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HEAT SHOCK PROTEINS MAY HAVE A DIRECT
EFFECT ON CELLULAR SENESCENCE AND MAY
LEAD TO NEOPLASTIC TRANSFORMATION

Valentina Di Felice", Claudia Campanella, Antonella Marino

Gammazza, Francesco Cappello and Giovanni Zummo
Human Anatomy Section, Department of Experimental Medicine, University of Palermo,
Via del vespro 129, 90127 Palermo, Italy.

ABSTRACT

Heat Shock Proteins (HSPs), known also as chaperones, protect cells against
different forms of stress, such as hypoxia, ischemia and hyperoxia. Many cellular roles
regarding the four best-known HSPs, HSP27, 60, 70 and 90, different from protein
folding have been discovered. In the last few years, we have evaluated the presence and
expression of several HSPs in a variety of human carcinogenic models, ie. the
“dysplasia-carcinoma” sequences of uterine exocervix, colorectal mucosa, prostate gland,
bladder and bronchi. Moreover we have demonstrated that the HSP60 increases during
the initial stages of senescence and that it is localized in cellular compartments,
resembling mitochondria. Cellular senescence is considered an important mechanism to
irreversibly arrest the growth of cells at risk for tumorigenesis; mutations that disrupt the
senescence response in human may lead to increased cancer incidence.

Our results suggest a possible role of HSPs in the replicative senescence and in the
regulation of the cell cycle progression through the different stages of cell aging.
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INTRODUCTION

Chaperones are highly conserved proteins protecting cells against different forms of
stress, such as hypoxia, ischemia and hyperoxia [1]. They are essential in the maintenance of
protein homeostasis inside the cell and have an essential role in the folding of newly
synthesized or damaged proteins. This process, ATP-dependent or ATP-independent, drives
proteins through degradation or future refolding [2]. Recently, new roles have been
discovered and chaperones have been involved into intracellular signalling, protein
trafficking and apoptotic events [3]. They can modulate several mutations as well, making
them phenotypically silent [4].

In the last few years our research group has evaluated the expression of several HSPs in
some human carcinogenic models, revealing a correspondence between the increase in the
severity of dysplasia and the increase in HSPs expression levels. These data demonstrate that
HSP60 and HSP10 may be used as prognostic markers and suggest a role of these chaperones
in the maintenance of the cancerous state. In parallel we studied the expression of HSP60
during the passages of in vitro induced replicative senescence in normal human skin
fibroblasts. HSP60, known to be involved in the caspase-3 apoptotic pathway, seems to be
implicated also in the regulation of the cell cycle progression.

HEAT SHOCK PROTEINS

The cellular response to stress is represented, at the molecular level, by the induced
synthesis of the ubiquitous expressed HSPs, as an essential defence mechanism for the
protection of the cell from many harmful conditions such as heat shock, oxidative stress or
inflammation [5]. The prime experimentation on HSPs was performed on E.coli. The simple
structure of bacterial chaperones simplified the biochemical characterization of these proteins
and permitted the comprehension of the same in eukaryotic cells [6].

HSPs were first identified for their increase during heat shock or oxidative stress, but it
was then observed that their expression was also activated during the normal cellular growth.
In the cytoplasmic compartment they bind to hydrophobic residues of proteins which have
not reached their final conformational state, catalysing their folding [7]. They mediate protein
trafficking inside the cell, avoiding irregular aggregations and mismatched proteins
interactions. After mRNA translation, unfolded or incorrectly folded polypeptides may enter
the degradation (Ubiquitin — Proteasome System) or the folding process, reaching their native
state [2,8].

Chaperones have been subdivided into several groups on the basis of their molecular
mass. Some HSPs, such as HSP27, HSP70 and HSP90 seem to be involved into the
replicative senescence process [9], in cell cycle control, in cancer development and in DNA
damage repair processes [10].

