spanning many days to weeks. Therefore,
slightly higher than normal body temperatures are generally employed to
induce protein unfolding for chaperone studies. While protein unfolding
occurs in the same manner regardless of temperature (Day et al., 2002),
when studying the action of chaperones it is important to investigate them
in a context that is as physiologically relevant as possible. Therefore,
further investigations of the chaperone activity of clusterin and the
formation of clusterin–client protein complexes should also include the
development of in vitro systems to induce protein unfolding using conditions
that are closer to those expected in vivo. In particular, the combined use of
shear stress (equivalent to that possible under high arterial pressure
10–70 dyne/cm2), macromolecular crowding (to reflect the crowding
effect of extracellular biological fluids containing up to 70 mg/mL protein),
and heat (less than or equal to 41 �C, the highest temperature for
which human survival is expected) may be required to develop such
systems in vitro.
B. Identification of Endogenous Chaperone
Client Proteins
The identification of endogenous clusterin client proteins in biological
fluids will be an important step toward establishing the role of clusterin in
extracellular protein folding QC. Two approaches worth exploring are:

(1) Use clusterin as “bait” for client proteins after imposing a physiological-
ly relevant stress in a biological fluid (e.g., mild heat and shear stress in
plasma). While it is expected that clusterin-stressed protein complexes
would be cleared very quickly in vivo, in the absence of mechanisms to
dispose of them in vitro, proteins copurifying with clusterin after
exposure to physiologically comparable stress (but not under “normal”
conditions) would be strong candidates as endogenous clients. These
putative client proteins could be identified by separating them by
2D-SDS polyacrylamide gel electrophoresis and subsequent analysis by
mass spectrometry.

(2) Identify putative clusterin–client protein complexes in plasma by using
ELISAs to capture clusterin and probe for bound client proteins using
specific antibodies.

Identification of endogenous client proteins that are also implicated in
protein deposition diseases (PDDs) would be of particular interest and
would inform the potential development of clusterin in PDD-targeted
therapies.
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C. Clusterin–Client Protein Complexes
Given that clusterin appears to recognize stressed client proteins via
exposed regions of hydrophobicity, a characteristic shared by all misfolded
proteins, it is feasible and even likely that complexes formed between
clusterin and misfolded proteins in vivo will contain more than one client
protein. Moreover, clusterin may work together with the two other known
ECs (�2-macroglobulin and haptoglobin) in vivo to stabilize misfolded
proteins, thus forming a diverse array of heterogeneous chaperone–client
protein complexes under conditions of stress. Ideally, clusterin–client pro-
tein complexes could be purified directly from biological fluids, however, it
is likely that after they are formed in vivo they are quickly taken up by
tissues and degraded. Furthermore, traditional immunoaffinity methods
require harsh denaturing conditions to elute the bound protein, which are
likely to disrupt clusterin–client protein complexes. Therefore, the in vitro
use of purified proteins is likely to be required for the bulk production and
purification of clusterin–client protein complexes to be used in, for exam-
ple, investigations of their in vivo fate in animal models. If, as predicted
they are rapidly cleared from extracellular fluids such as plasma, the
identification of key organs of uptake will be the first step toward elucidat-
ing the molecular clearance mechanisms involved. Furthermore, to provide
further insights into the chaperone action of clusterin, the stoichiometry
and structure of these complexes should be characterized. Physical char-
acteristics such as size, relative exposed hydrophobicity, and surface
charge may help to identify which specific endocytic receptors target
these complexes in vivo.
D. Receptors
A number of investigations have focused on identifying possible interac-
tions between members of the LDL receptor superfamily and clusterin
(Bajari et al., 2003; Bartl et al., 2001; Calero et al., 1999; Hammad et al.,
1997; Kounnas et al., 1995; Lakins et al., 2002; Mahon et al., 1999;
Zlokovic et al., 1996). Cellular internalization of clusterin via the LDL
receptor megalin was the first reported clusterin–LDL receptor superfamily
interaction (Kounnas et al., 1995). Subsequent reports described the inter-
nalization of free clusterin and clusterin–A� peptide complexes by the same
receptor (Hammad et al., 1997; Zlokovic et al., 1996). Recently, two other
human members of the LDL receptor superfamily, ApoE receptor
2 (ApoER2) and very low-density lipoprotein receptor (VLDLR), were
reported to bind and internalize free clusterin and leptin–clusterin
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complexes using transfected cell models (Bajari et al., 2003). Interactions
of clusterin with chicken oocyte-specific LDL receptors have also been
described (Mahon et al., 1999).
A recent study has suggested that megalin and LRP are capable of mediat-

ing the clusterin-dependent clearance of cellular debris into nonprofessional
phagocytes (Bartl et al., 2001). However, the previous report of Kounnas
et al. (1995) indicated that megalin, but not LRP, binds clusterin. Additional
unidentified mechanisms of clusterin-dependent internalization were also
suggested by Bartl et al. (2001). The affinity of binding of clusterin to
megalin is increased by the association of clusterin with lipids (Calero
et al., 1999). It is currently unknown how binding interactions with other
molecules, such as misfolded proteins, affect the binding affinity of clusterin
for megalin or other members of the LDL receptor superfamily. The finding
that clusterin has independent binding sites for megalin, misfolded proteins,
and native ligands is consistent with a model in which misfolded extracellu-
lar proteins are cleared via clusterin-dependent receptor-mediated endocy-
tosis (Lakins et al., 2002). However, because the reported expression of
megalin is limited to cells of the kidney, epididymis, lung, breast, thyroid,
and eye (Lundgren et al., 1997), other more abundant receptors may be
involved in clearing clusterin–client protein complexes in vivo.
The identification of specific receptors involved in the uptake of clusterin–

client protein complexes will be important to define some of the major
elements of the model proposed for extracellular protein folding QC
(Fig. 1). Potential approaches include using protein microarrays and/or
surface plasmon resonance to screen candidate receptors (including LDL
superfamily members and scavenger receptors), and transfected cell lines
expressing specific receptors for their interaction with clusterin–client pro-
tein complexes. These complexes might bind to receptors via clusterin or
possibly via site(s) on the misfolded client proteins. Although there are no
known interactions between clusterin and scavenger receptors, considering
that many scavenger receptors have the unique ability to recognize damaged
or modified ligands and not their native counter parts, they are worthy of
examination in this context. One possibility is that a shared physical char-
acteristic of misfolded proteins held in clusterin–client protein complexes,
such as disrupted secondary structure or increased exposed hydrophobicity,
targets them to receptors for subsequent internalization and lysosomal
degradation. However, it is also possible that clusterin–client protein
complexes bind to receptors via a specific site(s) on clusterin, such as
that proposed for megalin (Lakins et al., 2002). Clearly, the mechanism
responsible for mediating receptor binding may be receptor-specific and
will have to be determined on a case-by-case basis once relevant receptor(s)
are identified.



The Extracellular Chaperone Action of Clusterin 107
VI. CONCLUSION
Clusterin may exert different functions depending on its locale. There is
much work to be done to better define why and how clusterin is sometimes
found in various locations within cells. This chapter has focussed on what
appears to be a major function for the protein in the extracellular context.
A large number of serious human diseases are characterized by the deposi-
tion of extracellular protein aggregates. Our newly acquired knowledge of
ECs presents an exciting avenue for the development of strategies to combat
these diseases. However, these strategies are unlikely to be as simple as the
upregulation of EC expression in affected individuals. Upregulation of clus-
terin is known to be associated with cancer progression and protects cells
from chemotherapy drugs such as Taxol (Park et al., 2008). Additionally,
increasing the levels of �2-macroglobulin, without increasing the through-
put of the pathways that are known to clear the EC, has been reported to
have detrimental effects (Fabrizi et al., 2001). Therefore, it appears that ECs
are a single player in a system for extracellular protein folding QC that is
likely to involve other important elements such as endocytic cell-surface
receptors. Characterization of the route by which clusterin–client protein
complexes are disposed of in vivo will be critical to define the role of
clusterin in extracellular protein folding QC and to underpin any attempts
to develop new clusterin-based therapies for treating extracellular PDDs.
While we have focussed here on the role of clusterin, it is predicted that all
three known ECs (and possibly other yet to be identified ECs) act in similar
ways to protect extracellular spaces from potentially pathological protein
deposition. An important challenge is to identify how.
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Secretory clusterin (sCLU) is found as an 80-kDa glycoprotein in virtually all body

fluids, in serum it is associated with high-density lipoprotein (HDL). Here, we discuss
demonstrated and proposed mechanisms of the cytoprotective functions of sCLU in

instances of apoptosis, necrosis, and disease. These include prevention from cell damage

by lipid oxidation in blood vessels, removal of dead cell remnants in tissues undergoing

various forms of cell death, and clearance of harmful extracellular molecules such as
amyloid beta (A�) by endocytosis or transcytosis. All these functions may reflect the

propensity of sCLU to bind to a wide spectrum of hydrophobic molecules on one hand

and to specific cell-surface receptors on the other hand. Identified and proposed sCLU
receptors are members of the LDL receptor family of endocytosis receptors. Since these

receptors recently have proved to modulate cell signaling we will discuss whether sCLU

due to this interaction not only targets its ligands for clearance, but may also be involved

in triggering signal transduction. # 2009 Elsevier Inc.
I. INTRODUCTION
Clusterin (CLU) has surfaced repeatedly by virtue of its overexpression in
the face of tissue remodeling and degeneration (Koch-Brandt and Morgans,
1996). It is upregulated in model systems of apoptosis and injury, in malig-
nant tumors, in epileptic foci, and in the hippocampus of M. Alzheimer
patients. The association of CLU gene expression with stress conditions and
apoptosis, the tightly regulated “programmed” cell death program, has
suggested that the protein could be involved in the cell death process.
Depending on cell type and experimental conditions, CLU isoforms were
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reported to favor either cell death or cell survival, activities with an impact
on many diseases such as cancer, autoimmune, and cardiovascular diseases.
In this chapter, we will concentrate on secretory clusterin (sCLU), the most
abundant isoform, with a focus on its protective functions in apoptotic and
necrotic tissues.
II. sCLU—A COMPONENT OF HIGH-DENSITY
LIPOPROTEINS
There is a broad agreement today concerning the risk of a high concentra-
tion of low-density lipoprotein (LDL) and LDL cholesterol to developing
atherosclerotic diseases, while high-density lipoprotein (HDL) and HDL
cholesterol are considered to be protective (Gordon and Rifkind, 1989).
A number of models exist to explain the protection by an increased HDL
concentration, including improved reverse cholesterol transport and choles-
terol efflux from macrophages, the cell type that is believed to develop a
critical phenotype following ingestion of modified LDL particles named
“foam cells” (for review, see deGoma et al., 2008). Furthermore, HDL
was reported to have anti-inflammatory, antithrombotic, and antioxidative
functions (Navab et al., 1991; van Lenten et al., 1995; Watson et al., 1995).
sCLU (also designated apolipoprotein J in this context) was detected asso-
ciated with HDL subfractions (de Silva et al., 1990; Jenne et al., 1991) which
suggested that it could be protective in the presence of proatherogenic
conditions.
One possible mechanism of the protective effect of sCLU, either alone or

as a component of HDL was concluded by cell-culture experiments where
cells were incubated with mildly oxidized LDL in the presence or absence of
sCLU. The “minimally oxidized LDL” stimulated both lipid peroxide for-
mation and monocyte migration, and the presence of sCLU was able to
prevent both activities of the modified LDL (Navab et al., 1997). On the
basis of these results, sCLU was suggested to have protective activity and
prevent the pathological consequences of LDL modification in the blood
vessels.
In in vivo studies in animals, the relative expression of the two plasma

proteins sCLU and paraoxonase (PON), another HDL-associated protein,
was found to change in response to atherosclerotic conditions. Their relative
level (sCLU/PON) increased, that is, sCLU increased while PON decreased,
in the following animal models (i) in apoE knockout mice when compared to
wild-type mice (9-fold increase), and (ii) in LDL receptor (LDLR) knockout
mice that were on a cholesterol-enriched diet (over 100-fold increase)
(Navab et al., 1997). Since both proteins display protective activities, the
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upregulation of CLU could constitute a reaction to the pathological condi-
tions to minimize the disease, while the downregulation of PON could be
causative for the progression of the disease. The observation, that a higher
sCLU/PON ratio correlates with lowered HDL protective activity (Navab
et al., 1997), is in line with the present consensus that PON is the major
contributor to the beneficial effect of HDL.
In contrast to these animal studies, an analysis of human sCLU serum

levels showed a positive correlation of sCLU with PON both in men and
women (Kujiraoka et al., 2006). Furthermore, in the serum of male coronary
heart disease patients, after adjustment for covariants (PON; triglycerides
and apo-A-II, both negatively correlated), sCLUwas significantly lower than
in healthy controls, which may point to an antiatherogenic sCLU activity
also in the human circulation (Kujiraoka et al., 2006).
Recently, the beneficial activity of sCLU protein has been localized to small

peptides derived from the sequence of mature secreted clusterin which had
been predicted to form amphipathic helices. The peptides tested in in vivo
experiments, which were composed of either L- or D-amino acids improved
both cholesterol export from cells into plasma and HDL anti-inflammatory
properties (Navab et al., 2005, 2007). The protective effect of sCLU and
peptides derived from it could be due to its sequestering activity of harmful
substances in order to avoid attracting immune cells and inducing atheroscle-
rotic changes in the vessel wall. In line with the model that sequestering
LDL-related modified lipoproteins could contribute to the protective effect
of sCLU, protection from the cytotoxic effects of enzymatically modified low-
density lipoprotein (E-LDL) paralleled direct sCLU binding to the lipoprotein
(Schwarz et al., 2008).
III. sCLU IN APOPTOSIS—SIGNALING TOWARD
CELL SURVIVAL?
Apoptosis (or programmed cell death) is a normal process that allows
tissue remodeling during development and, by counteracting proliferation,
limits uncontrolled cell growth and preserves tissue homeostasis. This highly
ordered cell death pathway ensures that cellular components of dying cells
are deposited in membrane-covered compartments (apoptotic vesicles)
before they are ingested by phagocytic cells. This process and its tight
regulation avoid the uncontrolled release of cellular components and helps
prevent inadequate immune responses. In contrast, necrotic cell death results
from external noxes, such as mechanical or chemical damage, or pathogen
infection. Necrosis is a process that by definition results in material leaking
from the dying cells that can stimulate the innate immune system and result
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in inflammation. In addition, necrotic material could eventually elicit a
specific adaptive immune response to cellular antigens resulting in an auto-
immune reaction, whereas apoptotic cells may produce immunosuppressive
signals avoiding an immune response (Frey et al., 2008; Patel et al., 2006). In
tumors, apoptosis and necrosis have frequently been reported and may be
induced in poorly vasculated areas of solid tumors (Greijer and van derWall,
2004; Zhou et al., 2006).
CLU gene expression is upregulated in tumors of various origins (Ahn et al.,

2008; Chou et al., 2009; Kadomatsu et al., 1993; Parczyk et al., 1994;
Redondo et al., 2000; Wellmann et al., 2000; for review, see Shannan et al.,
2006). It is further increased under conditions known to induce apoptosis,
such as hormone withdrawal in estrogen-dependent breast tumor, or in an-
drogen-dependent prostate cancer models (Brändström et al., 1994; Chen
et al., 1996; Kyprianou et al., 1991) and other conditions involving cell
death, such as tissue remodeling and injury (Bandyk et al., 1990; Bursch
et al., 1995; Buttyan et al., 1989). There are two straightforward models to
explain how the CLU gene might be regulated in tumors: (a) by oncogene
activation causing an altered intracellular signaling resulting in the activation
of the CLU gene, or (b) by the apoptotic and/or necrotic microenvironment in
tumor tissue with the exposition or release of signaling molecules that modify
CLU gene expression. We have demonstrated in Rat-1 fibroblast cells stably
transfected with either ras or myc or both oncogenes, that neither oncogene
alone nor a ras–myc combination caused an induction of the clusterin gene
(Klock et al., 1998) arguing against a direct role of the oncogenes in the
control of CLU gene expression. In support of a role of the microenvironment,
components exposed or released by apoptotic/necrotic cells were demon-
strated to produce clusterin gene upregulation. Similarly, apoptosis provoked
by androgen withdrawal to treat prostate carcinoma (Brändström et al.,
1994), or cell death in tumors or normal tissue induced by conditions such
as hypoxia could result in the release of signals that activate the CLU gene in
the vital bystander cells (Kim et al., 2007; Poulios et al., 2006). In fact, it has
been demonstrated that, upon induction of apoptosis in different tumor cell
types, including carcinoma and lymphoma cells, and in aging neutrophils
CLU mRNA expression was low or undetectable in the dying cells, but was
specifically induced in the surviving cells (French et al., 1994). These results
supported the notion that the CLU gene product, presumably sCLU, was not
actively promoting apoptosis but rather could play a role in protecting the
vital bystander cells. This contrasts with reports on intracellular CLU iso-
forms proposed to causally exert proapoptotic or antiapoptotic functions in
tumor cells (Ammar and Closset, 2008; Bailey et al., 2002; Caccamo et al.,
2003; Chen et al., 2004; Leskov et al., 2003; Miyake et al., 2000; Moretti
et al., 2007; Ranney et al., 2007; Trougakos and Gonos, 2002; Trougakos
et al., 2009; Zhang et al., 2005; see accompanying chapters in this volume).
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In contrast to the complex situation with regard to the intracellular
isoforms, sCLU has now been unambiguously found to be cytoprotective
in the presence of apoptosis and necrosis (Miyake et al., 2000; Sensibar
et al., 1995; Shannan et al., 2006; Sintich et al., 1999; You et al., 2003).
One possible mechanism how sCLU exerts its protective function in the
affected tissues involves binding of the protein to a cellular receptor.
Megalin, the first identified sCLU receptor (Bartl et al., 2001; Farquhar
et al., 1995; Kounnas, et al., 1995) belongs to the LDL‐receptor (LDLR)
family of structurally related membrane receptors (for review, see May et al.,
2005). These receptors bind ligands with a broad specificity, and internalize
them by endocytosis. Ligands binding to these receptors include lipoproteins
such as LDL in the case of the LDLR as well as various proteins like protease
inhibitors such as serpin A1/alpha1-antitrypsin and the corresponding
inhibitor/protease complexes in the case of LRP-1 (Strickland and
Ranganathan, 2003; Strickland et al., 1995). Interestingly, ligand binding
to these receptors may elicit signal transduction, as has been shown for the
VLDL receptor (VLDLR), the apoE receptor 2 (apoER2), LRP-1, and mega-
lin (LRP-2) (for review, see May et al., 2005). Remarkably, evidence has
been presented concluding that sCLU interacts with all these receptors
(Bajari et al., 2003; Bartl et al., 2001; Kounnas, et al., 1995).
The mechanistic details how sCLU could modulate cell signaling upon

receptor binding was analyzed by CLU overexpression using a doxycyclin-
inducible (Tet-on) promoter in the prostate cell line MLL. The cells were
protected from TNF-�-induced apoptosis by induction of sCLU expression
(Ammar and Closset, 2008). Conditioned medium from these cells contain-
ing sCLU, or the purified protein, both resulted in cytoprotection. Interest-
ingly, in this study, evidence was presented pointing to sCLU/megalin
interaction-induced signaling as the cause of cell protection: firstly, follow-
ing CLU gene induction, a sCLU–megalin complex is formed as revealed by
immune precipitation and Western blot experiments; secondly, clusterin
expression led to increased phosphorylation of megalin and Akt; and thirdly,
increased phosphorylation of both, megalin and Akt, could be inhibited by
the PI3 kinase inhibitor wortmannin, indicating that sCLU binding to its
receptor megalin activated the PI3 kinase/Akt pathway and produced multi-
ple protein phosphorylation. However, in the same study, inhibition of this
pathway did not block the protective effect which indicated that additional
pathways may be involved in the protection by sCLU-induced signaling
(Ammar and Closset, 2008).
In this context, by binding to growth factor IGF1, sCLU was reported to

block its interaction with the IGF receptor, thereby preventing receptor
signaling including PI3 kinase/Akt pathway activation (Jo et al., 2008).
Intriguingly, the interaction of sCLU with IGF1 produces an effect on the
PI3 kinase/Akt pathway contrary to that resulting from the sCLU/megalin
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interaction. Therefore these studies imply that, depending on its interacting
partner, sCLU serves as a trigger that controls the activity of the PI3 kinase/
Akt pathway in either way.
Most recently, it was shown that sCLU stimulates astrocyte proliferation

