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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).
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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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scription factors complexes it is very sensitive to oxidative stress. CLU gene can also be
regulated by the huge repertoire of molecules (e.g., cytokines, growth factors, etc.) produced

as signaling (by)-products of oxidative stress and/or the accompanying inflammation. sCLU

mostly suppress the toxic effects of oxidation ("), although it cannot be excluded that in certain
cellular contexts, it may have a protoxic effect ("). sCLU itself may also be subject to oxidative

stress-induced modifications that may affect its function. (B) It is anticipated that at the cellular

level sCLU mostly functions cytoprotectively. However, at the organismal level this property

may suppress or promote tumor formation depending on various parameters such as the cell
type or tissue characteristics; the endogenous levels of expression and isoforms (e.g., sCLU,

nCLU) involved; the oncogenic pathways activated and the tissue microenvironment. FR,

free radicals.
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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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