HSP60 and HSP10 represent the folding apparatus of mitochondria, HSP10 being a co-
chaperone for HSP60 [11]. HSP60 forms a homo-oligomer of fourteen subunits, where seven
subunits form a ring. The result is a double ring structure surrounding a central cavity, which
can allocate 50 kDa proteins [12]. The preferred substrates of HSP60/HSP10 complex are
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unfolded proteins, whose folding is catalysed in an ATP-dependent manner, HSP10 acts as a
cap covering the central cavity, opening and closing the structure [11]. This little chaperone
coordinates the behaviour of each single HSP60 monomer and regulates the ATP hydrolysis
[12]. This hydrolysis has been well studied for the HSP60 and HSP10 bacterial homologues:
GROEL and GROES respectively [11]. Shortly after GROEL binding to one ATP molecule,
the folding protein interacts with the inner side of the central cavity by means of hydrophobic
residues and the ATP hydrolyses induces conformational changes after which GROES and
GROEL split and the folded protein is released in the mitochondrial stroma [13]. Exogenous
bacterial HSP60 has an effect on epithelial cell vitality [14], activates MAP kinases [14],
induces Tumor Necrosis Factor alpha (TNF-0) release in a dose dependent-manner [14] and,
during a prolonged inflammatory process, it may cause autoimmunity [15].

In §. cerevisiae HSP60 is a gene essential for cellular growth [16]. Each subunit has a C-
terminal fragment protruding inside the central cavity of the folding apparatus. This portion is
highly conserved among GROEL family members. Deletions inside this fragment lead to cell
growth defects. The importance of this C-terminal portion in yeast HSP60 comes from the
unique implication in mitochondrial DNA transmission from the mother to the daughter cell.
In fact, it seems to be involved in mitochondrial DNA replication for its interactions with ori
DNA, probably stabilizing protein binding to the promoter. Other particular roles of yeast
HSP60 are in nucleolus replication and mitochondrial DNA segregation [17]. DNA binding
capacity has not been proved for bacterial GROEL in E.coli [17].

In eukaryotic cells, HSP60 has been also involved in the apoptotic process. It has been
demonstrated by Samali A. et al [18,19] that HSP60 may associate to caspase-3 in an anti-
apoptotic manner and Shan Y.X. et al [20] have demonstrated that it may associate to Bak, *
inhibiting its apoptotic potential and cytochrome c release. Recently, we have suggested the
mvolvement of HSP60 in cell cycle progression and regulation during replicative senescence,
probably associating with a 47kDa protein [21], MOK [22,23]. This newly discovered MAP
kinase seems to be involved into signal transduction to the nucleus [23].

Considering the alternative roles of HSP60 stated above, this chaperone seems to have an
important role inside the cell. A defect in its functions, such as in its anti-apoptotic effect,
may favour tumour cell survival and cancer development.

HEAT SHOCK PROTEINS AND CANCER

It has become increasingly clear that disruption of chaperoning mechanisms contributes
to aging and disease. Different studies outlines the involvement of defective chaperones in
senescence and in several diseases [24]. The chaperonopathies are diseases associated with
mutations or post-transcriptional modifications that render g chaperone functionally
defective. The manifestations of a chaperonopathy depend on the domain or function that is
impaired or abolished. Acquired chaperonopathies are associated with post-translational
modifications of the chaperone and usually become clinically evident late in life [24].
Mechanisms of post-translational modifications of proteins are diverse. They include:
oxidation of amino acids, deamination and glycation. During senescence, these modifications
damage many proteins, including chaperones. As a result, functionally incompetent
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chaperones are unable to deal with an excessive demand for the repair of proteins. In the
chaperonopathies HSP levels are increased or decreased, or distributed abnormally in tissues
and cells. Examples of chaperonopathies that are associated with aging or disease are
neurodegenerative diseases, retinophaties, myophaties, cataracts etc. In these disorders, also
called protein misfolding diseases, the hallmark is the occurrence of molecules with a
tendency to misfold and to precipitate. These abnormal proteins are targeted to refolding, but
functionally incompetent chaperones are unable to deal with an excessive demand for the
repair of proteins and precipitate together with abnormal polypeptides [24].