by modulating EGF receptor signaling activity, resulting in MEK/ERK stim-
ulation; and the possibility that this stimulation may occur via cross talk
with a sCLU receptor, such as megalin, was discussed (Shim et al., 2009).
The same pathway was affected in a human adenocarcinoma cell line where
CLU expression had been knocked down, however, in this study the active
CLU isoform had not been characterized (Chou et al., 2009).
In addition to megalin, other lipoprotein receptors, namely LRP-1, which

has been shown to regulate PDGF signaling in the vascular wall (Boucher
et al., 2002), to limit expression of inflammatory genes in vivo and in vitro
(Zurhove et al., 2008), to mediate Wnt signaling (Terrand et al., 2009), and
to interrupt, by ligand binding, IL-1� signaling in vascular smooth muscle
cells (VSMCs) (Kawamura et al., 2007), may bind sCLU and activate signal
transduction pathways (Bartl et al., 2001). Furthermore, in brain develop-
ment, two sCLU receptor candidates, ApoER2 and VLDLR, bind to their
ligand reelin which leads to phosphorylation of Disabled-1 (D’Arcangelo
et al., 1999; Hiesberger et al., 1999; Trommsdorff et al., 1999). Finally, both
LRP-1 and apoER2 bind to FE65, a signaling adaptor protein active in
neuronal development (McLoughlin and Miller, 2008). These data open
intriguing perspectives with regard to potential signaling functions of
sCLU. However, whether sCLU elicits signal transduction by binding to
any of the candidates of the LDLR family, has yet to be shown.
Along these lines, a contribution to development and/or progression of

certain cancers was discussed for individual receptors. In the case of the
megalin gene, a correlation of single-nucleotide polymorphisms with pros-
tate cancer recurrence/progression and with mortality was reported (Holt
et al., 2008), and the cancer progression-associated ligand midkine was
reported to bind to LRP-1 (Chen et al., 2007). Some of these observations
could be interpreted as consistent with sCLU binding to these receptors,
thereby promoting tumor cell survival. Again, however, whether specific
sCLU/receptor interactions indeed modify cancer development, progression,
and invasion remains to be analyzed.
IV. sCLU IN THE REMOVAL OF DEAD CELLS
AND CELLULAR DEBRIS
The association of sCLU expression with cellular stress and cell death
processes suggested that the protein may play a role in homeostasis. Two
functions were assigned to sCLU which may contribute to this task;
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firstly, the chaperone-like activity which keeps denatured proteins in solution
(Wilson and Easterbrook-Smith, 2000); and secondly, its function as a ligand
of LDLR family proteins which are involved in the cellular uptake processes
endocytosis and phagocytosis, and in some instances in signal transduction.
Generally, cells that die by apoptosis or by necrosis, and their remnants are

removed by phagocytosis. In addition to “professional” phagocytes, macro-
phages, so-called “nonprofessional” phagocytes such as epithelial cells, fibro-
blasts, or smooth muscle cells will aid this process, especially when a large
number of dead cells accumulate within a short time (Erwig and Henson,
2008; Fries et al., 2005; Henson and Hume, 2006; Platt et al., 1998).
The association of the expression of sCLU with cell death raised the

question whether the protein could itself be actively involved in the removal
of denatured proteins, apoptotic cells, and debris. In general, “helper” pro-
teins may be required by phagocytic cells, specifically by nonprofessional
phagocytes, for the ingestion of dying cells and apoptotic vesicles, by acting
locally as opsonizing proteins to support binding and uptake of cell remnants
and debris (Hart et al., 2004; Lillis et al., 2008; Vandivier et al., 2002a).
In fact, an active role for sCLU in phagocytosis was suggested when

fibroblasts and epithelial cells were tested as nonprofessional phagocytes
(Bartl et al., 2001). In LLC-PK1 cells, an epithelial cell of renal proximal
tubule, sCLU was found to bind to debris, both from apoptotic and necrotic
cells and stimulate their uptake, while the protein was itself internalized and
partially degraded (Fig. 1). In contrast, the macrophage cell line J774 did not
support sCLU-dependent uptake of cell debris (Bartl et al., 2001), which
could be due to the presence of more efficient disposal systems involving
scavenger receptors in this cell type (Józefowski et al., 2005). Phagocytosis
was reduced when either megalin, or the related receptor LRP-1 were
pharmacologically blocked or genetically inactivated, demonstrating that
sCLU in cooperation with these receptors stimulates phagocytic uptake of
cell debris (Bartl et al., 2001). sCLU affinity to both megalin and LRP-1 may
ensure uptake of cell debris on both sides of epithelial cell layers, since
megalin and LRP-1 are located on the apical and basolateral plasma mem-
brane domain, respectively (Bartl et al., 2001; Marzolo et al., 2003).
Apoptotic and necrotic cells display signals on their surface which are

recognized by phagocytic cells (Erwig and Henson, 2008; Platt et al., 1998;
Züllig and Hengartner, 2004). Awell-established signal is the lipid phospha-
tidylserine (PS), which during apoptosis appears on the outer leaflet of the
lipid bilayer of the plasma membrane, thereby serving as a marker of dying
cells versus vital cells. A number of receptor candidates were reported to
be involved in PS recognition during the process of phagocytosis (for review,
see Savill and Gregory, 2007): PSR (Fadok et al., 2000), whose significance
is still under discussion (Kolb et al., 2007; Mitchell et al., 2006); TIM-4
(Miyanishi et al., 2007); stabilin-2 (Jeannin et al., 2008); and BAI1
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(Park et al., 2007). Remarkably, both apoptotic and necrotic cell debris were
found to induce CLU gene expression (Bach et al., 2001; Baiersdörfer et al.,
manuscript submitted for publication). Furthermore, by incubating healthy
cells with liposomes of defined lipid composition, it was demonstrated that
CLUmRNA induction relies on PS,which is exposed on both apoptotic bodies
and necrotic cell debris (Bach et al., 2001), showing that this lipid acts as a
signaling molecule to modify gene expression in the surviving nonphagocytic
cells to induce a component of the disposal system which is not recycled but
degraded upon action (see Fig. 1).
The notion, that sCLU fulfills an important function in homeostasis by

promoting the uptake of dead cells and cell remnants, gained support, when
clusterin knockout- and wild-type mice were compared. Following heat
treatment, the disappearance of affected germ cells, which was observed in
the wild-type mice, showed a delay for about 1 day in the knockout mice,
suggesting that the inactivation of the CLU gene results in an impaired
uptake of dead cells and/or cell debris in the reproductive system (Bailey
et al., 2002). These observations underline the function of sCLU in the
removal process of dead cells, specifically by nonprofessional phagocytes;
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and it could provide a rationale for the observed upregulation of the gene in
the presence of cell remnants (Bach et al., 2001; Klock et al., 1998). In the
cardiovascular system, one origin of apoptotic cells are infiltrating leuko-
cytes (neutrophils) which accumulate in the blood vessels to fight bacteria
and, in the absence of infectious agents, undergo apoptosis (von Vietinghoff
and Ley, 2008). Removal of dying neutrophils could be a critical issue in
atherosclerosis when professional phagocytes (macrophages) and smooth
muscle cells (Fries et al., 2005) cannot effectively remove the dead cell
material (Schrijvers et al., 2005). CLU upregulation in atherosclerotic
blood vessels (Ishikawa et al., 1998) could indicate its supportive function
in this process.
In the light of the published data, sCLU may play multiple roles in

apoptosis, as a chaperone (Wilson and Easterbrook-Smith, 2000), as a
transport/uptake vehicle of cytotoxic material such as the Alzheimer dis-
ease-associated amyloid beta peptide (Bell et al., 2007; Yerbury and Wilson,
2009), and as an assistant of phagocytosis when tissue cells are in charge to
remove the dead cells early, before macrophages gain access to the tissue and
are present in sufficient number. These nonimmune cell types, which also
include epithelial and endothelial cells, fibroblasts and smooth muscle cells,
may require assisting factors for phagocytosis and react to cell debris by
upregulating helper proteins such as sCLU.
Altogether, a clue of the multifunctionality of sCLU seems to lie in its

ability to bind to a broad spectrum of proteins, in aggregated or denatured
form as well as to exposed hydrophobic domains in native proteins. This is
apparently achieved by using distinct domains for interaction with different
ligands which include the receptor (Calero et al., 1999; Lakins et al., 2002).
The finding that sCLU may bind two ligands simultaneously is in agreement
with the model which suggests that it functions as an adaptor which bridges
membrane particles and dead cells on one hand and receptors such
as megalin and LRP-1 on the other, thereby stimulating the phagocytic
process (Fig. 1). In conclusion, sCLU binding and disposal activity may
have a dual function, masking critically exposed domains and removing
potentially harmful complexes from the extracellular space.
V. sCLU IN IMMUNE MODULATION
An active role of sCLU in the immune system had initially been demon-
strated by its activity to prevent membrane attack complex formation
(Tschopp and French, 1994). The ability of sCLU to enhance the removal
of dead cells may also be considered as immune regulatory since it avoids
stimulatory reactions by denatured proteins and cell remnants. Dead cell
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remnants could provoke an inadequate immune reaction that is directed
against cellular antigens (Lu et al., 2008; Munoz et al., 2008; Vioritto et al.,
2007) or, in the case of massive immune cell invasion and apoptosis, their
inefficient removal may provoke chronic inflammation in diseases affecting
the airways, such as cystic fibrosis and bronchiectasis (Lawrence and Gilroy,
2007; Vandivier et al., 2002b). The decision, whether or not during phago-
cytosis an immune reaction is initiated, will depend on the type of cell death,
apoptosis, or necrosis (Sauter et al., 2000; Savill et al., 2002) and may be
further regulated by additional signals. The signaling molecules, which can
be components of bacterial cells, products from a viral infection, or material
released from dying cells, are recognized by numerous sensor proteins, the
most prominent ones being the toll-like receptors (TLRs). Among the TLRs
known to this day, TLR4 responds to lipopolysaccharides (LPS), TLR2
binds to several molecules including lipoproteins from bacteria and TLR3
recognizes double-stranded RNA (dsRNA) that may represent viral replica-
tion intermediates or RNA released from necrotic cells. In general, TLR
activation results in an immune stimulatory status which, in the context of
phagocytosis, will favor an immune reaction in contrast to tolerance (for
review, see Viorritto et al., 2007).
In VSMCs, we have recently shown that soluble components from necrotic

cells induced expression of both sCLU and MCP-1, the major attractant
factor for monocytes (Baiersdörfer et al., manuscript submitted for publica-
tion). In this system, RNA appears as being the key component producing
the response of necrotic material, since the activity was reduced by RNAse
treatment. Furthermore, in addition to cellular RNA, poly (I:C), the estab-
lished synthetic inducer of TLR3, also stimulated both MCP-1 and sCLU
expression (Baiersdörfer et al., manuscript submitted for publication). No
induction of the CLU gene upon poly (I:C) treatment was observed in cells
not expressing a functional TLR3. The response was restored by ectopic
TLR3 expression, clearly demonstrating the role of this receptor in the
control of CLU expression.
It is known that the TLR3 agonist dsRNA acts in an immune stimulatory

fashion, inducing interferon type I and promoting an immune response. In
addition, our results suggest that challenge of cells with dsRNA stimulates
the synthesis of cytoprotective clusterin and the chemokine MCP-1 via
TLR3. Following MCP-1-dependent attraction of monocytes, the cells will
differentiate into macrophages (or dendritic cells) which will become active
in dead cell phagocytosis, and possibly in an immune response. CLU might
be induced in order to function as an immune suppressive factor. This model
is supported by a number of activities of clusterin: inhibition of complement
activation (Tschopp and French, 1994); blockade of the neutrophil protease
MT6-MMP/MMP-25 (Matsuda et al., 2003); modulation of NF-KappaB
signaling, an activity which has been suggested for intracellular CLU
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(Deveauchelle et al., 2006; Santilli et al., 2003) thereby modulating a pathway
that carries key functions in immune cells (Tan et al., 2005; Yoshimura et al.,
2001); suppression of inflammation and secondary immune response which
limits myocarditis in wild-type compared to CLU knockout mice
(McLaughlin et al., 2000); and, as discussed here, prevention of inflammatory
reactions by assisting in the removal of dead cells.
Moreover, the observation that sCLU is cell protective against TNF-

�-induced cell death (Ammar and Closset, 2008; Sintich et al., 1999) also
indicates that it may function as a suppressor of cellular immune response
(Aggarwal, 2003; Chavez-Galan et al., 2009). In the same context, immune
suppressive activities are suggested by an association of CLU gene expres-
sion with autoimmune diseases. In patients suffering from systemic lupus
erythematosus (SLE), a complex autoimmune disease with unknown origin,
a correlation of the incidence of the disease with low sCLU serum levels was
reported (Newkirk et al., 1999). Furthermore, in SLE an impaired phagocy-
tosis of dead cells by macrophages (Baumann et al., 2002; Herrmann et al.,
1998) suggests a correlation of inefficient dead cell removal and autoim-
mune risk.
The concomitant upregulation of sCLU and the monocyte chemoattrac-

tant MCP-1 in VSMCs by necrotic cells or by the TLR3 agonist poly (I:C)
points to a role of sCLU in cardiovascular diseases. Along these lines, sCLU
has been reported to induce nodule formation when overexpressed
in VSMCs or when added extracellularly. Furthermore, sCLU also
stimulated VSMC migration (Millis et al., 2001; Moulson and Millis,
1999). This suggests that sCLU triggers the reversible switch of VSMC
phenotypes, differentiated or migratory, with the latter status believed to
contribute to atherosclerotic diseases when VSMCs migrate to the media
and intima of blood vessels (Owens et al., 2004; Schober and Zernecke,
2007).
Atherosclerosis has many features of an immunological disease, such as

endothelial cell activation allowing immune cell attachment, deposition of
inflammatory markers like C-reactive protein (CRP), or the presence of
complement proteins in atherosclerotic plaques (Funk and FitzGerald,
2007; Pereira and Borba, 2008; Schillinger and Minar, 2005). The exact
role of sCLU in atherosclerosis is not clear yet, however, the accumulation of
sCLU in atherosclerotic lesions (Ishikawa et al., 1998; Witte et al., 1993)
and the prevention of lipid oxidation by sCLU (Navab et al., 1997) indicates
a protective function.
In atherosclerosis, LDL can be modified by various processes, the most

prominent one being oxidation that produces oxLDL, which is thought to
promote foam cell formation (Berliner et al., 1995). In addition, an enzy-
matic modification leading to so-called E-LDL has been described (Bhakdi
et al., 1995; Torzewski et al., 2004). E-LDL can also promote foam cell
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formation and stimulate complement activation (Bhakdi et al., 2004). sCLU
may interfere with these processes in two ways, firstly, by acting as a
complement inhibitor, and secondly, by direct binding to modified LDL,
thereby protecting cells from the cytotoxic effects of the potentially harmful
lipoprotein (Schwarz et al., 2008).
VI. ROLE OF sCLU IN AMYLOID BETA (Aß)
CLEARANCE IN M. ALZHEIMER
One of the hallmarks of M. Alzheimer (M.A.) is the massive appearance of
extracellular amyloid plaques. The main constituent of these plaques is the
amyloid � (A�)-peptide, with the predominant forms A�(1–40) and A�(1–42),
which both are generated by proteolytic processing of the APP precursor
protein (Selkoe, 2001). Neuronal toxicity of A� peptide depends on the
amyloid peptide variant and on its self-aggregating property to form oligo-
meric, prefibrillar assemblies (Bucciantini et al., 2002; Walsh et al., 2002).
The generation of the plaque reflects the accumulation of A�which is due to

an imbalance between A� anabolism and catabolism.While themechanism of
A� biogenesis is extensively studied and well characterized, the catabolism of
A� has only more recently attracted attention. It is suggested that A�, secreted
from neurons, is degraded by proteases like neprilysin and insulin-degrading
enzyme and cleared by astrocytes and microglia via endocytotic/phagocytotic
mechanisms (Iwata et al., 2000; Paresce et al., 1996; Qiu et al., 1998; Wyss-
Coray et al., 2003). Recent evidence indicates that bidirectional transport
across the blood–brain barrier (BBB) plays an important role in the regulation
of brain A� load. While the influx of A� across the BBB into the brain is
mediated by direct binding of A� to the receptor for advanced glycation end
products (RAGE), lipoprotein receptors have been suggested to facilitate the
clearance of A� from the brain into the blood by transcytosis (Bell et al., 2007;
Shibata et al., 2000; Zlokovic, 2004). Remarkably, these lipoprotein receptors
do not bind A� directly, but only as a complex ligand. LDL-receptor-related
protein (LRP-1) binds A� complexed to apolipoprotein E (apoE) or �2-
macroglobulin (�2M), which both act as carrier proteins and increase the
clearance of A� (Deane et al., 2008; Kang et al., 2000).
Intriguingly, sCLU also binds to A�. This high-affinity interaction (Kd ¼

2–4 nM) results in the formation of stable complexes with a stoichiometry of
1:1 (Calero et al., 2000; Ghiso et al., 1993). These complexes bind to
megalin (LRP-2), which is expressed in vascular CNS tissues including the
choroid plexus, the BBB endothelium, and the ependyma (Chun et al., 1999;
Hammad et al., 1997). Perfusion studies in guinea pig demonstrated that this
receptor is utilized for the efficient transport of sCLU–A�(1–40) complexes
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from the blood across the BBB into the brain (Zlokovic et al., 1996).
Although sCLU–A�(1–40) complexes have a 2.4-fold higher affinity for mega-
lin than free circulating sCLU, the fact, that plasma levels of free sCLU
exceed by more than 5000-fold the level of soluble A� suggests that at
physiological concentrations this transport mechanism is saturated by free
sCLU. Therefore, the sCLU-dependent transport of A� via megalin-
mediated transcytosis is considered to have no significant influence on the
influx of plasma A� into the brain (Calero et al., 2000; Shayo et al., 1997).
However, data from a recently published study point to a role of this
transport route in the efflux of A� from the brain. Using an established
in vivo technique, Bell and coworkers investigated the clearance of A� and
apolipoproteins administered into mouse brain interstitial fluid (ISF). They
demonstrate that sCLU is rapidly eliminated from brain ISF across the BBB
via megalin-dependent transcytosis and, furthermore, that binding of highly
pathogenic A�(1–42) to sCLU accelerates A�(1–42) clearance at the BBB by
83% (Bell et al., 2007). The authors suggest that at physiological concentra-
tions the net transport of soluble A� via sCLU/megalin at the BBB favors its
efflux from the brain.
In addition to modulating A� transport, sCLU could also be involved in

the local removal of soluble A� form the ISF by receptor-mediated endocy-
tosis of sCLU-bound A� into brain cells followed by the intracellular degra-
dation of the complexes. In support of this idea, uptake of A� into
differentiated mouse teratocarcinoma F9 cells upon coincubation with
sCLU is enhanced and preformed sCLU–A� complexes are internalized
and degraded (Hammad et al., 1997). Both processes could be blocked by
receptor-associated protein (RAP), an antagonist of all LDL-receptor family
members, and by anti‐megalin antibodies, demonstrating that sCLU–A�
complexes are endocytosed via megalin. The participation of other lipopro-
tein receptors, such as LRP-1 was, however, not analyzed in this study.
Exposition to extracellular A� leads to an activation of astrocytes and to a

rise in cell-associated sCLU with a concomitant decline in the amount of
sCLU in the culture medium pointing to an enhanced endocytosis of sCLU in
the presence of A� peptide (LaDu et al., 2000). On the basis of the expres-
sion of LDL-receptor family members and their different affinities to RAP,
the authors suggested that the cellular activation byA� is mediated by LRP-1.
Internalization of sCLU, however, is not inhibited by RAP, even at high
concentrations, indicating the involvement of additional mechanisms in
the endocytosis of sCLU–A� complexes in astrocytes. Interestingly, induc-
tion of cytoplasmic vacuoles containing fibrillar amyloid material in human
and rat astrocytes upon exposure to A�(1–42) peptides and fibrils is paralleled
by an enhanced expression of sCLU (Nuutinen et al., 2007). Furthermore,
A� clearance from the cerebrospinal fluid by uptake into macrophage-like
U937 cells appears to involve extracellular chaperones such as sCLU
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(Yerbury and Wilson, 2009). Finally, mice lacking expression of apoE and
clusterin (PDAPP, apoE�/�, clusterin�/� mice) show both, an early onset and
an increase of brain A� deposition in an Alzheimer’s mouse model
(DeMattos et al., 2004).
In conclusion, these results highlight the capacity of sCLU to enhance the

clearance of A� from the brain, either by accelerated transport across the BBB
or by local endocytosis and degradation, and thereby may aid lowering A�
burden in the brain, which is thought to play a central role in development of
Alzheimer’s pathology.
In addition to promoting A� clearance, the binding of sCLU–A� complexes

to endocytotic receptors could also affect cellular signaling. As discussed
above, interaction of sCLU with megalin/LRP-2 is suggested to elicit prosur-
vival signaling via the PI3 kinase/Akt pathway (Ammar and Closset, 2008).
sCLU also induces the Ras-dependent Raf-1/mitogen-activated protein kinase
kinase (MEK/ERK) cascade and a proliferative response in astrocytes via an
epidermal growth factor (EGFR)-dependent mechanism (Shim et al., 2009).
The latter signaling cascade is not initiated by direct binding of sCLU to
EGFR. Given that members of the LDLR family have, in addition to their
endocytic function, the capacity to modulate receptor tyrosine kinase signal-
ing via cross-talk mechanisms (Boucher et al., 2002; Newton et al., 2005), it is
tempting to speculate that binding to any of these receptors could be involved
in the induction of EGFR-dependent proliferation of astrocytes by sCLU.
Also, it will be of prime interest to analyze whether binding of sCLU, apoE,
or �-2M, either in free form or in complex with A�, to the members of the
LDL-receptor family triggers prosurvival signaling in neurons and glia cells,
which would counteract the detrimental effects of A�.
VII. CONCLUSIONS AND PERSPECTIVES
Extracellular clusterin (sCLU) appears as a multifunctional cell protector
which sequesters harmful agents during tissue remodeling and degeneration,
and helps with their removal. Various disturbances such as hypoxia, stress,
cell death, or injury increase sCLU synthesis and thereby stimulate the
removal of cell remnants by targeting them to members of the LDLR family,
followed by cellular uptake via endocytosis or phagocytosis. Debris removal
is impaired in diseases such as atherosclerosis contributing to atherosclerotic
plaques, in certain airway diseases with chronic inflammation, and in path-
ological conditions with inflammation that can lead to autoimmune
diseases. In cancer, sCLU is believed to exert its cell-protective function via
receptor binding; therefore, an intriguing issue for the future will be the
identification of the sCLU receptor(s) in specific tumors and of subsequently
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induced signal transduction. This will open two options for therapeutic
interference with CLU tumor cell protection, prevention of sCLU receptor
activation, or blockade of the resulting signaling. In M. Alzheimer, sCLU
may have at least two functions modulating A� toxicity, one interfering
with aggregation and one stimulating A� clearance by endocytosis or trans-
cytosis, and possibly by damping the inflammatory response elicited by
microglial activation. In all these instances, sCLU could prevent the patho-
logical outcome that may result from harmful extracellular material, by
removing toxic substances and potential antigens and by protecting the
vital cells in the affected tissue from cell death. This action, which is benefi-
cial in normal physiology, is undesirable in tumors, where it might counter-
act apoptosis induced by immune cells or by poor vasculation. The role of
sCLU, in dead cell removal and cell protection could turn it into being a key
player in several pathologies, protective, for example, in autoimmune and
cardiovascular diseases and in M. Alzheimer, and life-threatening in tumors.
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For years, clusterin has been recognized as a secreted protein and a large number of

works demonstrated that this ubiquitously expressed protein has multiple activities.
Among the described activities several were related to inflammation and immunity

such as its regulatory activity on complement. Then it became clear that a nuclear

form of the protein with proapoptotic property existed and more recently that a
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cytoplasmic form could regulate NF-�B pathway. Again, these activities have a strong

repercussion in inflammation and immunity. On the other hand, data available on the
exact role of CLU in these processes and autoimmunity were quite scarce until recently.

Indeed, in the last few years, a differential CLU expression in subtype of T cells, the

regulation of CLU expression by proinflammatory cytokines and molecules, the regula-

tion of expression and function of CLU depending on its subcellular localization, the
interaction of CLU with nuclear and intracellular proteins were all reported. Adding

these new roles of CLU to the already reported functions of this protein allows a better

understanding of its role and potential involvement in several inflammatory and immu-

nological processes and, in particular, autoimmunity. In this sense, rheumatoid arthritis
appears to be a very attractive disease to build a new paradigm of the role and function of

CLU because it makes the link between proliferation, inflammation, and autoimmunity.

We will try to see in this review how to bring altogether the old and new knowledge
on CLU with inflammation and autoimmunity. Nevertheless, it is clear that CLU has not

yet revealed all its secrets in inflammation and autoimmunty. # 2009 Elsevier Inc.

ABBREVIATIONS
ASN, antisense nucleotide; Bax, BCL2-associated X protein; CCR4,
CXCR3, chemiokine receptors; CIC or IC, circulating immune complexes
or Immune complexes; CLU, Clusterin; DAMPs, Damage associated mole-
cular pattern; FcgammaR, Fraction constant gamma Receptor; FLS,
Fibroblast like synoviocyte; HUVEC, Human Umbilical Vein Endothelial
Cells; IL, Interleukin; LPS, lipopolysaccharide; MAC, Membran Attack
complex; MHC, Major Histocompatibility Complex; NLR, Nod Like
receptor; OA, osteoarthritis; PAMPs, Pathogen associated molecular pat-
tern; RA, rheumatoid arthritis; RLR, Rig-like receptor; SLE, systemic lupus
erythematosus; TCC, Terminal complement complex; TH1, 2, 17, T helper
lymphocyte type 1, 2, 17; TLR, Toll-like receptor; Treg, Regulatory T cell.
I. INTRODUCTION
Autoimmune diseases are chronic syndromes characterized by relapsing
clinical symptoms linked to autoantibodies production and autoreactive
T cells arising against autoantigen. Autoantibodies are, in this context,
the hallmark of humoral autoimmunity, and autoreactive T cells are the
expression of cellular response. These reactions can concern autoantigen-
expressing tissues and induce autoimmune diabetes, rheumatoid arthritis
(RA), as well as myasthenia gravis and multiple sclerosis. These autoim-
mune diseases are known to be linked to MCH susceptibly and other
genetic conditions, but are, however, subjected to multiple environmental
factors. All organs have been described as targets of autoimmunity, but
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there is some specificity of clinical syndrome related to the different
mechanisms relaying the disease.
Infections could be the starting event; disruption of local defense inducing

innate immunity responses, destruction of the organs inducing neoantigens
formation, as well as the lack of rapid resolution with inflammation persis-
tence can favor the emerging of autoimmunity. The cause and consequence
of these phenomena are often linked and studied together.
Even though infections could be the “primum movens” in many autoim-

mune diseases, genetic background is to be considered too. The next step is
the central or peripheral tolerance rupture that ends with autoantibodies or
T cell reaction against autoantigen.
II. INFLAMMATION, THE DANGER SIGNAL,
AND AUTOIMMUNITY
New theories emerged over the last decade to explain the triggering of
immune reactions. Among these theories, one received a lot of development
in autoimmunity and cancer immunology, the danger theory (Janeway et al.,
1996; Matzinger, 1994). The theory explains that “the immune system does
not care about self and nonself, that its primary driving force is the need to
detect and protect against danger, and that it does not do the job alone, but
receives positive and negative communications from an extended network of
other bodily tissues.” These signals include bacterial and viral components,
called PAMP for pathogen-associated molecular pattern recognized by a fami-
ly of receptors, the Toll-like receptors. These receptors are expressed by innate
immunity cells, mainly phagocytic cells such as macrophages, dendritic cells,
polymorphonuclear cells, which all have in common the production or secre-
tion of inflammatory cytokines when stimulated. However, pathogen compo-
nents are not the only stimulators of these reactions. Indeed, damaged cells
themselves can turn out to be the source of danger signals, identified as DAMP
for Danger-Associated Molecular Pattern. Stressed cells can be directly recog-
nized by TLR, as well as NLR (Nod-Like Receptor), that mainly recognized
bacterial components, and by RLR (Rig-Like Receptor) that recognized viral
components. Heat-shock proteins are an important source of DAMP.
These signals are the source of the inflammatory reaction that rise to delete

the source of PAMP or DAMP production, relying on several mediators
among them complement, nitric oxide radicals, opsonins, leucotrienes,
prostaglandins, and proinflammatory cytokines. The aim is to delete the
pathological signal by mounting an inflammatory response that should
result in deleting of the stress, as well as repairing mechanisms. This second
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part is linked to proteins that could protect stressed cells (e.g., chaperones),
but could balance reparation and regulation mechanisms.
This statement is also one of those described in cancer: how to destroy

undesirable cells or tissues, without destroying the entire environment but
still controlling “troop army”?
III. IMMUNE SYSTEM HOMEOSTASIS AND
REGULATION: THE COMMON PURPOSE
OF AUTOIMMUNITY AND CANCER
The immune system has an extraordinary set of mechanisms working
together to maintain self-tolerance and homeostasis. Several actors of differ-
ent frameworks take place to ensure self-tolerance among them apoptosis,
anergy, T regulatory cell (Treg) expansion, cytokine production or deviation.
Lack of apoptosis of activated T cells, absence of Treg, and inappropriate
cytokine balance of Th-1, Th-2, and Th-17 lymphocytes subtypes, can favor
the loss of peripheral tolerance, against self-tissue, and/or prevent the produc-
tion of cytotoxic T cells directed against the tumor (Salmond et al., 2009;
Vignali et al., 2008; Wells, 2009). The absolute requirement of homeostasis
together with the control of both the inflammation and autoimmunity are sine
qua non conditions for treating autoimmune diseases and cancers.
IV. INFLAMMATION
Inflammation is a complex series of cellular and soluble events that occur
in response to a danger which could either be a pathogen invasion or several
injuries such as crystal deposits, wounds, UV, etc. One of its characteristics is
that it does not occur in a specific manner. Indeed, it may occur during the
first stage of innate immunity or during a specific immune response, in
reaction to cytokine production, for example. It will then perform some
antigen clearance, among other goals. Inflammation occurs during the first,
second, and third stages, when recovery of homeostasis should take place
but does not, because of chronic stimulation, persistence of pathogen, or
cellular abnormalities, for example. If the first step of chronic inflammation
is not always clearly definite, it is overwhelmingly admitted that chronic
inflammation is a self-renewal process.
Damaged tissues release molecules which attract leucocytes on the inflam-

mation site; these leucocytes circulate and cross blood vessel walls to enter
the inflamed tissues. For instance, a chemotactic gradient facilitates the
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migration of neutrophils, macrophages; which for one major function is the
phagocytosis of causal molecule or pathogens. At this step, complement is
directly involved either in phagocytosis or in chemoattraction.
A. CLU: A Complement Inhibitor and
an Acute-Phase Protein
Complement is a collection of about 30 serum and membrane proteins,
directly implicated in host defense, but also in autoimmunity pathogenesis.
It is a complex system of functional related proteins that are sequentially
activated in a tightly controlled cascade. As a part of lysis pathogen and
opsonization of pathogen, complement is involved in clearance of immune
complexes, enhancement of antigen presentation, enhancement of B cell
activation, generation of peptides that are implicated in vasodilatation,
phagocyte adhesion and chemotaxis, regulation of complement action itself,
and signaling immune response.
Enzyme inhibitors are present at each step of the cascade to tightly

regulate the complete system.
Among those complement inhibitors, soluble Clusterin (sCLU) has been

described as a link to the complex of membrane attack (C5b9) which is the
terminal molecular component which intervenes to disrupt the membrane of
pathogen or target cells (Murphy et al., 1988). sCLU was present at moder-
ate levels (35–105 �m/ml) in normal human serum. First observations of
sCLU showed that it was deposited in the renal glomeruli of patients with
glomerulonephritis but was not found in normal glomeruli. The tissue
distribution of sCLU was considered to be close to that of terminal com-
plement components. Furthermore, as it was observed in the membrane
complex attack (MAC), it was initially considered to be an additional
component complex. sCLU is indeed a part of the complex but its action is
to protect cells or tissues from MAC and renders it cytolytically inactive.
Others have observed that sCLU is not always linked to MAC, especially in
tissue necrosis induced by pulsed laser (French et al., 1992). sCLU and
vibronectin bind together to the nascent C5b9 complex, thus rendering it
water soluble and lytically inactive. In fact, sCLU specifically binds to C7,
the �-subunit of C8 and C9 (Tschopp et al., 1993). The conformational
change occurring during the hydrophilic–amphiphilic transition of C9, in
the formation of the MAC, exposes the interaction site for sCLU that then
exerts its inhibitory effect by interacting with a structural motif common to
C7, C8�, and C9b. We will discuss later on the pathophysiology specially
implicated in lupus nephritis. The complement regulatory (CR) proteins
CLU and vitronectin bind to the MAC and thus prevent cytolysis
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(Choi et al., 1989). Both proteins on the MAC link to circulating immune
complexes (CIC) in systemic lupus erythematosus (SLE) patients (Chauhan
andMoore, 2006). The amount of both CLU and vitronectin associated with
MAC–CIC is two- to threefold higher in comparison with those observed in
the soluble form of MAC. Moreover, patients with high levels of sCLU and
vitronectin demonstrated renal involvement. This could be linked to tissue
damage implication ofMAC–CIC, or linked to the faculty of sCLU to protect
a variety of secretory, mucosal, and other barrier cells from surface-active
components of the extracellular environment (Aronow et al., 1993).
For example, sCLU presence has been assayed in Sjögren patients (SS)
(Cuida et al., 1997). Labial salivary gland biopsy specimens and saliva
samples from SS expressed sCLU in both interstitial tissues and the saliva of
these SS patients. In this context, sCLU could be a protector for exocrine
glands of the complement-mediated injury and its function conceived as a
blocker of tissue injury. sCLU is definitely a component of glomerular im-
mune deposits in the kidney. Furthermore, increased sCLU expression also
occurs in a number of renal injury states. The expression of its mRNA could
be stimulated by folic acid in rats, independently of the presence of an intact
complement system, because similar increases in sCLU expression were
observed in C5-sufficient and C5-deficient mice (Correa-Rotter et al., 1992).
What remains to be elucidated is the impact of sCLU when MAC

is inhibited by streptococcal protein, such as SIC (streptococcal inhibitor of
complement-mediated lysis) which is a virulence determinant of Streptococci
(Akesson et al., 1996).
Evaluation of endometrial tissue-specific complement activation in

women with endometriosis showed that terminal C regulatory proteins
(sCLU and vitronectin) were colocalized with C protein of the complement
on elastic fibers (D’Cruz and Wild, 1992). On the contrary, no specific
staining for C protein was detected on the glandular epithelium of uterine
and ectopic endometrial tissues, suggesting a lack of specific deposition of
C in the glandular epithelial cells of endometria of women with endometri-
osis. In endometriosis, sCLU could be a missing regulatory factor. In endo-
metrial tissue, phytoestrogens induce complement C3 upregulation, and
downregulation of CLU mRNA expression. These molecules are known
for the fact that they do not induce any cell growth modification and for
being a weak estrogen receptor agonist in rats. Whether it is linked to sCLU,
even in part, is not yet known (Diel et al., 2001).
sCLU has already been described in other nonimmune processes where

chronic inflammation takes place, such as ulcerative process (Balslev et al.,
1999). In ischemic and/or venous hypertension leg ulcers, the deposition of
complement, plasma complement regulators, and expression of membrane
regulators was detected, among them vitronectin and sCLU. Staining for
terminal complex complement was always associated to staining for CLU
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and vitronectin. However, it could not counterbalance the loss of CD59 that
may enhance deposition of terminal complex of the complement.
Finally, sCLU is produced in liver stress (e.g., ethanol model in mice) with

factor B, and the C1qA-chain. Despite the downregulation of MAC protein
in this context, the induction of early classical and alternative pathway
components together with the removal of terminal pathway components
and soluble regulators have been considered as playing a role in alcohol-
induced liver injuries (Bykov et al., 2007).
Infection and inflammation induce alterations in hepatic synthesis and

plasma concentrations of the acute-phase proteins. sCLU is secreted after
endotoxin (LPS), tumor necrosis factor (TNF), and interleukin IL-1 stimula-
tion in liver and in serum (Hardardottir et al., 1994). Consequently, in some
circumstances, these results demonstrated that sCLU could be regarded as
protein of the acute phase of inflammation.
A strong expression of sCLU was observed on hepatic posttransplanta-

tion. It has been suggested that the strongest levels of sCLU during the
reaction phase in tolerogenic induction following liver transplantation may
be involved in tolerance induction (Chiang et al., 2000).
B. Protective Effect of CLU Independently
of Complement Activation
A protective effect of sCLU has been described independently of comple-
ment activation in kidney and heart. In renal proximal tubule cells, sCLU
provided complement-independent protection against gentamicin-induced
cytotoxicity but offered only marginal protection against ATP depletion-
induced injury (Girton et al., 2002). Moreover a protection of cardiomyo-
cytes by sCLU independently of complement has been assayed, even if ATP
was produced. The mechanism of the complement-independent cell protec-
tive effect of sCLU might differ between renal proximal tubule cells and
cardiomyocytes.
C. CLU Interaction with Ig
sCLU bounds to all human IgG, IgA, and IgM isotypes with particular
affinities with IgG3, IgG4, IgM, IgG1, IgG2, and lastly to IgA. Aggregated
IgG in solution was a potent inhibitor of the binding of sCLU to immobilized
IgG. CLU bound to both the Fab and Fc fragments of human IgG. The sCLU
binding site(s) on the Fc did not overlap with those for protein A and Clq
(Wilson and Easterbrook-Smith, 1992). It is also known that sCLU prepared
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from human serum by monoclonal antibody affinity chromatography has
the ability to increase the rates of formation of insoluble immune complexes,
together with C1q (Roeth and Easterbrook-Smith, 1996).
D. CLU and Immune Cells

1. DENDRITIC CELLS: AT THE CROSSROAD OF INNATE
AND ADAPTATIVE IMMUNITY
During our study on CLU expression, we found that dendritic cells (DC)
expressed high level of CLU and that CLU expression increased by more than
30-fold during DC maturation (unpublished personal data). Although the
exact role of CLU in DC physiology is presently unknown, the main role of
these cells in both arms of immunity (innate and adaptative) together with the
multiple role of CLU in several processes in which DC are involved, argue for
a need for better understanding of the interplay between CLU and DC.
DC are the most efficient antigen presenting cells (APC). They play a

unique role in initiating immunity through the activation of naı̈ve T cells
and support local immune responses. Functions of DC are influenced by the
activation status and surrounding environments. DC actively participate in
the induction of both immunity and tolerance. From the plethora of recep-
tors on DC, TLR, Fc gamma receptors Fcg-symbol gamma-R, and lectins are
probably the most intensively investigated in autoimmune diseases such as
RA (Bax et al., 2007; Herrada et al., 2007; Laborde et al., 2007; van Vliet
et al., 2007). Upon encountering danger signals DC commence a complex
process generally termed as “maturation,” which involves numerous path-
ways and greatly enhances their capacity for antigen processing, presentation
to naı̈ve T cells and eventually, priming of T cell responses (Guermonprez
et al., 2002). Fc�R are expressed on the cell surface of various hematopoietic
cell types. They recognize IgG and IgG-containing IC and as a result consti-
tute the link between humoral and cell-mediated immunity (Nimmerjahn
and Ravetch, 2006). In man, the Fc�R system comprises two opposing
families, the activating Fc�Rs I, IIa, and III and the inhibitory Fc�RIIb, the
balance of which determines the outcome of IC-mediated inflammation.
Both activating and inhibiting Fc�R are expressed on immature DC and
complete maturation of DC results in a downregulation of Fc�R expression.
Evidence indicates that the balance between activating and inhibitory Fc�R
determines DC behavior (Boruchov et al., 2005; Dhodapkar et al., 2007;
Radstake et al., 2004), and the balance between activating and inhibitory
Fc�R has been shown to be crucial in the susceptibility to and phenotype of
various inflammatory conditions. DC also express a wide variety of C-type
lectins (CLR), molecules that bind the carbohydrate moiety of glycoproteins
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(Figdor et al., 2002). Therefore, DC are often referred to as the “generals” of
the immune system controlling several immunological checkpoints both
centrally as well as peripherally. In this light, DC control many T cell
responses (Gottenberg and Chiocchia, 2007; Steinman, 2007; Steinman
and Banchereau, 2007). This variety in immune deviation perfectly illus-
trates the necessity of the DC-driven immune response for survival of the
host. However, a failure to control or counteract these pathways would lead
to the opposite. Namely, an uncontrolled Th-1 response leads to sepsis,
shock, and possibly a breakthrough of tolerance initiating autoimmunity or
cancer. In turn, an exaggerated Th-2 response leads to asthma and fibrosis,
whereas a dominant IL-17 production ignites an autoimmune reaction.
Interestingly, human Th-17 cells exhibited lower expression of CLU, and
higher Bcl-2 expression and reduced apoptosis in the presence of TGF-�,
in comparison with Th-1 cells (Santarlasci et al., 2009). Moreover, human
Th-17 clones and circulating Th-17 cells showed lower susceptibility to the
antiproliferative effect of TGF-� than Th-1 and Th-2 clones or circulating
Th-1-oriented T cells, respectively. Since most of the autoimmune diseases
and cancers appear to have a Th-1 and/or Th-17 component, altogether these
results reinforce the potential implication of CLU in chronic inflammation,
autoimmunity, and cancer. The differentiation of DC, Th-1, and Th-17 are
regulated by inflammatory signals including cytokines, PAMPs, and DAMPs
that are mostly regulated through the NF-�B pathway.
E. CLU and NF-kB
Recently, it became evident that the different functions of CLU might
depend on its final maturation and localization (for more details, see chapter
“Clusterin (CLU): From one Gene and two transcripts to many proteins”).
The predominant form is a secreted heterodimeric protein of 80 kDa (sCLU)
(Murphy et al., 1988) produced by translation of the full-length single
mRNA encoded by a single gene located on chromosome 8 (Slawin et al.,
1990). sCLU is derived from a pre-sCLU protein of 60 kDa targeted to the
endoplasmic reticulum and glycosylated. A nuclear form of CLU (nCLU)
was recently reported to be the resulting product of an alternative splicing of
exon 2 (Leskov et al., 2003): please see also chapter “Nuclear CLU (nCLU)
and the fate of the cell” to this regard. Finally, it recently became evident that
numerous reported functions of CLU were related to intracellular forms of
the protein, in particular NF-�B signaling and apoptosis. Indeed, Santilli
et al. (2003) reported that the intracellular level of CLU could be essential
for regulation of NF-�B activity via its effect on the modulation of I�B
expression potentially through interaction with relevant ubiquitin ligase.
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It is well known that NF-�B-induced gene expression contributes signifi-
cantly to the pathogenesis of inflammatory diseases such as arthritis
(Barnes and Karin, 1997; Bondeson et al., 1999; Makarov, 2001;
Miagkov et al., 1998; Tak and Firestein, 2001; Tak et al., 2001), and
IKK2 has been showed to be a key convergence pathway for cytokine-
induced NF-�B activation in synoviocytes (Aupperle et al., 2001a,b).
Nevertheless, the molecular mechanism of this activation is still largely
unknown. To address this question, we generated a large number of CLU
molecular constructs allowing the expression of the � and/or � chain of
CLU as well as different forms or specific regions of CLU. These new tools
turned out to be extremely useful to set up a functional assay to know
whether CLU expression blocks NF-�B activation and nucleus transloca-
tion, and to characterize the domains involved in such an effect.
We demonstrated that CLU, like � �TrCP, the main E3 ubiquitin ligase

involved in I�B degradation, interacts with phosphorylated I�B� (ppI�B�)
(Devauchelle et al., 2006). We demonstrated this interaction in either HeLa
or fibroblast-like synovial cells stimulated with TNF-�. I�B�pp was detect-
able in the anti-CLU immunoprecipitate using antibodies that recognize
specifically Ser32-Ser36 ppI�B�. No interaction was detected between non-
phosphorylated I�B� and CLU. These results led us to propose that the
demonstrated CLU-induced I�B� stabilization (Santilli et al., 2003) could
be explained by inhibiting �TrCP binding to ppI�B�. Conversely, lack of
CLU expression in RAwould result in enhanced I�B� degradation through
�TrCP binding. As a consequence, the defect in intracellular CLU could be
one key mechanism responsible for the greater activation status of NF-�B in
RA synovium compared with noninflammatory joint samples.
It is presently unclear whether the interaction between CLU and phosphory-

lated I�B� is direct or indirect although we obtained recent evidence arguing
for a direct interaction (G. Chiocchia, unpublished observation). Further-
more, it is of interest to determine whether CLU behaves as a dominant-
negative form of �TrCP and whether other �TrCP substrates can bind to CLU
and be protected from proteasome degradation by CLU expression.
F. Cellular Regulation Through Apoptosis
Apoptosis, defined as a programmed cell death, is a key mechanism of
homeostasis. It is a controlled cell death which follows specific biochemical
pathways with specific morphological changes. It allows maintaining of the
balance between cell growth and cell death in a controlled pathway softer
than necrosis. It is implicated in stress, such as chemicals or radiation, but also
in both the development and adult homeostasis of the immune system.
An apoptotic cell degrades its DNA, fragments its nucleus, shrinks its
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cytoplasm, and produces apoptotic bodies containing still intact structures
(e.g., lysosomes, mitochondria). Apoptotic bodies are rapidly subject to
phagocytosis by phagocytic cells among them DC, without the release
of deadly contents (e.g., oxidative molecules, enzymes). This clever system
prevents local damage produced by the release of enzyme in the local environ-
ment and stops the occurrence or development of inflammations. Further-
more, through their role as APC, DC are not only phagocytic cells but, also
play a major role in antigenicity and in both central tolerogenic mechanisms
and peripheral tolerogenic mechanisms. Peripheral tolerance is of particular
interest in RA, as we shall explore at a later point in this publication.
If apoptosis is deficient this can result in lymphoproliferative disorders or in
autoimmunity occurring in the case of lack of negative selection during T cell
ontogeny in thymus which favors autoimmune T cell emergence.
Numerous studies have been focused on the role of CLU in regulation of

the life and death fate of cancer cells (Moretti et al., 2007; Rizzi et al., 2009;
Scaltriti et al., 2004a,b; Trougakos et al., 2004). sCLU inhibits apoptosis, in
human cancer cells notably, through interfering with Bax activation in
mitochondria (Zhang et al., 2005). In contrast to other inhibitors of Bax,
sCLU interacts with conformation-altered Bax, in the context of clinical
response to antitumoral drugs. This interaction hinders Bax oligomeriza-
tion, which leads to the release of cytochrome c from mitochondria and
caspase activation. Moreover, sCLU inhibits oncogenic c-Myc-mediated
apoptosis and promotes c-Myc-mediated transformation in vitro. Thus
interfering with Bax proapoptotic activities could paradoxically favor
tumor progression and inflammation. Trougakos et al. (2009) recently
showed that sCLU binds and thereby stabilizes the Ku70–Bax protein com-
plex serving as a cytosol retention factor for Bax suggesting that elevated
sCLU levels may enhance tumorigenesis by interfering with Bax proapopto-
tic activities. On the other hand, several reports demonstrated further that
the nCLU is a proapoptotic protein (Kaisman-Elbaz et al., 2009;
Markopoulou et al., 2009; Rizzi et al., 2009). This point is developed in
more detail in chapters “Nuclear CLU (nCLU) and the fate of the cell,”
in this volume and “Regulation of CLU gene expression by oncogenes,
epigenetic regulation, and the role of CLU in tumorigenesis,” Vol. 105.
G. From Acute to Chronic Inflammation: A Place for
Oxidative Burst, Nitric Oxide
One of the key mechanisms of inflammation, especially in fighting against
microbes, is respiratory burst. Oxidation is characterized by the acceptance
of an electron. This induces alteration of the natural function of the protein
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that has accepted the electron. This explains that microbes could die when
their proteins are reduced, and why oxidoreduction can lead to tissue
damage. As chapter “CLU as a novel biosensor of reactive oxygen species”
is directly devoted to respiratory burst and CLU, we will only present a study
where DNA damage has been assayed, that could represent one mechanism
of autoimmune diseases.
Bcl-2 facilitates recovery from DNA damage following oxidative stress as

assayed with CLU DNA repair (Deng et al., 1999). Within minutes after
exposure of cells to low concentrations of hydrogen peroxide and peroxyni-
trite, significant mitochondrial and nuclear DNA damage is evident, with
mitochondrial DNA damages greater than nuclear DNA damages. Expres-
sion of bcl-2 in PC12 cells inhibited nitric oxide donor (sodium nitroprus-
side)- and peroxynitrite-induced cell death. Despite the fact that oxidative
insults caused both genomic and mitochondrial DNA damage in cells
expressing bcl-2, recovery from DNA damage was accelerated in these cells.
V. THE PLACE AND ROLE OF CLU IN AUTOIMMUNE
DISEASES (TABLE I AND FIG. 1)

A. Rheumatoid Arthritis
Rheumatoid arthritis (RA) is a chronic autoimmune and inflammatory
disease that devastate articulation components among them synovial mem-
brane, cartilage, and bone. RA is the most common chronic inflammatory
joint disease, with a prevalence of 0.5% of the general population. This is a
Table I CLU Hypothetical Mechanisms in Chronic Disease

Diseases

CLU

expression Hypothetical mechanism References

Lupus Low Low complement inhibition (Moll et al., 1998),
(Newkirk et al., 1999)

Rheumatoid

arthritis

Low Apoptosis (Connor et al., 2001),
(Devauchelle et al., 2006)Regulator of NF-�B

RA model Normal Autoantigen? (Kuhn et al., 2006)
Juvenile

dermatomyositis

High Unknown (Chen et al., 2008)

Diabetes High Marker of disease (Calvo et al., 1998b),
(Savkovic et al., 2007)Protector or pathogenic

regarding the

subcellular localization
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Fig. 1 Clusterin a central rheostat of activity of multiple proteins and pathways involved in

autoimmune reaction. Molecular interaction of CLU linked to chronic inflammation and

autoimmunity.
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frequent chronic disease which reduces life span of 10 years. Environmental
factors are usually discussed as well as genetic susceptibility (Jaen et al.,
2009), mainly linked to TNF-� and antigen presentation (Lutzky et al.,
2007; Olsen and Stein, 2004). Whether T cells play the central role in the
development of RA is not definitely admitted. Some authors hypothesize
that the main culprits could be the activation of non-T cells (most notably
macrophage-like and fibroblast-like synovial cells, FLS) and proinflamma-
tory molecules (Chiocchia et al., 1993, 1994; Firestein and Zvaifler, 1990).
In this hypothesis, the antigen-specific response is of lesser importance.
It highlights the uncertainties surrounding the role for T cells and autoanti-
gens (Firestein and Zvaifler, 2002). The synovial cells from the lining and
sublining layers are activated and hyperproliferative (Fujinami et al., 1997).
Among the identified genes mainly modulated in RA synovitis, CLU is of
interest because of its multiple functions related to apoptosis, inflammation,
proliferation, and differentiation (Devauchelle and Chiocchia, 2004;
Devauchelle et al., 2004, 2006). Indeed in synovial tissue, the protein is
predominantly expressed by synoviocytes and is detected in synovial fluids.
Both full-length and spliced isoform CLU mRNA levels of expression seem
to be lower in RA tissues compared with osteoarthritis (OA) and healthy
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synovium. On the other hand, the intracellular form of CLU is merely
detectable. The overexpression of CLU (both sCLU and nCLU forms) in
RA-FLS promoted apoptosis within 24 h and raised the possibility that it
could participate in a mechanism of homeostasis in RA.
Cytokines have a heavy impact on the development and on the clinical

course of RA: blocking TNF-�, IL-6 or IL-1 demonstrated that these cyto-
kines play a major role in the disease in which they have different implica-
tions. Indeed, inhibiting the actions of these cytokines by means of
antibodies or natural biological inhibitors can even lead to remission. We
observed that CLU knockdown with small-interfering RNA promoted IL-6
and IL-8 production by cytokines directly involved in inflammation
(Devauchelle et al., 2006; Falgarone et al., submitted for publication).
CLU interacted with phosphorylated I�B� and could also be responsible
for an enhancement of NF-�B activation and survival of the synoviocytes.
On the other hand, CLU knockdown does not modify the expression of
other cytokines known to be highly expressed in RA-FLS such as IL-32 and
MCP-1 (Cagnard et al., 2005).
Because the angiogenesis is a key mechanism of RA synovitis, CLU assays

in the context of angiogenesis are of particular interest. The antiangiogenic
properties of CLU antisense nucleotide (ASN) using a capillary cell
(HUVEC) viability assay have been studied (Jackson et al., 2005). CLU
ASN’s and bcl-2, bcl-xl and survivin ASN’s were found to inhibit HUVEC
growth. Combinations of ASN’s with drugs known to inhibit HUVEC
growth demonstrated a minor additive but not synergistic inhibitory effect
on HUVEC proliferation. CLU ASN’s were found to strongly inhibit angio-
genesis and induce high levels of apoptosis in HUVECs. It is of interest to
notice that a strong antiangiogenic action of CLU ASN’s, is not necessarily
related to any chemosensitization effect of this agent (Lourda et al., 2007)
(Please see also chapter “CLU and chemoresistance,” Vol. 105 for more
details on CLU and chemoresistance).
However, the role of CLU in RA linked to complement inhibition is not

excluded. Indeed, we used the K/BN model of arthritis where arthritis devel-
ops rapidly after the injection of serum of KRNxNOD mice that secrete
autoantibodies directed against GPI (glucose-6-phosphate isomerase). In this
model, arthritis is the consequence of antibody deposits on tissue that directly
activate the complement and cause arthritis inflammation (Matsumoto et al.,
2002). We injected antibodies and induced arthritis in CLU KO mice
(McLaughlin et al., 2000) and syngenic CLU wild-type mice. We observed
that arthritis developed faster in CLUKOmice, 1 day before wild-type model,
and lasted longer in CLU KO mice compared with CLU wild-type mice
(Fig. 2), even if we did not observe any significant statistical difference in
arthritis score. Interestingly, the CLU-deficient animals were also showed to
be more susceptible to autoimmune myocarditis (McLaughlin et al., 2000).
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Fig. 2 Absence of CLU results in an accelerated andmore lasting arthritis. C57Bl/6 CLUwild-

type or CLU KO mice received either 2 � 100 �l of K/BxN arthritic mice. First signs of arthritis

appeared between day 2 and 3 for WTmice compared to 1 and 2 in KO animals. The severity of
the disease was the same in both groups but the symptoms persisted longer.
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CLU was measured in synovial fluid simultaneously than C5a and vitro-
nectin. In RA, the concentration of C5a is increased threefold in plasma
(21.9 vs. 7.2 �g/l) and fivefold in SF (7.8 vs. 1.7 �g/l) compared to OA. The
SF/plasma ratios for C5a, vitronectin, and CLU were 0.35, 0.36, and 0.23,
respectively, not significantly different between the two diseases. This brings
out the conclusion that the high level of complement terminal pathway
activation in RA‐SF combined with low local levels of lysis inhibitors
might allow lytic or sublytic attacks on local cells, resulting in inflammation
and cell damage (Hogasen et al., 1995).
Studies involving autoantibodies have led to the identification of many

potential autoantigens in RA (Corrigall and Panayi, 2002) including anti-
gens expressed in the joint (e.g., type 2 collagen, chondrocyte glycoprotein
gp39, and proteoglycans), antigens expressed only at nonarticular sites, and
ubiquitous antigens (e.g., heat-shock proteins and glucose-6-phosphate
isomerase). Recently, the role for posttranslational modification of proteins
has been enlightened by many studies (Doyle and Mamula, 2001; Rudd
et al., 2001) and by the clinical implication of antibody directed against
citrullinated peptides. These considerations are based on the formation of
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new epitopes called neoepitopes which become the target of autoantibodies.
Citrullination of arginine residues in proteins has been incriminated
(Masson-Bessiere et al., 2001; van Gaalen et al., 2004) in the loss of
self-tolerance in RA; antibodies directed against citrullinated peptides are
definitely crucial antibodies for both diagnosis and prognosis in RA. Inter-
estingly, it was recently reported in collagen-induced arthritis, a murine
model of RA (Boissier et al., 1989; Courtenay et al., 1980), that anti-CLU
citrullinated antibodies could react with CLU (Kuhn et al., 2006).
T cell hybridoma clones specific for glycosylated epitopes were derived

from HLA-DR4 transgenic mice expressing HLA-DRB*0401, a class II
antigen associated with increased severity (Backlund et al., 2002) and
susceptibility of human RA. Among these mechanisms, cell–cell interaction
plays a special part because it seems to occur in synovial membrane where
the formation of germinal centers has been described (Weyand et al., 2000).
B. Cellular Dysregulation in Synovitis
Synovitis is characterized by an imbalance in favor of proinflammatory
molecules followed by deleterious activation of T cells, which are predomi-
nantly Th-1 and Th-17 cells in this environment (Boissier et al., 2008;
Feldmann et al., 1996). T cells contribute to about 30% of the cell infiltrate
and are found in a perivascular location, suggesting migration from the
peripheral blood to the synovial membrane. T cell recruitment to the synovial
membrane involves interactions with the endothelial cells lining the synovial
high endothelial venules (Page et al., 2002). T cells contribute to potentiate
the autoimmune response and to activate B cells (thereby promoting autoanti-
body production) in cooperation with macrophages, dendritic cells, synovial
cells, and fibroblasts. In addition, T cells interact with osteoclasts and
ultimately promote the development of an autoimmune response, the produc-
tion of autoantibodies, angiogenesis, and the destruction of bone and cartilage.
Incontrovertible proof that T cells are involved in RA was obtained in

studies of mutant mice lacking mature T cells because these animals are
refractory to collagen-induced arthritis.
DC present autoantigens and maintain peripheral self-tolerance. Their role

in self-tolerance depends closely on their state of maturation or activation
(Steinman et al., 2003). AT cell-dependent disease necessarily involves cell–
cell interactions and therefore APC; and the autoimmune B cell response is
amplified by the T cell response. We have learned from animal models, as
well as from recent clinical data available on this disease, that T cells and/or
regulatory cells are key actors, even if their own impact has still to be
elucidated. T cells that express a memory phenotype CD4þ CD45ROþ
were identified in the rheumatoid synovial membrane (Kohem et al., 1996).
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A distortion in the T cell repertoire has been found in patients with RA and
may stem from an abnormality in thymic output thatmay allow the release of
autoreactive T cells exhibiting strong affinity for autoantigens (Goronzy and
Weyand, 2001).
The mechanisms by which T cells undergo activation are controlled by

effector cells.
Alterations in CD4þ CD25bright Treg cells were found in blood and joint

specimens from patients with RA (Cao et al., 2003). Similarly, deficient
function of peripheral blood Treg cells from patients with RA was demon-
strated (Ehrenstein et al., 2004). The Treg cells suppressed the proliferation
of effector T cells but failed to inhibit their ability to secrete proinflamma-
tory cytokines (Ehrenstein et al., 2004).
Among cytokines that are overexpressed in RA, IL-6 is one of the major

pathologic factors.
CLU has been recently demonstrated to be under the regulation of IL-6, in

the cancer context (Pucci et al., 2009), but with strong echo for RA patho-
physiology. IL-6 seems to affect prosurvival pathways in colon cancer pro-
gression, modulating the expression and the molecular interactions among
the proapoptotic factor Bax, the DNA repair proteins Ku70/86 and CLU
forms. Hyper IL-6 production could induce the loss of Ku86 and CLU 50–55
kDa proapoptotic form, while Bax and the 40 kDa prosurvival sCLU form
appeared to be expressed. IL-6 downmodulated Bax RNA expression, and
IL-6 exposure influenced Bax protein level acting on the Bax–Ku70–sCLU
physical interactions in the cytoplasm. The Ku70 acetylation and phosphor-
ylation state are then modified and this could lead to the inhibition of Bax
proapoptotic activity. In addition, IL-6 treatment induced a significant
downregulation of Ku86 and a strong increase of sCLU. In contrast, so-
matostatin treatment of Caco-2 cells was able to restore apoptosis, demon-
strating that Ku70–Bax–CLU interactions could be dynamically modulated
in tumor cells. Hence, IL-6 could promote cell survival and apoptosis escape.
In this line, it is also of importance to note that enhanced Bcl-2 expression
and NF-�B nuclear translocation of synovial cells are induced by inflamma-
tory cytokines and/or growth factors, and that synovial cells become resis-
tant toward apoptosis triggered by various stimuli. Clearly, deciphering the
exact role of CLU in all these processes is the next challenge.
C. Cartilage
Following this work, Connor et al. (Connor et al., 2001; Kumar et al.,
2001) studied clu mRNA expression in adult human normal and OA carti-
lage. They demonstrated the abundance of clu mRNA being similar to that
of protein known to be frequently expressed in cartilage. The expression of
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clu mRNA was upregulated in early OA versus normal cartilage when
analyzed by microarray analysis, but in situ hybridization showed moderate
levels of CLU in chondrocytes of normal cartilage. In histological studies,
sCLU appeared to be produced in superficial zone of cartilage (Khan et al.,
2001). Its expression is upregulated during maturation but is confined to the
articular surface. The induction of sCLU seemed to be associated with a
variety of disease states where it appears to provide a cytoprotective effect
(Connor et al., 2001). The increased expression of clu mRNA in the early
stages of OAwas considered to be an attempt by the chondrocytes to protect
and repair the tissue. In contrast, sCLU decrease in advanced OA cartilage
could be the sign of the degenerative stage of the disease. Since, it has been
hypothesized that clu has a role in cell differentiation these results call to
answer to two very important questions: First, is CLU involved in chondro-
cyte differentiation; and if yes, which form of CLU; and second, does CLU
has a pathogenic role in OA? Clearly, answering these questions will be a
major challenge.
In cartilage cultures, CLU appears among the proteins lost by explants in

culture medium containing IL-1� and TNF-� (Stevens et al., 2008). IL-1�
and TNF-� cause increased release of chitinase 3-like protein 1 (CHI3L1),
CHI3L2, complement factor B, matrix metalloproteinase 3, ECM-1,
haptoglobin, serum amyloid A3, and CLU. In contrast, injurious compres-
sion causes the release of intracellular proteins, including Grp58, Grp78,
�-4-actinin, pyruvate kinase, and vimentin.
Finally CLU has been purified in complex with a metalloproteinase,

named MP6-MMP or MMP25 (Matsuda et al., 2003). CLU inhibits the
activity of this enzyme but not that of MMP-2 or MT1-MMP. MMP25
could be involved in cancer metastatis, but also in OA (Hopwood et al.,
2007). The role of this interaction in RA is presently unknown.
D. CLU at the Crossroad of Autoimmune Reactions
in the Joint
Helper T cells perform critical functions in the immune system through
the production of distinct cytokine profiles. In addition to Th-1 and Th-2
cells, a third subset of polarized effectors T cells characterized by the
production of IL-17 and other cytokines (and now called Th-17 cells) is
associated with the pathogenesis of several autoimmune conditions
(Furuzawa-Carballeda et al., 2007). Furthermore, naı̈ve T cells can be
converted into regulatory T (Treg) cells that prevent autoimmunity in pres-
ence of the cytokine transforming growth factor-� (TGF-�). However, in the
presence of IL-6, TGF-� has also been found to promote the differentiation
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of naı̈ve T lymphocytes into proinflammatory IL-17 cytokine-producing
Th-17 cells, which promote autoimmunity and inflammation.
Although the factors that promote murine Th-17 differentiation have

been intensively investigated, there has been much less information on the
regulation of the IL-17 cytokine production in human T cells than in mice.
IL-17 is readily produced by human memory T cells (Chen et al., 2007;
Wilson et al., 2007). Interestingly, human Th-17 cells exhibited lower
expression of CLU, and higher Bcl-2 expression and reduced apoptosis in
the presence of TGF-�, in comparison with Th-1 cells (Santarlasci et al.,
2009). These T cells exhibit distinct patterns of chemokine receptor
expression such as CCR6, CCR4, and CXCR3 which are important for
localization to tissues (Acosta-Rodriguez et al., 2007). Furthermore,
chemokine receptor expression seems to discriminate specific pattern of
cytokine production by Th-17 cells namely: IFN-�-IL-17 dual producers or
IL-17-specific producers, and we know that this type of dual producer
T cells is present in RA joint. What is the level of expression of CLU and
its role in these cells has to be determined.
It was recently showed that the differentiation of human naı̈ve CD4þ

T cells into Th-17 cells is promoted by IL-1� and IL-6. Furthermore, it
has been shown that IL-1, IL-6, and IL-23 are important in driving human
Th-17 differentiation. However, TGF-�1 which is important for the differ-
entiation of murine Th-17 cells and inducible regulatory T cells (iTregs) is
reportedly not required and even inhibits human Th-17 differentiation.
In addition, human Th-17 cells also produce other proinflammatory cyto-
kines. Chung et al. reported the interplay between IL-6 and IL-1 through
induction of IL-1R by IL-6 for the differentiation of Th-17 cells (Chung
et al., 2009). The multiple roles of IL-1, IL-6, and IL-23 in the Th-17 axis
are important because they offer opportunities for therapeutic interven-
tions. In particular IL-6 appears to be a key cytokine in this TH pathway
differentiation and is also common to both mice and human (Acosta-
Rodriguez et al., 2007). Finally, Liu’s group reported that a subpopulation
of human Treg based on the CD4þ CD25high phenotype was able to
produce IL-17 (Voo et al., 2009). Quantification of such population in
diseased state and progression of this T cell number following treatment
has never been studied.
We already discussed the potential role of CLU modulation of expression

on TLR signaling and IL-6 expression and production. Because IL-1R, like
TLR, operates through MyD88 to activate NF-�B and IL-6 acts through
NF-�B either and because synoviocytes produced higher amount of IL-6 and
IL-8 when CLU is downregulated, it is tempting to speculate on the role of
CLU in the immune dysregulation occurring in RA synovitis. The unan-
swered question is: what is the mechanism inducing downregulation of CLU
expression in RA synovium?
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E. Systemic Lupus Erythematosus
SLE is a complex autoimmune disease which etiopathogeny involves high
titers of autoantibodies directed against various antigens including nuclear
as well as cytoplasmic antigens. This disease is characterized by chronic
inflammation mainly mediated by antibodies and immune complexes of
various organs leading to glomerulonephritis, dermatitis, arthritis, seros-
ities, and vasculitis. It is a rare disease estimated at 0.05% of the general
population, with a clear female sex ratio (9:1). Both environmental and
genetic factors contribute to the disease physiopathogenesis, among them
it should be noted that Afro-American or Hispanic people are more likely to
develop the disease. This disease is a polygenic disease, but C1 and C4
deficiency leads to the development of SLE.
SLE is also characterized by multisystem microvascular inflammation with

the generation of autoantibodies. It has been hypothesized that the redistribu-
tion of cellular antigens during apoptosis leads to a cell-surface display of
plasma and nuclear antigens in the form of nucleosomes. Thus, dysregulated B
and T lymphocytes begin targeting normally protected (hidden) intracellular
antigens. In SLE, both T and B cells are hyperreactive and many immunoreg-
ulatory frameworks are defective. It has been reported that B cells are subject
to polyclonal and specific activation, driven by cytokine production (e.g.,
IL-6) while IL-10 can prevent mice lupus (Finck et al., 1994).
The T cell disturbance is less clear in human SLE. If cellular counts are

lower, with less proliferation of T cells to mitogenic molecules, some con-
sider that they are the key cells for antibody production enhancement.
Indeed many antibodies are IgG, and need T helper interplay to stimulate
antibody production by B cells.
Lupus being a chronic disease, the production of pathogenic subsets of

autoantibodies and immune complexes must take place along with a lack of
downregulation. In SLE, both autoreactive Tand B cells circulate in peripheral
blood.Adefective apoptosis is supportedby the lprandgldmutation (in lpr/mrl
mice) responsible for the lupus-like disease in the strain of mice. The above-
quotedabnormalities lead to inadequate clearanceof immune complexes.They
are less cleared by macrophages and deposit in tissues. One typical clinical
expression is the nephritis deposits of autoantibodies which are accompanied
by immune complex deposits and complement activation in the kidneys.
F. CLU Implication in SLE
CLU which is constitutively expressed in tubular epithelial cells displays
an enhanced expression following tubular injuries and it has been detected in
glomerular immune deposits of glomerulonephritis. In lupus-like nephritis,
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a significant increase of CLU mRNA abundance was demonstrated (Moll
et al., 1998). This upregulation was localized exclusively in tubular epitheli-
al cells exhibiting tubulointerstitial alterations, whereas no CLU mRNAwas
detectable in diseased glomeruli, excluding an active synthesis of CLU by
glomerular cells. A similar tubular increase of CLU mRNA abundance was
observed in myeloma-like cast nephropathy induced by IgG3 monoclonal
cryoglobulins and even though there were no detectable histological altera-
tions in a model of septic shock induced by the injection of bacterial
lipopolysaccharides. Indeed, the tubular epithelial cells are the only sites
of CLU mRNA accumulation during the course of lupus-like nephritis.
Furthermore, the tubular upregulation of CLU gene expression may reflect
the cellular response to various types of tubular injuries.
CLU role in kidney aging is studied with a view to deciphering effects of

diminished protection. Aging mice deficient in CLU develop a progressive
glomerulopathy characterized by the deposition of immune complexes in
the mesangium (Rosenberg et al., 2002). Up to 75% of glomeruli in CLU-
deficient mice exhibit moderate to severe mesangial lesions by 21 months of
age. This being said, wild-type and hemizygous mice exhibited little or no
glomerular pathology. In the CLU-deficient mice, immune complexes of
immunoglobulin G (IgG), IgM, IgA, and sometime C1q, C3, and C9 are
detectable as early as 4 weeks of age. The accumulation of material can be
found in the mesangial matrix and age-dependent formation of intramesan-
gial tubulofibrillary structures. Interestingly, damaged glomeruli showed no
evidence of inflammation or necrosis. In young CLU-deficient animals, the
development of immune complex lesions can be accelerated by unilateral
nephrectomy-induced hyperfiltration. The above data reinforce the protec-
tive role of CLU against chronic glomerular kidney disease and support the
hypothesis that CLU modifies immune complex metabolism and disposal.
In patients with SLE, the serum levels of sCLU correlate with disease

(Newkirk et al., 1999). The disease activity scores of 80 patients (mainly
women) were determined using the systemic lupus activity measure-revised
and significant decrease in patients with SLE was observed that correlated
inversely with disease activity. Low sCLU levels were significantly associated
with skin ulcers, loss of hair, proteinuria, and low platelet count, and striking-
ly associated with arthritis. Interestingly, the sCLU levels did not correlate
with either systemic complement consumption, as measured by C3 or C4, or
with prednisone use. It is overwhelmingly hypothesized that individuals lack-
ing sufficient amounts of sCLU could have poor control of antibody-mediated
inflammation at sites of apoptosis where autoantigens are exposed.
Cardiovascular complications are common in SLE and myocardial infarc-

tions are considered to be the leading cause of increased mortality. The ADP
receptor P2Y12 plays a central role in platelet activation and the P2Y12
blocker clopidogrel reduces the incidence of cardiovascular events. As CLU



160 Géraldine Falgarone and Gilles Chiocchia
has been assayed by microarray study to be expressed at very high levels in
platelets, it has been studied in lupus platelets (Wang et al., 2004). SLE
patients had significantly lower levels of CLU than controls (P< 0.05) while
platelet aggregation was similar in both groups and despite a difference in
P2Y receptor. Lowered sCLU levels could be involved in the pathogenesis of
SLE due to the decrease of protective effects among them low platelet
activator. Direct evidence is still missing at this stage.
G. Diabetes
At the opposite of RA and SLE, sCLU is overexpressed in pancreas during
the acute phase of pancreatitis and seems to be protective during inflamma-
tion of exocrine pancreas because of its antiapoptotic and anti-inflammatory
functions (Savkovic et al., 2007). sCLU-overexpressing AR4-2J cells, pancreas
acinar cells, showed higher viability after cell stress and accordingly reduced
rates of apoptosis and lessened caspase-3 activation. On the contrary, block-
age of endogenous CLU expression reduced viability and enhanced apoptosis.
Presence of CLU reduced NF-�B activation and expression of the NF-�B
target genes TNF-� and MOB-1 under cell stress in accordance with the
inhibitor role of CLU on NF-�B. CLU-deficient mice showed a more severe
course of acute experimental pancreatitis with enhanced rates of apoptosis
and inflammatory cell infiltration (Savkovic et al., 2007). This has been
demonstrated in another model of pancreatitis (Calvo et al., 1998a). The
authors demonstrated that clu mRNA was expressed with similar intensity
in edematous caerulein-induced pancreatitis and in response to various
degrees of necrohemorrhagic taurocholate-induced pancreatitis, indicating a
maximal gene activity in all types of pancreatitis. clu mRNA levels were
strongly induced in pancreatic acinar AR4-2J cells in response to various
apoptotic stimuli (i.e., cycloheximide, staurosporine, ceramide, and H2O2)
but not with IL-1, IL-4, or IL-6 or heat shock, which do not induce apoptosis
in these pancreatic cells. sCLU has a strong expression during acute pancrea-
titis and could be involved in the control of acinar cell apoptosis.
Diabetic nephropathy shows histological specificity for the implications of

CLU. sCLU and nCLU have a different role in diabetic nephropathy
(Tuncdemir and Ozturk, 2008). While sCLU is increased in the glomeruli
and tubuli of untreated diabetic rats, an increase in the nCLU immunoreac-
tivity observed in the podocytes, mesangial cells, and the injured tubule cells
of the same rats. nCLU staining decreases in all treated diabetic rats, for
example, by angiotensine convertase enzyme inhibitor. Furthermore, nCLU
shares the same distribution with apoptotic cells in diabetic rats. This study
shows that, in the context of diabetic nephropathy, sCLU is induced by renal
tissue damage, while nCLU is related to apoptosis.
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Besides these data, proteomic assays led Metz et al. (2008) to propose five
markers to identify diabetic patients. Among the five identified proteins,
three were upregulated (�-2-glycoprotein 1, corticosteroid-binding globulin,
and lumican) whereas two (sCLU and serotransferrin) were twofold
decreased in diabetic patients.
H. Juvenile Dermatomyositis
In juvenile dermatomyositis, genes involved in immune responses and
vasculature remodeling are expressed at a higher level in muscle biopsies
from children (Chen et al., 2008). In these tissues, sCLU, HLA-DQA1,
smooth muscle myosin heavy chain, plexin D1, and tenomodulin were
upregulated. The chronic inflammation in patient with longer disease dura-
tion was also associated with increased DC-LAMPþ and BDCA2þ mature
dendritic cells, identified by immunohistochemistry. It was noticed that
symptoms lasting 2 months or more were associated with DC maturation
and antiangiogenic vascular remodeling. How important is the upregulation
of CLU in this phenomenon has now to be addressed.
I. Myocarditis
In a seminal study, it was demonstrated that KO ApoJ/CLU mice
developed inflammatory myocarditis that shares common features with
the wild-type mice injected model (McLaughlin et al., 2000). Mice injected
with myosin developed a T-dependant myocarditis that linked to both
MHC class II expression and TNF-� production. This disease is strongly
linked to the secondary antibody response. It was stroking that recovery
following disease was deeply modified in ApoJ/CLU KO mice. These
animals exhibited cardiac function impairment and severe myocardial scar-
ring. These results led to the conclusion that CLU could limit progression
of autoimmune myocarditis and protect the heart from postinflammatory
tissue destruction. Thus, in this case, CLU could be a protein required for
recovery process.
VI. CONCLUDING REMARKS
It is now evident that CLU can act directly and indirectly in numerous
ways related to inflammation and immunity: (i) Regulation of comple-
ment activation; (ii) negative regulator of NF-�B; (iii) pro/antiapoptotic
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activity following isoforms; (iv) modulation of cell differentiation;
(v) bidirectional regulation of and by and major proinflammatory
cytokines such as TNF-� and IL-6.
sCLU is an inhibitor of complement activation and protects cells or tissues

from MAC. sCLU is also secreted after endotoxin (LPS), TNF, and IL-1
stimulation. These properties of sCLU have a strong impact in autoimmune
diseases.
It is now evident that the different functions of CLU might depend on its

final maturation and localization. Thus numerous functions of CLU were
related to intracellular forms of the protein, in particular NF-�B signaling
and apoptosis.
One of the recent new functions described for CLU is its ability to induce

I�B� stabilization. Thus, the defect in intracellular form of CLU observed in
pathological conditions could be one key mechanism responsible for the
greater activation status of NF-�B in several inflammatory conditions such
as it occurs in RA synovium.
Because IL-1R, like TLR, operates throughMyD88 to activate NF-�B and

IL-6 acts through NF-�B either and because cells like synoviocytes produced
higher amount of IL-6 and IL-8 when CLU is downregulated, it is tempting
to speculate on the role of CLU in the immune deregulation occurring in
inflammatory conditions and autoimmunity.
Recent data on showing that human Th-17 cells exhibited lower expres-

sion of CLU, and higher Bcl-2 expression and reduced apoptosis in the
presence of TGF-�, in comparison with Th-1 cells have now open a new
field of research to study the potential implication of CLU in chronic
inflammation, autoimmunity, and cancer.
The modulation of proinflammatory cytokine production such as IL-6 and

IL-8 occuring after CLU dysregulation and the role of CLU as a negative
regulator of NF-�B argue for a prominent role of CLU in inflammatory
conditions.
All of these results have now opened the gate for new questions:
What are the mechanisms inducing downregulation of CLU expression in

RA synovium?What is the exact role of clu in cell differentiation (such as for
Th-17 cells) and which forms of CLU are involved in this process?
How important are the posttraductionnal modification of CLU for autoan-
tibodies recognition? What is the exact role of CLU in regulation of apopto-
sis, drug resistance, and proinflammatory response of the targeted cells in
autoimmune reaction?
Thus, it is clear that CLU has not revealed yet all its secrets in inflamma-

tion and autoimmunity and numerous questions are still waiting for answer
and represent the next challenges.
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Clusterin/Apolipoprotein J (CLU) gene is expressed in most human tissues and

encodes for two protein isoforms; a conventional heterodimeric secreted glycoprotein
and a truncated nuclear form. CLU has been functionally implicated in several physio-

logical processes as well as in many pathological conditions including ageing, diabetes,

atherosclerosis, degenerative diseases, and tumorigenesis. A major link of all these,
otherwise unrelated, diseases is that they are characterized by increased oxidative injury

due to impaired balance between production and disposal of reactive oxygen or nitrogen

species. Besides the aforementioned diseases, CLU gene is differentially regulated by a

wide variety of stimuli which may also promote the production of reactive species
including cytokines, interleukins, growth factors, heat shock, radiation, oxidants, and

chemotherapeutic drugs. Although at low concentration reactive species may contribute

to normal cell signaling and homeostasis, at increased amounts they promote genomic

instability, chronic inflammation, lipid oxidation, and amorphous aggregation of target
proteins predisposing thus cells for carcinogenesis or other age-related disorders. CLU

seems to intervene to these processes due to its small heat-shock protein-like chaperone

activity being demonstrated by its property to inhibit protein aggregation and precipita-
tion, a main feature of oxidant injury. The combined presence of many potential
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regulatory elements in the CLU gene promoter, including a Heat-Shock Transcription

Factor-1 and an Activator Protein-1 element, indicates that CLU gene is an extremely
sensitive cellular biosensor of even minute alterations in the cellular oxidative load. This

review focuses on CLU regulation by oxidative injury that is the common molecular link

of most, if not all, pathological conditions where CLU has been functionally implicated.

# 2009 Elsevier Inc.
I. INTRODUCTION
The conventional isoform of the human Clusterin (CLU) gene (NCBI:
NM_203339.1/NP_976084.1, CLU isoform 2) encodes for a ubiquitously
expressed secreted protein of �75 kDa (sCLU) (Wong et al., 1994) being
involved in several physiological processes including lipid transportation in
the serum (de Silva et al., 1990), development, and differentiation (Aronow
et al., 1993; Jenne and Tschopp, 1989; Trougakos et al., 2006b) (see also
chapter “Cell Protective Functions of Secretory CLU”). In certain cell types,
apoptosis induction correlates with the appearance of alternative CLU
protein isoforms which mostly localize in cell nucleus (nCLU). nCLU can
be produced by either alternative splicing or internal translation initiation;
in both cases, the N-terminal sequence of sCLU that encodes the hydropho-
bic endoplasmic reticulum (ER) targeting peptide is bypassed resulting in
cytosolic or nuclear protein localization (Leskov et al., 2003; Yang et al.,
2000). Almost invariably nCLU exerts a cytostatic and/or proapoptotic
function (Leskov et al., 2003; Moretti et al., 2007; Yang et al., 2000)
(see also chapter “Nuclear CLU (nCLU) and the Fate of the Cell”).
Two main functions have been assigned to sCLU up to date. The one refers

to its Apolipoprotein function at the high-density lipoprotein (HDL) parti-
cles (de Silva et al., 1990) and the second to its ability to bind to hydrophobic
regions of partially unfolded proteins and via an ATP-independent mecha-
nism to inhibit protein aggregation and precipitation otherwise caused by
physical or chemical stresses (e.g., heat, reduction) (Humphreys et al., 1999;
Poon et al., 2000). On the basis of this latter property, sCLU was classified as
an extracellular functional homologue of the small heat-shock proteins
(sHSPs) (Wilson and Easterbrook-Smith, 2000) (see also chapter “The
Chaperone Action of CLU and Its Putative Role in Quality Control of
Extracellular Protein Folding”). Interestingly, it seems that in certain cell
types sCLU can escape the secretory pathway and localize in the nucleocy-
tosolic continuum and mitochondria (Nizard et al., 2007; Trougakos et al.,
2009b; Zhang et al., 2005) indicating that sCLU may also function as an
intracellular chaperone.
The CLU gene promoter is highly conserved and contains several regu-

latory elements that regulate the complex tissue-specific control of the gene.
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Among these elements are a conserved 14-bp “CLU-specific element” (CLE),
which is recognized by the Heat-Shock Transcription Factor 1 (HSF1) and a
site for the Activator Protein-1 (AP-1) (Jin and Howe, 1997; Michel et al.,
1995; Wong et al., 1994). By acting in synergy, the CLE and AP-1 elements
can make the CLU gene promoter particularly sensitive to even minute
environmental changes or alterations in the cellular oxidative load. In sup-
port, the CLU gene is responsive to a wide variety of both intrinsic or
extrinsic factors including oncogenes, transcription and growth factors,
cytokines and most stress-inducing agents including oxidants, hyperoxia,
proteotoxic stress, heavy metals, UVA, UVB, ionizing radiation (IR), heat
shock, and chemotherapeutic drugs (Calero et al., 2005; Klokov et al., 2004;
Trougakos and Gonos, 2002, 2006) (see also chapter “Regulation of CLU
Gene Expression by Oncogenes, Epigenetic Regulation, and the Role of CLU
in Tumorigenesis,” Vol. 105). Moreover, CLU is differentially regulated and
have been functionally involved in a wide range of distinct pathological
conditions including atherosclerosis, diabetes, kidney, and neuron degenera-
tion as well as carcinogenesis (Trougakos and Gonos, 2006); in most, if not
all, of these pathologies differential regulation referred to sCLU.
The only common characteristic shared by all these, otherwise unrelated

in their etiology and/or clinical manifestation, pathological conditions is the
fact that they are characterized by increased oxidative stress and injury,
which may then promote proteotoxic stress, genomic instability, arrest of
proliferation, and high rates of cellular death. In the current review, we
promote the idea that sCLU is a sensitive cellular biosensor of oxidative
stress that functions to protect cells from the deleterious effects of free
radicals and their derivatives.
II. MOLECULAR EFFECTS OF ALTERED
OXIDATIVE LOAD IN HUMAN CELLS
Oxygen is essential to support aerobic metabolism and life. However,
since the normal cellular milieu is reductive, oxygen molecules undergo
univalent reductions forming oxygen-free radicals (Beckman and Ames,
1998). In the last two decades there has been an significant interest in the
role of oxygen-free radicals, more generally known as “reactive oxygen
species” (ROS) and “reactive nitrogen species” (RNS) in experimental and
clinical medicine (Dröge, 2003). Oxygen-free radicals can be produced by
both endogenous and exogenous sources. Endogenously oxygen-free
radicals may arise as by-products of normal aerobic metabolism (i.e.,
excessive stimulation of NAD(P)H oxidases, oxidative energy metabolism,
P450 metabolism, and peroxisomes), as second messengers in various
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signal transduction pathways or during inflammatory neutrophils and mac-
rophage cells activation. Exogenous sources of free radical production are
various types of radiations (e.g., UV light, X-rays, or gamma rays), metal-
catalyzed reactions, and atmospheric pollutants (e.g., chlorinated com-
pounds) (Dröge, 2002; Martindale and Holbrook, 2002; Valko et al., 2006).
Oxidative stress occurs due to overproduction of oxygen-free radicals that

exceeds the cell’s antioxidant capacity (Klaunig and Kamendulis, 2004).
Oxygen-free radicals, whether produced endogenously as a consequence of
normal cell functions or derived from external sources, pose a constant
threat to cells living in an aerobic environment as they can severely damage
DNA, proteins, and lipids (Martindale and Holbrook, 2002). More that 100
oxidative DNA adducts have been identified (Demple and Harrison, 1994)
and in a given cell, an estimated 105 oxidative lesions per day are formed
(Fraga et al., 1990). Cells contain a number of antioxidant defenses (either
nonenzymatic antioxidants or antioxidant enzymes) to minimize fluctua-
tions in oxygen-free radicals. Nonenzymatic antioxidants include vitamins E
and C, natural flavonoids, carotenoids, thiol antioxidants (glutathione,
thioredoxin, and lipoic acid), melatonin, and other compounds (McCall
and Frei, 1999), while enzymatic antioxidants include catalase, glutathione
peroxidases, and superoxide dismutase (SOD) (Mates et al., 1999). Host
survival depends upon the ability of cells and tissues to adapt to or resist the
stress, and repair or remove damaged molecules or cells. Numerous stress
response mechanisms have evolved for these purposes and they are rapidly
activated in response to oxidative insults (Valko et al., 2006).
Oxygen-free radicals are well recognized for playing a dual role as both

beneficial and deleterious species. More specifically, low physiological
amounts of oxidants may act as a secondary messenger in intracellular
signaling cascades promoting normal cell homeostasis and proliferation.
Abnormally high levels of ROS may, however, result in deregulation of
redox-sensitive signaling pathways and extensive cell damage leading to
responses which may include arrest or induction of transcription, induction
of signal transduction pathways, replication errors, and genomic instability,
reversible growth arrest, senescence, or cellular death (Fig. 1) (Storz, 2005;
Valko et al., 2006).
Cellular damage due to increased oxidative stress may be reflected

to DNA, proteins, and lipids. DNA damage is mainly induced via the
formation of 8-hydroxy-20-deoxyguanosine (8-oxodG) that is a hydroxyl
radical-damaged guanine nucleotide. Additional effects may relate to single-
or double-stranded DNA breaks, purine, pyrimidine, or deoxyribose mod-
ifications, and DNA cross-links (Floyd et al., 1990). Protein modifications
relate to direct protein oxidation (e.g., at cysteine residues), formation of
peroxyl radicals (Stadtman, 1992), conjugation with lipid peroxidation
products, glycation, and glycoxidation (Chondrogianni and Gonos, 2005;
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Fig. 1 Oxidative stress and cancer. (A) During ageing the load of oxidants in the organism
gradually increases, due to both intrinsic and extrinsic factors, resulting in the accumulation of

damagedmolecules (e.g., nucleic acids, proteins, lipids, etc.), the impairment of the cell signaling

regulatory pathways, and consequently the increase of the oncogenic hits. Thus, these effects

directly relate to age-related diseases including cancer. The process can be significantly acceler-
ated by various factors including several metabolic disorders (e.g., diabetes, obesity, etc.) or

unhealthy habits (e.g., smoking, prolonged exposure to sun, etc.). (B) At the cellular level free

radicals are not always deleterious as at low nonhazardous amounts contribute to physiological
signaling and homeostasis. However, as the intracellular and/or extracellular amounts of free

radicals and their derivatives increase so does the damage resulting in various responses which

may include growth arrest, premature senescence, apoptosis, or necrosis. Although some are

clearly tumor suppressing states (e.g., apoptosis and necrosis) others maybe potentially onco-
genic as they combine gradual damage accumulation with a retained ability for proliferation. As

the repair mechanisms weaken over time (because they are also targets of oxidative damage)

more damaged molecules accumulate. This array of events increases dramatically the chances

for the appearance of tumor initiating cells which may then give rise to preneoplastic focal
lesions and eventually to neoplasia. CLU has been functionally implicated in all cellular states or

responses described.
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Poppek and Grune, 2006). These modifications may lead to loss of function,
gain of function, or switch to a different function. Finally, lipid alterations
mainly refer to lipid peroxidation (Yu and Chung, 2006).
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Oxidative stress regulates an immense array of distinct signaling path-
ways that conclude in the activation of several transcription factors
including, AP-1, nuclear factor-kappa beta (NF-�B), HSF1, p53, and
signal transducer and activator of transcription (STAT) (Martindale and
Holbrook, 2002; Storz, 2005). AP-1 is a collection of dimeric basic
region-leucine zipper proteins that belong to the Jun, Fos, Maf, and
ATF subfamilies (Chinenov and Kerppola, 2001). AP-1 activity is in-
duced by H2O2 as well as from several cytokines and other physical
and chemical stresses (Klatt et al., 1999). Activation of AP-1 mostly
results in increased cell proliferation (Shaulian and Karin, 2001), while
AP-1 proteins may also participate in oncogenic transformation by inter-
acting with activated oncogenes such as H-Ras (Schutte et al., 1989).
NF-�B is a ubiquitously expressed inducible transcription factor which in
its active form is a dimer consisting of proteins from the Rel family, namely
p50, p52, c-Rel, v-Rel, p65, and Rel B (Chen et al., 2001). NF-�B regulates
a wide array of different genes involved in immune function, inflamma-
tion, stress response, differentiation, apoptosis, cell survival, and
growth. Involvement of NF-�B in tumor initiation and progression
mostly occurs in tissues in which cancer-related inflammation typically
occurs (such as the gastrointestinal tract and the liver), while recent
studies have shown that NF-�B signaling may also play critical roles in
the epithelial-to-mesenchymal transition (EMT) and cancer stem cells
physiology (Sarkar et al., 2008). Activated NF-�B, functions together
with other transcription factors, such as AP-1 to regulate the expression
of immune and inflammatory genes including interleukins (IL)-2, -2R,
-6, and -8 and tumor necrosis factor-alpha (TNF-�). Most of these
proteins can also cause the activation of NF-�B, forming a positive
regulatory loop to amplify inflammatory responses (Chen et al., 2001;
Sarkar et al., 2008). HSF1, under normal conditions is kept inactive in
the cytosol by mainly binding to HSP90 (Morimoto, 2002). Upon stress,
the suppressing chaperones become occupied by the misfolded proteins
liberating thus HSF1 which can then translocate to the nucleus and
activate several target genes (Morimoto, 2002; Soti et al., 2005). P53,
the so-called “genome guardian” (Lane, 1992), is critically involved in
the processes of many different stress responses and it is disrupted in
more than half of all human cancers (Vousden and Lane, 2007). Besides
the aforementioned nuclear transcription factors, free radicals can also
regulate a wide panel of receptor tyrosine kinases, nonreceptor protein
kinases, the H-Ras oncogene, protein tyrosine phosphatases, and serine/
threonine kinases [e.g., transforming growth factor-beta (TGF-�)]
(Valko et al., 2006).
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III. OXIDATIVE INJURY IN AGEING AND
AGE-RELATED DISEASES
Ageing is an inevitable consequence of life for nearly all organisms. It
mostly reflects the outcome of complicated interactions between genetic
factors along with the accumulation of a variety of deleterious stochastic
changes over time due to a progressive failure of homeostasis that promotes
multiple biochemical, molecular, and cellular changes which lead to
increased disability, morbidity, and inevitably to death (Kirkwood, 2002).
Thus, ageing is an adaptive process, not caused by a single factor or process,
but it is rather a multifactorial procedure modulated by the interplay among
genetic and environmental factors (Lane, 2003).
According to the “free radical theory of ageing” because of their high

reactivity, oxygen-free radicals would lead to unavoidable and potentially
deleterious by-products. Such an increasingly damaging process could be
responsible for degenerative diseases and ageing (Beckman and Ames,
1998). Thus, it is generally accepted that oxidative stress is a major risk in
ageing (Finkel and Holbrook, 2000; Golden et al., 2002). In support,
increased levels of oxidative and proteotoxic stress, DNA damage along
with progressive changes in free radical-mediated regulatory processes have
been linked to in vivo ageing in numerous reports (Carrard et al., 2002;
Grune et al., 2004; Mariani et al., 2005).
In invertebrates, such as Caenorhabditis elegans and Drosophila melano-

gaster, several mutants which reduce damage by oxidants result in increased
life span providing thus a correlation between oxidative stress, life span, and
genetic components (Hekimi and Guarente, 2003). Similarly, in mammals,
mutation of the p66SHC protein increased resistance to oxidative stress and
prolonged life span (Migliaccio et al., 1999). The level of p66SHC decreased
with advanced age (Sagi et al., 2005) and ROS-mediated dysfunction in
aortic endothelial cells was prevented in p66SHC�/� mice (Francia et al.,
2004). ROS implication in human ageing is also supported by in vitro studies
at various cellular models. Specifically, normal human cells undergo a limit-
ed number of divisions in culture and progressively reach a state of irrevers-
ible growth arrest, a process termed as replicative senescence (RS). RS occurs
because human cells (due to the absence of telomerase activity and owing to
the biochemistry of DNA replication) acquire one or more critically short
telomere (Campisi, 2005). Interestingly, cells can also senesce prematurely
having long telomeres if exposed to a wide range of distinct types of stress
including oxidative stress, proteotoxic stress, DNA damage, cytotoxic drugs,
strong mitogenic signals, and disrupted chromatin (Collado and Serrano,
2006). This process is called stress-induced premature senescence (SIPS) and
is phenotypically and biochemically similar to RS. Independently of the
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triggering event, in vitro senescing cells are characterized by accumulation
of ROS, reduced proteasome activity, and high rates of protein oxidation/-
carbonylation (Chondrogianni and Gonos, 2005; Trougakos et al., 2002a).
Parallel to its continuous effects during life span there is growing evidence

implicating oxidative damage to DNA, proteins, and lipids in the pathogen-
esis of various diseases. More specifically, oxidative stress plays a central role
in various pathological conditions such as atherosclerosis, diabetes, neuro-
degeneration, inflammation, rheumatoid arthritis, and cancer (Dröge, 2002;
Grune et al., 2004; Mariani et al., 2005; Sarkar et al., 2008).
Increased production of ROS has been related to the risk for cardiovascu-

lar diseases such as atherosclerosis, angina, and myocardial infarction
(Yoshizumi et al., 2001). In fact, atherosclerosis represents a state of
increased oxidative stress characterized by early lipid and protein oxidation
in the vascular wall either at cardiovascular or cerebrovascular diseases
(Stocker and Keaney, 2004). In support, heart failure associates with oxida-
tive stress in animal studies, while during congestive heart failure the activa-
tion of most of the neurohormonal and inflammatory signaling pathways
induce oxidative stress through several mechanisms including angiotensin II,
aldosterone, TNF-�, and proinflammatory cytokines (Hill and Singal, 1997;
Li et al., 1998). ROS accumulation in pancreas is believed to play a central
role in beta cells death and type I diabetes progression which is characterized
by the severe destruction of insulin-producing beta cells (Ho and Bray,
1999). Most signal transduction responses due to pancreas-specific ROS
production are mediated by activated NF-�B (Mollah et al., 2008). Brain
aging is associated with a progressive imbalance between antioxidant
defenses and intracellular concentrations of oxygen-free radicals as exem-
plified by increases in products of DNA, protein, and lipid oxidation (Dröge
and Schipper, 2007). Several lines of evidence highlight ROS implication in
neurodegenerative diseases. Both brain ischemia and the condition of ische-
mia/reperfusion occurring after stroke, has been associated with free radical-
mediated reactions (Alexandrova et al., 2004) while most studies agree that
oxidative stress contributes to dopaminergic cell degeneration in Parkinson’s
disease (Jenner, 2003) and that oxidative stress is one of the earliest events in
Alzheimer’s disease (AD) (Zhu et al., 2004). Administration of vitamin E
leads to a slowing of the AD progression and the patients taking antioxidant
vitamins and anti-inflammatory compounds have a lower incidence of AD
(Mancuso et al., 2007). Oxidizing conditions cause protein cross-linking
and aggregation of A� peptides (Dyrks et al., 1993) and also contribute to
aggregation of tau and other cytoskeletal proteins (Bellomo and Mirabelli,
1992). Finally, ROS seem to contribute significantly to tissue injury and
inflammation in rheumatoid arthritis and the control of inflammation in
arthritic patients by antioxidants could become an efficient strategy for
antirheumatic therapy (Bauerova and Bezek, 1999).
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IV. OXIDATIVE STRESS IN MALIGNANT
PROGRESSION
Cancer development is a multifactorial, multistage process characterized
by the cumulative action of additive events occurring in a single cell. It is
generally described by three stages: initiation, promotion, and progression.
Mutations, oncogene activation, genomic instability, and epigenetic factors
deregulate gene expression profiles and disrupt the molecular networks
providing tumor cells with sufficient diversity and proliferative advantage
to evolve in the healthy tissue and eventually to metastasize (Halazonetis
et al., 2008; Weinberg, 2008).
Oxygen-free radicals are potential carcinogens because they can facilitate

all three stages of tumor formation includingmutagenesis, tumor promotion,
and progression (Dröge, 2002; Halliwell, 2007; Klaunig and Kamendulis,
2004; Valko et al., 2006). During initiation, a nonlethal mutation in DNA is
followed by at least one round of DNA synthesis to fix the damage (e.g., due
to 8-oxodG) and produce an altered cell. The promotion stage requires the
continuous presence of the tumor promotion stimulus and therefore it is a
reversible process. This stage may eventually result in the formation of an
identifiable focal lesion which is characterized by the clonal expansion of
finding cells via the induction of cell proliferation and/or inhibition of apo-
ptosis. Production of ROS during this stage of carcinogenesis is the main line
of ROS-related protumor effect as many carcinogens have a strong inhibiting
effect on cellular antioxidant defense systems such as SOD, catalase, and
glutathione. Low sustained level of oxidative stress in this state may also
stimulate cell division resulting thus in tumor growth (Dreher and Junod,
1996). The final stage of the carcinogenic process is progression. This stage
involves cellular and molecular changes that occur from the preneoplastic to
the neoplastic state and is irreversible as it includes accumulation of addition-
al genetic damage, genetic instability, and angiogenesis (Carmeliet, 2000).
Increased levels of oxidative DNA lesions (8-oxodG) have been noted in

various tumors, strongly implicating ROS involvement in the etiology of
cancer (Loft and Poulsen, 1996), while deficiency of various antioxidant
defense enzymes raises oxidative damage levels and promotes age-related
cancer development in animals (Elchuri et al., 2005). The interaction of ROS
with DNA has been reported to result in both fragmentation and strand
breaks, as well as in decreased DNA methylation (Weitzman et al., 1994).
Additional evidence has implicated oxygen-free radicals and mitochondrial
oxidative DNA damage in the carcinogenesis process (Cavalli and Liang,
1998). Aside from oxidized nucleic acids, other oxidation-derived
DNA adducts that appear important in chemical carcinogenesis are those
produced due to damage in cellular biomembranes that result in lipid
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peroxidation, a process that generates a variety of mutagenic products
(Janero, 1990). As mentioned, cell exposure to nontoxic concentrations of
ROS may result in aberrant increase of cell proliferation, survival, and
cellular migration. These effects mostly relate to activation of AP-1 and
NF-�B signal transduction pathways (Valko et al., 2006). The induction of
oxidative stress modulates the function of several cell-cycle checkpoints
(Shackelford et al., 2000) and may also inhibit intercellular communication
(Upham et al., 1997) allowing the preneoplastic cell to escape the growth
control of normal surrounding cells. Finally, recent data showed that the
tumor suppressor genes p15INK4B and p16INK4A are among the major
target genes in oxidative stress-induced carcinogenesis (Toyokuni, 2008).
Therefore, there may be “fragile” sites in the genome that are more
susceptible to oxidative stress.
Beyond the effects of oxygen-free radicals in tumorigenesis, the cancer

cells are under increased and persistent oxidative stress. This elevated intrin-
sic oxygen-free radicals-related stress in cancer cells mostly relate to onco-
genic stimulation, increased metabolic activity, mitochondrial malfunction,
and low levels of enzymes such as SOD, glutathione peroxidase, glutathione
reductase, and catalase (Gupte andMumper, 2009). High endogenous levels
of oxygen-free radicals have been found in human colorectal carcinoma
(Kondo et al., 1999), in various types of leukemia (Devi et al., 2000) as
well as in breast (Yeh et al., 2005), ovarian (Senthil et al., 2004), and
stomach cancer (Batchioglu et al., 2006). Moreover, ROS levels in cancer
cells relate to tumor aggressiveness as it has been reported that the difference
in the redox status of two prostrate cancer cell lines correlated with the
degree of their aggressiveness (Chaiswing et al., 2007).
Inflammatory process induces oxidative stress and reduces cellular anti-

oxidant capacity. Chronic inflammation is a pathological condition charac-
terized by continued active inflammation response and tissue destruction. In
some types of cancer, inflammatory conditions are present before a malig-
nant change occurs, while in others, an oncogenic change induces an inflam-
matory microenvironment that accelerates the development of tumors. The
triggers of chronic inflammation that may increase cancer risk include
microbial infections (i.e.,Helicobacter pylori for gastric cancer and mucosal
lymphoma), autoimmune diseases (i.e., inflammatory bowel disease for
colon cancer), and cryptogenic inflammatory conditions (i.e., prostatitis
for prostate cancer) (Mantovani et al., 2008). Particularly, regarding pros-
tate cancer, there is emerging evidence that prostatic inflammation may
contribute to prostate growth by introducing hyperplastic or neoplastic
changes (Minelli et al., 2009; Sciarra et al., 2008). Pancreatic inflammation,
mediated by cytokines, ROS, and upregulated proinflammatory pathways,
may play a key role in the early development of pancreatic malignancy
(Farrow and Evers, 2002), while epidemiological data have consistently
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demonstrated a positive relation between obesity and colorectal malignancy
(Gunter and Leitzmann, 2006). Moreover, B lymphocytes are required for
establishing chronic inflammatory states that promote de novo epithelial
carcinogenesis (de Visser et al., 2005).
The main substances that link inflammation to cancer via oxidative/nitro-

sative stress are key intrinsic agents such as transcription factors (e.g., NF-�B
and STAT3) and major inflammatory cytokines (e.g., IL-1�, IL-6, IL-23,
andTNF-�)which lie downstreamofNF-�B, the “master” gene transcription
factor for promoting inflammation (Sarkar et al., 2008). Further, the inflam-
matory mediators such as cytokines, prostaglandins, and growth factors,
which are regulated by NF-�B, can induce genetic and epigenetic changes
including mutations in tumor suppressor genes, DNAmethylation, and post-
translational modifications, leading to the development and progression of
cancer (Federico et al., 2007).
On the basis of these facts it was recently proposed that inflammation may

constitute the seventh hallmark that collectively dictate malignant growth
(Mantovani, 2009); the other six being, self-sufficiency in growth signals,
insensitivity to growth-inhibitory signals, evasion of programmed cell death,
limitless replicative potential, sustained angiogenesis, and tissue invasion
and metastasis (Hanahan and Weinberg, 2000).
V. CLUSTERIN AS A SENSITIVE CELLULAR
BIOSENSOR OF OXIDATIVE STRESS

A. Clusterin Regulation and Function
at the Cellular Level as a Response
to Free Radicals and Their Derivatives
Considering that oxidants and oxidation injury modulate the activity of
both the AP-1 and HSF1 transcription factors (Martindale and Holbrook,
2002) the combinatorial presence of both the AP-1 and CLE regulatory
elements in the CLU gene promoter (Jin and Howe, 1997; Michel et al.,
1995) should make CLU gene an extremely sensitive biosensor to environ-
mental changes and particularly to the direct or indirect downstream effects
of free radicals and their derivatives.
Indeed, both sCLU (at low nontoxic doses) and nCLU (at high doses) are

induced in human cells by IR, a potent inducer of ROS accumulation and
genomic instability (Criswell et al., 2005; Leskov et al., 2003). Moreover,
photooxidative cell damage in human cultured retinal pigmented epithelium
upregulated nCLU (Ricci et al., 2007). Proteotoxic stress induction due to
proteasome inhibition results in sCLU mRNA upregulation via HSF1 and
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HSF2 binding to the CLE element (Balantinou et al., 2009; Loison et al.,
2006). Many oxidants (e.g., ethanol, tert-butylhydroperoxide, or H2O2)
induce an immediate sCLU mRNA and protein upregulation in human
diploid fibroblasts (Frippiat et al., 2001), while CLU was found to be
induced in retinal pigment epithelial cells after subtoxic oxidative stress
via TGF-� release (Yu et al., 2009) and in human neuroblastoma cells
under conditions of increased production of ROS and lipid peroxidation
(Strocchi et al., 2006). At in vivo models both the organochlorine pesticides
Methoxychlor and Lindane when administered in rats promoted a sequen-
tial reduction in the activities of catalase and SOD with concomitant in-
crease in the levels of lipid peroxidation, HSP70, and sCLU (Saradha et al.,
2008; Vaithinathan et al., 2009). A direct correlation of sCLU expression
levels and organismal oxidative stress in also evident by the findings that
sCLU concentration in human serum correlated positively with exposure to
acute in vivo oxidative stress induced by heavy metals (Alexopoulos et al.,
2008), while, on the other hand, adult-onset of caloric restriction that
retarded age-related oxidative damages resulted in CLU suppression in
kidneys of rats (Chen et al., 2008c). Finally, immunohistochemical analysis
showed that CLU is constantly associated with altered elastic fibers in aged
human skin and elastotic material of sun-damaged skin. It was found that
CLU binds elastin, and effectively inhibited UV-induced aggregation of
elastin by exerting its chaperone activity(Janig et al., 2007).
Several studies demonstrate that sCLU suppress the deleterious effects of

oxidants. More specifically, sCLU protects human epidermoid cancer cells
from H2O2, superoxide anion, hyperoxia, and UVA (Schwochau et al.,
1998; Viard et al., 1999); normal human fibroblasts from cytotoxicity
induced by ethanol, tert-butylhydroperoxide, or UVB (Dumont et al.,
2002); human prostate cancer cells from oxidative stress-induced DNA
damage (Miyake et al., 2004); lung fibroblasts from cigarette smoke oxi-
dants (Carnevali et al., 2006); and human retinal cells from free-radical
damage (Kim et al., 2007a) or in vitro ischemia (Kim et al., 2007b). Taken
together these data clearly indicate the sensitivity of CLU gene promoter to
alterations in the cell oxidative load and the cytoprotective role of sCLU in
oxidative injury.
As it is shown in Fig. 1, oxidative stress in normal human cells can trigger a

wide range of responses including proliferation, reversible growth arrest,
senescence, or cellular death. Interestingly, CLU has been implicated in all
these cellular states and processes.
More specifically, in certain cellular contexts sCLU or nCLU transgene-

mediated overexpression has been reported to induce growth retardation at
the G2/M checkpoint, reduce DNA synthesis, and augment the cytostatic
effect of genotoxic stress (Bettuzzi et al., 2002; Scaltriti et al., 2004b;
Thomas-Tikhonenko et al., 2004; Trougakos et al., 2005) while
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extracellular CLU blocked cellular proliferation in prostate cancer cells
(Zhou et al., 2002). However, although high CLU levels may reduce the
cycling potential of human cells for a short period of time, these cells
eventually adapt to high CLU levels and continue cycling (Bettuzzi et al.,
2002; Trougakos et al., 2005). Interestingly, exogenous sCLU promoted
growth in astrocytes by activating epidermal growth factor receptor and
through the Ras/Raf-1/MEK/ERK signaling cascade (Shim et al., 2009).
sCLU is a faithful biomarker of cellular senescence as it is upregulated
during RS (Petropoulou et al., 2001) or during SIPS induction by UVB
(Debacq-Chainiaux et al., 2005), subcytotoxic doses of H2O2 (Dumont
et al., 2000; Frippiat et al., 2001), proteotoxic stress (Balantinou et al.,
2009), or cell exposure to heavy metals (Katsiki et al., 2004).
nCLU has been mostly correlated to a pro-death function that in certain

cell types is mediated via nuclear localization and Ku70 binding after cell
exposure to IR (Leskov et al., 2003; Yang et al., 2000) or due to its ability to
dismantle the actin cytoskeleton (Moretti et al., 2007) (see also chapter
“Nuclear CLU (nCLU) and the Fate of the Cell”). On the other hand,
there is some controversy about sCLU role during cell death execution
mainly due to opposing reported functions (Trougakos and Gonos, 2002).
More specifically, in certain cellular contexts sCLU may enhance apoptosis
after cell exposure to stress- or apoptosis-inducing agents (e.g., photody-
namic therapy, chemotherapy, and oxidants) (Chen et al., 2004; Kalka et al.,
2000; Scaltriti et al., 2004b; Trougakos et al., 2005) and high amounts of
CLU may become cytotoxic when accumulated intracellularly (Debure
et al., 2003; Trougakos et al., 2005). In HeLa cells growing under constraint
conditions, CLU inhibits the phosphatidylinositol-30-kinase–Akt pathway
through attenuation of insulin-like growth factor 1 (Jo et al., 2008). Also,
in CLU knockout (CLU�/�) mice it was found that CLU may exacerbate
neuronal damage in hypoxia-ischemia (Han et al., 2001). Contrary to these
findings, which may relate to cell overload with high amounts of sCLU, in
the majority of reported studies transgene-mediated sCLU overexpression
potently protected mammalian cells from a variety of apoptosis-inducing
agents including various types of radiation, chemotherapeutic drugs, and
histone deacetylase inhibitors (Criswell et al., 2005; Hoeller et al., 2005; Liu
et al., 2009; Miyake et al., 2000b; Trougakos et al., 2004, 2005; Xie et al.,
2005; Zellweger et al., 2003; Zhang et al., 2005). sCLU function during cell
exposure to genuine oxidants was also cytoprotective. Finally, in a series of
studies in CLU�/� mice, CLU was found to confer protection from autoim-
mune myocardial damage (McLaughlin et al., 2000), permanent focal cere-
bral ischemia (Wehrli et al., 2001), heat-shock-mediated apoptosis in the
testis (Bailey et al., 2002), and progressive age-related glomerulopathy
(Rosenberg et al., 2002). In support to the mainstream notion that favors
a prosurvival role for sCLU (see also chapter “Cell Protective Functions of
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Secretory CLU (sCLU)”), specific inhibition of its biosynthesis by either
antisense oligonucleotides (ASOs) or small-interfering RNA (siRNA)
resulted in significant cell sensitization to apoptosis induced by oxidative
stress (Viard et al., 1999), chemotherapeutic drugs (Hoeller et al., 2005;
Miyake et al., 2000a; Trougakos et al., 2004), IR (Criswell et al., 2005), or
TRAIL (Sallman et al., 2007). Finally, it was recently found in prostate
cancer cells that sCLU promoted survival by activating the prosurvival
phosphatidylinositol-3-kinase/Akt pathway (Ammar and Closset, 2008).
Interestingly, an increasing number of reports indicate that even in the

absence of external stress effective sCLUknockdown reduces cell proliferation
and increases the rates of endogenous spontaneous apoptosis in several normal
or cancer mammalian cell types (Kang et al., 2000;Moulson andMillis, 1999;
Schlabach et al., 2008; Sensibar et al., 1995; Trougakos et al., 2004, 2009b;
Zwain and Amato, 2000). These findings open new paths in sCLU research as
they clearly demonstrate the fundamental role of sCLU in suppressing endoge-
nous cellular apoptotic signals and in the maintenance of cell homeostasis.
Recent efforts have provided some mechanistic models and shed light to

sCLU implication in the regulation of the apoptotic machinery. More specifi-
cally, it was shown that CLU inhibits apoptosis by specifically interacting with
conformation-altered activated Bax in the mitochondria (Zhang et al., 2005).
This study was corroborated by the recent finding that sCLU binds and
thereby stabilizes the Ku70–Bax protein complex serving as a cytosol reten-
tion factor for Bax (Trougakos et al., 2009b). These facts along with sCLU
localization, both extracellularly and in various intracellular compartments,
indicate that apart from its induction by oxidants in order to chaperone
damaged proteins and reduce cell damage sCLU may also exert its chaperone
function (intracellularly or extracellularly) even in the absence of stress having
a vital housekeeping role in the maintenance of cellular proteome stability.
This assumption is in line with previous reports as, apart from Ku70 and Bax
binding in normally growing cells (Trougakos et al., 2009b; Zhang et al.,
2005), sCLU also binds the TGF-� type I/II receptors (Reddy et al., 1996),
the cytosolic microtubule-destabilizing stathmin family protein SCLIP
(Kang et al., 2005) and phosphorylated I�B� (Devauchelle et al., 2006).
B. Implication of Clusterin in States of
Increased Organismal Oxidative Stress
During in vivo ageing, CLU expression levels were higher in the ventral
and lateral prostate lobes of aged as compared to young rats (Lam et al.,
2008; Lau et al., 2003; Omwancha et al., 2009). Moreover, aging in rats
impaired the serum lipid profile and increased lipid peroxidation, PON1
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activities, and the content of both PON1 and sCLU in HDL which suggests
an HDL subfraction redistribution to protect low-density lipoproteins more
effectively from oxidation (Thomàs-Moyà et al., 2006). In humans, sCLU
was upregulated from gestation to adults (Wong et al., 1994) and accumu-
lated in the serum of elder subjects (Trougakos et al., 2002b). Also it was
found to be induced during ageing of the pituitary gland (Ishikawa et al.,
2006), glial cells (Patel et al., 2004), lymphocytes (Trougakos et al., 2006b),
and adenohypophysis (Doğan Ekici et al., 2008). Considering that ageing is
among the main risk factors for many pathologies including vascular
diseases, neurodegeneration, chronic inflammation, and cancer it is not
surprising that CLU has been implicated in all these pathological conditions.
During vascular damage, sCLU was found to accumulate in the human

serum of diabetes type II patients or during myocardial infraction
(Trougakos et al., 2002b). Also, sCLU accumulated in the artery wall during
atherosclerosis where it was proposed to protect against the oxidative stress
associated with the development of the disease (Mackness et al., 1997).
sCLU prevented fetal cardiac myoblast apoptosis induced by ethanol (Li
et al., 2007) and protected cardiomyocytes against ischemic cell death via a
complement-independent pathway (Krijnen et al., 2005). It was recently
proposed that during atherogenesis the protective role of CLU may be
exerted by binding to enzymatically modified low-density lipoprotein to
reduce fatty acid-mediated cytotoxicity (Schwarz et al., 2008).
Normal adult brain is a major site of CLU mRNA synthesis in several

mammalian species and a significant increase in either mRNA or CLU
protein expression has been observed during neurodegenerative conditions
as well as during injury or chronic inflammation of the brain (Calero et al.,
2005). sCLU was found to associate with aggregated amyloid beta-peptide
in senile and diffuse plaques of AD (Kida et al., 1995), while in cortex and
hippocampus extracts CLU concentration was about 40% higher in AD
than in control individuals (Oda et al., 1994). The role of CLU during
neurodegeneration appeared controversial. Specifically, sCLU preincubation
with A� before adding the mixture to PC12 cells enhanced the oxidation
properties of A� and promoted its cytotoxicity (Oda et al., 1995). On the
other hand, sCLU was shown to prevent in vitro the A� peptide aggregation,
polymerization, amyloid fibril formation, and neurotoxicity (Boggs et al.,
1996; Matsubara, et al., 1996) as well as the spontaneous aggregation of a
synthetic peptide homologous to human prion protein (McHattie and
Edington, 1999). These discrepancies may be partially explained by the
recent observation that the proamyloidogenic effects of CLU relate to the
CLU:client protein ratio as when the substrate protein is present at a very
large molar excess CLU coincorporates with it into insoluble aggregates,
whereas when CLU is present in higher levels it potently inhibits amyloid
formation and provides substantial cytoprotection (Yerbury et al., 2007)
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(see also chapter “The Chaperone Action of CLU and Its Putative Role in
Quality Control of Extracellular Protein Folding”). Studies at in vivomodels
of PDAPP (homozygous for the APPV717F transgene)/CLU�/� mice showed
a similar degree of A� deposition as compared with PDAPP/CLUþ/þ

animals. However, the deposits were largely thioflavin negative in PDAPP/
CLU�/� mice indicating that fewer amyloid deposits were formed
(DeMattos et al., 2002). Thus, according to this report, similarly to what
previously proposed for Apolipoprotein E (Bales et al., 1997), sCLU
enhances A� toxicity by facilitating the conversion of soluble A� into
amyloids. Intriguingly, it seems that Apolipoprotein E and CLU act cooper-
atively in the suppression of A� deposition as the double knockout PDAPP/
ApoE�/�/CLU�/� mice had an earlier onset and a significant increase in A�
and amyloid deposition (DeMattos et al., 2004).
Chronic inflammation results in increased oxidative stress and it thus

represent an appropriate model to test CLU responsiveness to oxidant
injury (see also chapter “CLU, Chronic Inflammation and Autoimmunity”).
It was found that CLU expression levels correlated positively with the dura-
tion of juvenile dermatomyositis, a disease that introduces chronic inflamma-
tion in muscle (Chen et al., 2008b), as well as that endotoxin, TNF-�, and
IL-1 increased hepatic mRNA and serum protein levels of sCLU in Syrian
hamsters (Hardardóttir et al., 1994). Also CLU was upregulated
following Venezuelan equine encephalitis virus infection (Sharma et al.,
2008) and found to exert a cytoprotective function in lung during leuko-
cyte-induced injury (Heller et al., 2003); in inflammatory exocrine pancreas
(Savković et al., 2007) and in glomerulonephritis (Rastaldi et al., 2006).
Finally, sCLU was induced during ventricular heart tissue damage but not
in the hypertrophic tissue (Swertfeger et al., 1996) while in acute sepsis
and septic shock sCLU concentration in plasma was higher in septic
patients as compared to controls (Kalenka, 2006). The cytoprotective role
of sCLU is evident if we consider the observation that sCLU was
highly upregulated in the serum of patients that survived sepsis
and septic shock (�26.5- or 15-fold as compared to controls) whereas in
nonsurvived patients sCLU upregulation was lower (5.9- to 3.1-fold)
(Kalenka et al., 2006).
In support to its proposed anti-inflammatory function, sCLU suppressed

the pro-death activity of the inflammatory cytokine TNF-� in prostate
cancer or mouse fibroblastic cells (Humphreys et al., 1997; Sensibar et al.,
1995; Sintich et al., 1999). Interestingly, in breast cancer cells treatment
with TNF-� altered the biogenesis of endogenous CLU during apoptosis
resulting in the appearance of a �50 kDa uncleaved, nonglycosylated,
disulfide-linked protein isoform of CLU that accumulates in the nucleus
(O’Sullivan et al., 2003).



Clusterin, a Novel Biosensor of Oxidative Stress 187
In certain experimental models basal CLU gene expression or induction
following cell exposure to stress depended on NF-�B activity (Li et al., 2002;
Saura et al., 2003) (see also chapter “Regulation of CLU Gene Expression
byOncogenes, EpigeneticRegulation, and theRole ofCLU inTumorigenesis”).
On the other hand, CLU itself mostly exerts a negative effect on NF-�B
pathway activity indicating the existence of a negative feedback loop.
Specifically, during proteinuria CLU inhibited NF-�B-dependent Bcl-XL

expression by stabilizating IkappaBalpha (Takase et al., 2008). Similarly,
in human neuroblastoma cells and murine embryonic fibroblasts CLU
inhibited NF-�B by stabilizing IkappaBs (Santilli et al., 2003), while in a
model of mouse pancreatitis CLU reduced NF-�B activation and
downstream expression of the NF-�B target genes TNF-� and MOB-1
(Savković et al., 2007). In human synoviocytes CLU was found to
suppress NF-�B-regulated cytokine production; it inhibited TNF-�-
mediated NF-�B activation and interacted with phosphorylated I�B sup-
pressing NF-�B nuclear translocation (Devauchelle et al., 2006) (see also
chapter “CLU, Chronic Inflammation and Autoimmunity”).
Finally, CLU has been functionally implicated in all aspects of tumorigen-

esis including tumor formation and progression, metastasis, and chemore-
sistance acquisition (Shannan et al., 2006; Trougakos and Gonos, 2002) (see
also chapters “CLU and Prostate Cancer,” “CLU and Breast Cancer,” “CLU
and Colon Cancer,” and “CLU and Lung Cancer,” this volume; and “Regu-
lation of CLU Gene Expression by Oncogenes, Epigenetic Regulation, and
the Role of CLU in Tumorigenesis,” Vol. 105). Changes in CLU (mostly
sCLU) expression have been documented in a broad variety of different
human malignancies. According to studies in esophageal squamous cell
carcinoma (Zhang et al., 2003) and in low- and high-grade human prostate
cancer (Scaltriti et al., 2004a), tumor progression and malignancy correlate
to decreased expression of CLU. Also high CLU expression levels were
found to positively correlate with better survival in stage III serous ovarian
adenocarcinomas (Partheen et al., 2008) and cytoplasmic CLU expression is
associated with longer survival in patients with non small cell lung cancer
(Albert et al., 2007). In other reported cases, however, CLU mRNA and
protein upregulation was closely associated with disease progression.
Specifically, higher CLU levels were detected in kidney (Parczyk et al.,
1994) and prostate carcinomas (Steinberg et al., 1997), in anaplastic large-
cell lymphomas (Wellmann et al., 2000), in ovarian cancer (Hough et al.,
2001), in human hepatocellular carcinoma (Kang et al., 2004), in primary
melanoma andmelanomametastases (Hoeller et al., 2005), in leukemic non-
Hodgkin’s lymphomas (Chow et al., 2006), in endometrioid and cervical
carcinoma (Abdul-Rahman et al., 2007; Ahn et al., 2008), in pancreatic
endocrine tumors (Mourra et al., 2007), and during seminal vesicle carcino-
genesis progression (Ouyang et al., 2001). sCLU has been characterized as a
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sensitive biomarker of murine and human intestinal tumors (Chen et al.,
2003), anaplastic large-cell lymphomas (Saffer et al., 2002), colon (Chen
et al., 2008a; Pucci et al., 2004, 2009) and breast carcinomas (Redondo
et al., 2002). Moreover, high CLU expression correlated to the aggressive-
ness of breast carcinomas (Redondo et al., 2002) and with a poor outcome in
stage II colorectal cancers (Kevans et al., 2009). In human lung adenocarci-
noma cell lines CLU positively regulated EMT and aggressive behavior
through modulating ERK signaling and Slug expression (Chou et al.,
2009). In support, sCLU has been found to be a potentially new prognostic
and predictive marker for tumor metastasis in hepatocellular (Lau et al.,
2006) and colon carcinomas (Pucci et al., 2004, 2009). Protemic analysis in
colorectal cancer patients revealed the presence of several CLU isoforms that
were distinct in their isoelectric point and glycozylation pattern; some of
these were induced in tumor samples and thus could have a potential value
as colorectal tumor markers (Rodrı́guez-Piñeiro et al., 2006). Finally, sCLU
appeared to be associated with resistance to chemotherapy treatments
in vivo (Zellweger et al., 2003) and it is significantly overexpressed in
multidrug resistant osteosarcoma cell lines (Lourda et al., 2007) and in
docetaxel-resistant prostate tumor cells (Patterson et al., 2006) (see also
chapter “CLU and Chemoresistance,” Vol. 105). CLU was also found to
interact with Paclitaxel and conferred Paclitaxel resistance in ovarian cancer
(Park et al., 2008). A direct proof of CLU involvement in tumor cells
resistance to chemotherapy relates to the fact that direct inhibition of CLU
biosynthesis by siRNA (Lourda et al., 2007) or indirect by resveratrol
(Patterson et al., 2006; Sallman et al., 2007) resensitized the drug-resistant
cancer cells to the chemotherapeutic drugs used.
Intriguingly, although sCLU overexpression in Myc-transduced colono-

cytes decreased cell accumulation (Thomas Tikhonenko et al., 2004), it
promoted c-Myc-mediated transformation in Rat-1 cells in vitro and
tumor progression in vivo into nude mice (Zhang et al., 2005). In a recent
study where the role of CLU during tumor development was investigated in
mouse models of neuroblastoma, development of the disease and metastasis
showed a negative correlation with CLU expression levels suggesting that, in
this particular type of cancer, CLU is a tumor and metastasis suppressor gene
(Chayka et al., 2009). However, the picture gets more complicated if we also
consider another recent study showing that loss of Nkx3.1, a transcriptional
regulator and tumor suppressor gene in prostate cancer that is downregu-
lated during early stages of prostate tumorigenesis, resulted in CLU aberrant
overexpression in Nkx3.1-driven tumor initiation (Song et al., 2009). This
finding was investigated in independent loss-of-PTEN and c-myc overex-
pression prostate adenocarcinoma mouse models where Nkx3.1 loss is an
early event or late event, respectively. CLU was found to be highly expressed
in prostatic hyperplasia and intraepithelial neoplasia lesions that also lack
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Nkx3.1 in the PTEN-deficient prostate, but not in similar lesions in the
c-myc transgenic model. Meta-analysis of multiple prostate cancer gene
expression data sets, including those from loss-of-Nkx3.1, loss-of-PTEN,
c-myc overexpression, and constitutively active AKT prostate cancer mod-
els, further confirmed that genes associated with the loss-of-Nkx3.1 signa-
ture (like CLU) integrate with PTEN–AKT signaling pathways, but do not
overlap with molecular changes associated with the c-myc signaling path-
way. In human prostate tissue samples, loss of NKX3.1 expression and CLU
overexpression are colocalized at sites of prostatic inflammatory atrophy, a
possible very early stage of human prostate tumorigenesis (Song et al.,
2009). Thus, in this model CLU seems to actively participate in the early
phases of prostate cancer. Overall, the link between CLU expression and
cancer progression seems to be complicated and may depend on the type of
cancer, the oncogenic pathways activated, the endogenous CLU expression
levels in the cell or animal model used, and on the tissue or cell-type studied.
C. What Can We Learn from the
Functional Similarities Between Clusterin and
Its Distal Homologues, the Small-Heat Shock Proteins?
HSPs induction upon exposure to environmental insults constitutes one of
the most evolutionarily conserved stress responses known to the living
world. Molecular chaperones are a large family of ubiquitous proteins that
appeared early in evolution to form a defensive system in cells by sequester-
ing damaged proteins and preventing their aggregation (Soti et al., 2005; Sun
andMcRae, 2005). HSPs comprise a group of related proteins classified into
six major families according to their molecular weight (Martindale and
Holbrook, 2002); from these, as mentioned, sCLU shares functional simila-
rities with sHSPs (Carver et al., 2003). Only few members of the sHSPs
family [e.g., the mammalian HSP27 (HSPB1) and aB-crystallin (HSPB5)
proteins] display the features of a genuine HSP and are induced in response
to stress (Arrigo et al., 2007).
As already described for CLU, the induction of HSPs in response to stress

is largely mediated through transcriptional activation via HSF1 (Pirkkala
et al., 2001). The common activating signal is likely to be oxidative stress
and the consequent oxidative damage to proteins that alters their folding or
introduce oxidative-inflammation conditions (Arrigo et al., 2007). In most
mammals, sHSPs are constitutively expressed in tissues with high rates of
oxidative metabolism, including, the heart, type I and type IIa skeletal
muscle fibers, brain, and oxidative regions of the kidney (Arrigo, 2001).
The similar expression pattern of CLU in these tissues offers an additional
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line of defense in the organism to combat oxidative stress. However, the
accumulation of a series of different regulatory elements in the CLU
gene promoter makes CLU gene more sensitive than sHSPs in the various
environmental insults.
sHSPs are molecular chaperones and function to protect proteome against

denaturation or oxidative inactivation (Arrigo, 2001; Jolly and Morimoto,
2000). As in the case of CLU, insults that may activate sHSPs include either
direct oxidative damage (e.g., exposure to hydrogen peroxide or hypoxia
reperfusion injury) or a variety of other stresses in which generation of
oxygen-free radicals is indirect (e.g., chemotherapeutic drugs, heat stress,
cytokines, etc.) (Graf and Jakob, 2002; Martindale and Holbrook, 2002).
Elevated sHSPs expression improves cell survival by reducing the oxidative
damage to DNA, proteins, and lipids (Park et al., 1998; Su et al., 1999;
Yamamoto et al., 2000) and by decreasing the intracellular levels of free
radicals and their derivatives as they modulate metabolism of glutathione to
maintain it in a reduced state (Baek et al., 2000; Preville et al., 1999).
Reportedly, sHSPs preserve proteasome function (Ding and Keller, 2001),
involve in cytoskeleton stabilization (Singh et al., 2007), and suppress
apoptotic signaling pathways downstream of mitochondria at the level of
cytochrome c and apoptosome (Bruey et al., 2000; Paul et al., 2002). Also
sHSPs interact with caspases (Kamradt et al., 2001) and suppress Bax, Bcl-
XS, and p53 polypeptides translocation to the mitochondria (Liu et al.,
2007; Mao et al., 2004). As has been reported for sCLU, sHSPs overexpres-
sion have been shown to enhance survival of cells and prevent apoptosis
during a wide variety of stress conditions (Creagh et al., 2000; Jolly and
Morimoto, 2000). Apart from being expressed in stressed cells, some sHSPs
show a basal level of constitutive expression and act as in-house chaperone
toward several fundamental cellular processes, such as cytoskeletal architec-
ture, mutations masking, protein intracellular transport, intracellular redox
homeostasis, and translation regulation (Arrigo et al., 2007). The fact that
sCLU shows a constitutive pattern of expression in many cell types indicates
a similar profile of housekeeping functions as was recently proposed
(Trougakos et al., 2009b).
Additional functional similarities between sCLU and sHSPs relate to their

reported implication in various pathological conditions including in vitro
senescence and ageing (Soti and Csermely, 2003), carcinogenesis, metastasis,
and drug resistance (Aldrian et al., 2002; Aoyama et al., 1993; Chelouche-
Lev et al., 2004; Elpek et al., 2003; Ungar et al., 1994). Also, sHSPs have
been functionally implicated in heart attack and stroke (Hollander et al.,
2004; Ray et al., 2001) where HSP27 transgenic mice are strongly protected
against myocardial infarction and cerebral ischemia (Efthymiou et al.,
2004); in neurodegenation (Renkawek et al., 1994; Shinohara et al., 1993;
Yoo et al., 2001); as well as in inflammatory diseases (Alford et al., 2007).
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Nonetheless, similarly to sCLU, sHSPs role in these diseases is dual as they
may either exacerbate toxicity or function cytoprotectively (Calderwood
and Ciocca, 2008).
A supposed main difference between sCLU and sHSPs seemed to be their

differential localization. sHSPs are intracellular chaperones localized mainly
in the cytosol and nucleus (Arrigo, 2007), whereas sCLU because of the ER-
targeting hydrophobic signal peptide were expected to reside in the mem-
branous compartments of the cell (e.g., ER, Golgi, secretory vesicles, and
probably plasma membrane) as well as in the extracellular milieu (Calero
et al., 2005; Shannan et al., 2006; Trougakos and Gonos, 2002). Most
intriguingly, however, recent reports indicate that either under stress or
even at normal conditions sCLU can escape, by a currently unknown mech-
anism, the membranous network of the cell and localize in the nucleus,
cytosol, or mitochondria (Caccamo et al., 2006; Kang et al., 2005;
O’Sullivan et al., 2003; Trougakos et al., 2009b; Zhang et al., 2005).
Although further studies are needed to verify these findings, they raise the
possibility that sCLU may represent the only chaperone that confers
proteome stability both extra- and intracellularly.
VI. CONCLUDING REMARKS—PERSPECTIVES
From a first sight the function of CLU seems elusive the main cause being
the opposing functions proposed in an array of various cell types and tissues.
CLU seems to be an “all in one” super protein as its full-length version has
signal peptides for both secretion and nuclear localization; it can bind a wide
range of totally unrelated molecules and carries a wide array of different
posttranslational modifications. On top of this, CLU gene promoter con-
tains a collection of many distinct regulatory elements that have the poten-
tial to respond to even minute environmental changes or alterations in
cellular homeostasis. Besides these unique properties, our protein homology
searching in the existing databases revealed the existence of CLU-like pro-
tein sequences only in vertebrates. Also, a comparison of the CLU gene
promoter DNA or the conventional full-length sCLU protein sequences
among mammalian species showed a very high degree of conservation.
These facts, along with the wide tissue distribution of CLU (Aronow et al.,
1993), its implication in normal processes like development and differentia-
tion (Garden et al., 1991; Itahana et al., 2007; O’Bryan et al., 1993;
Trougakos et al., 2006a) and the absence of functional CLU gene poly-
morphisms in humans (Trougakos et al., 2006b; Tycko et al., 1996) clearly
indicate that the protein has evolved in vertebrates to accomplish a function
of fundamental biological importance.
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After a period of debate the emerging consensus is that sCLU is mainly
prosurvival, through its chaperone activity, whereas nCLU, when expressed,
promotes cell death. Regarding sCLU, the idea that it cannot be
“harmful per se” for the cells is mostly apparent by the facts that as
mentioned it has a ubiquitous constitutive expression in most adult human
tissues and it associates with cells surviving apoptosis during development
and differentiation. The future discovery of more protein isoforms (e.g.,
those supposed to be primates specific; see also chapter “Regulation of
CLU Gene Expression by Oncogenes, Epigenetic Regulation, and the Role
of CLU in Tumorigenesis,” Vol. 105) may add some complexity to that
picture but we foresee that it will not dramatically alter our current ideas
about CLU protein(s) sequence-derived function because all these isoforms
are expected to differ in less than 10% of their N-terminus sequence. This
difference although may impact on the localization pattern of the produced
polypeptide(s) should not significantly affect the primary functional
properties of the produced protein.
It is anticipated that the property of sCLU to chaperone unfolded damaged

proteins most probably denotes its primary function. Based on the up to date
observations and the CLU gene structure it is reasonable to argue that CLU
is a sensitive biosensor of environmental insults and more particularly
oxidative stress that is the driving force of most, if not all, age-related
diseases (including cancer) where CLU has been functionally implicated. In
these pathological conditions, the main mission of CLU would be to cease
the deleterious effects of oxidative stress. If this hypothesis is true, then CLU
gene expression and protein upregulation during ageing should reflect the
general “oxidative status” of the subject rather than its chronological age.
Indeed, although CLU gene expression levels in lymphocyte samples are
higher in old donors as compared to their young counterparts, in similar
samples from centenarians [a model of successful ageing characterized by
low ROS load (Franceschi and Bonafe, 2003)], CLU gene expression levels
were significantly lower than those found in the old donors (Trougakos
et al., 2006b).
On the basis of its chaperone activity and the supposed “beneficial” role of

sCLU at the cellular level it is anticipated that there would be a selective
(Darwinian) pressure for higher sCLU expression levels in both normal and
pathological cells. However, the outcome at the organismal level may vary
dramatically when we consider the added layers of complexity and the fact
that what is “beneficial” at the cellular level may eventually become suicidal
for the host; this argument mostly applies for cancer cells. Thus, sCLU
implication in biological systems should be considered in a holistic view
rather than focusing in a particular cellular state or disease (Fig. 2).
sCLU is neither a typical oncogene nor a typical tumor suppressor as

according to current knowledge it cannot be classified as a classical
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initiator or effector of cell cycle or death regulation (Trougakos et al.,
2009a). Its role seems to be more complicated as in early stages of cancer
sCLU may indirectly act as a tumor suppressor due to its ability to suppress
the accumulation of damaged proteins. However, during the initiation of
neoplasia or at established tumors sCLU function may become oncogenic
because of its ability to counteract apoptosis, either indirectly by actively
involved in damage repair (Carver et al., 2003) or directly by interfering
with Bax pro-death activity (Trougakos et al., 2009b; Zhang et al., 2005),
allowing thus cancer cells to acquire one of the main cancer hallmarks,
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namely resistance to apoptosis. Experimental evidence to support the “two-
faced” character of CLU during tumorigenesis come from the observation
that sCLU might act in a biphasic fashion during skin carcinogenesis as a
tumor attenuator in early carcinogenesis and as an enhancer of the malig-
nant phenotype in late carcinogenesis (Thomas-Tikhonenko et al., 2004).
Even in those cases where at the early phases of carcinogenesis the tumor
microenvironment (e.g., aberrant oncogene activation) suppresses sCLU
expression (Lund et al., 2006) the selective pressure for CLU gene
reactivation as the tumor evolves may eventually bypass the suppressing
mechanisms allowing cells to reexpress sCLU. This theoretical model may
explain recent reports showing that few nests of cancer cells, in an other-
wise sCLU negative tumor, express high levels of the protein (Scaltriti et al.,
2004a) most probably due to de novo synthesis (Andersen et al., 2007). It
would be critical to address the question whether these tumor cells have a
more aggressive phenotype as compared to the surrounding tissue.
Apparently, the outcome of CLU contribution to tumor initiation and
progression may also be affected by several other parameters including
the cell type or tissue characteristics (i.e., the genetic background), the
CLU endogenous expression levels and isoforms(s) implicated, the onco-
genic stimuli and pathways activated, the tumor microenvironment and
finally, the site of action.
In conclusion, the observations discussed herein, suggest that sCLU could

be a valuable prognostic biomarker of increased organismal stress and
disease progression. Also, sCLU, or other CLU protein isoforms, represent
promising targets for the development of future therapeutic strategies
against pathologies as diverse as cancers, inflammation, neurodegenerative
diseases, or cataracts. Nevertheless, although it is anticipated that sCLU
activation would be beneficial for the organism if we consider pathologies
like atherosclerosis, degenerative diseases, or inflammation, the decision
whether sCLU should be activated or inhibited in a certain tumor should
take several parameters into consideration.
For instance, inhibition of NF-�B activation is now widely recognized as a

valid drug-target strategy to combat inflammatory disease or cancer
(Sarkar et al., 2008). As CLU seems to be an NF-�B inhibitor its activation
may has certain theoretical advantages in cancer therapy. sCLU activation
may also provide therapeutic benefits in those tumors where sCLU exerts a
tumor suppressing action (Chayka et al., 2009). In addition, nCLU
activation by natural compounds used either solely or in combination with
chemotherapeutic drugs, may represent another therapeutic endeavor.
The alternative option of sCLU gene expression inhibition in tumor cells

is currently exploited by OGX-011, a 20-methoxyethyl-modified phosphor-
othioate ASO that is complementary to CLU mRNA (Chi et al., 2008;
Miyake et al., 2000c). OGX-011 is in clinical trials for several types of
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cancer. Phase I trials showed that OGX-011 is well tolerated in patients,
reduces CLU expression in prostate cancer, and enhances the apoptotic
responses (Chi et al., 2005). According to a recent announcement of the
final results from phase II clinical trials in patients receiving chemotherapy
treatment for castrate-resistant prostate cancer (http://www.oncogenex.
com/) treatment with an OGX-011/docetaxel combination was indepen-
dently associated with improved overall patient survival in a preplanned
multivariate analysis. Work in progress aims to finalize plans for two, phase
III studies.
These latest exciting findings urge prompt investigation of various topics

in CLU biology including: (a) its role in mitochondria and the additional
activities (besides its chaperone function) needed to fight against apoptotic
cell death; (b) its implication in the regulation of cell signaling pathways; (c)
the molecular regulation, function, and localization of the various CLU
protein isoforms in distinct cell types and tissues; (d) the isolation of novel
extra- or intracellular binding partners; (e) its oxidation status during ageing
or at the various age-related diseases and finally; (f) the detailed mapping
and responsiveness to oxidative stress of the promoter(s) that regulate the
various CLU isoforms. Last, but not least, the development of novel CLU
overexpressing animal models along with the elucidation of CLU’s crystal
structure will provide precious information in our attempts to understand
the function of this fascinating protein.
In any case, we should always bear in mind that in view of the integrative

nature of living systems, the phenotypic outcome of stress-induced,
homeostasis assuring proteins (like sCLU) in multifactorial diseases like
cancer may be affected by several parameters resulting to either an
antioncogenic or to a prooncogenic effect.
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