A tumour can be considered a chaperonopathy, in fact, during carcinogenesis HSPs show
several alterations in their expression levels [25,26]. In some tumors the expression levels of
HSPs increase while in other they decrease [27,28]. The contribution of HSPs to
tumorigenesis may be attributed to their pleiotropic activities as molecular chaperones that
provide the cancer cell with a machinery able to alter protein activities, such as proteins
involved into the cell cycle, kinases and other proteins implicated in tumour progression.
Some examples of HSPs highly expressed during tumourigenesis are HSP27, HSP60, HSP70
and HSP90 (Figure 1). In a number of cancers such a breast cancer, endometrial cancer and
leukaemia, an increased HSP27 level has been detected [29]. Increased levels of HSP70 have
also been reported in high grade malignant tumors such as breast cancer and endometrial
cancer, osteosarcoma and renal tumors [29-31]. HSP90 and HSP60 are also overexpressed in
breast tumours, lung cancer, leukemias and Hodgkin’s disease [29,32,33]. The molecular
basis for overexpression of HSPs in tumours is not completely understood and may have
different aetiologies. For example it may be due to suboptimal cellular environment in the
poorly vascularised hypoxic tumour or due to the growth conditions within the solid tumour
[29].

Figure 1 — HSP60 expression in the dysplasia-carcinoma sequence of human uterine exocervix:
a) normal epithelium; b) dysplastic epithelium shows positivity in basal, parabasal and intermediate
layers; ¢) carcinoma shows a diffuse positivity in almost all tumoural cells.

HSP60 is one of the chaperones commonly overexpressed in a wide range of malignant
cells and tissues; even if its detection could be of limited use in diagnostic immunopathology,
its expression levels can help to indicate the presence of abnormal changes during the process
of carcinogenesis [34].

In recent studies, we focused our attention on the expression of HSP60 in several
carcinogenic models such as the adenoma-carcinoma sequence of colorectum and the
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dysplasia-carcinoma sequence of uterine cervix and prostate (Figure 1) [35,36]. Dysplasia is a
term that literally means disordered growth. It is encountered principally in epithelia, and it is
characterized by a constellation of changes that include a loss of the uniformity of the
individual cells as well as a loss in their architectural orientation. Dysplastic cells also exhibit
considerable pleomorphism and often contain hyperchromatic nuclei that are abnormally
large for the size of the cell. Mitotic figures are more abundant than usual, although almost
invariably they conform to normal patterns. Frequently the mitoses appear in abnormal
locations within the epithelium and the architecture of the tissue may be disordered. For
example, the usual progressive maturation of tall cells in the basal layer to flattened squames
on the surface may be lost and replaced by a scrambling of dark basal-appearing cells
throughout the epithelium. When dysplastic changes are marked and involve the entire
thickness of the epithelium, but the lesions remains confined to the normal tissue, it is
considered a preinvasive neoplasm and is referred to as carcinoma in situ. Once the tumor
cells move beyond the normal confines, the tumor is said to be invasive [37]. Using
Immunohistochemical and Western blotting analyses, we found that HSP60 expression
gradually increases from normal through dysplastic to neoplatic tissues, arguing that its
overexpression during carcinogenesis may be functionally correlated to tumour growth [38-
45]. Nevertheless, Lebret et al. [10] demonstrated that HSP60 expression disappears suddenly
during carcinogenesis, especially in bladder tumours. In accordance with these data, we also
demonstrated that HSP60 may also be down regulated during bronchial carcinogenesis [46].
In a series of bronchial biopsies-of smoking subjects, we showed that normal and hyperplatic
mucosae present HSP60 immunopositivity in most part of the epithelial cells. In patients with
Squamous metaplasia only a few epithelial elements showed the expression of HSP60, this
positivity totally disappeared in dysplastic and tumoural specimen [46].

Whether it is presently unrealistic to affirm that HISP60 overexpression is correlated to
cancer development and progression, its levels may be correlated to the expression of other
proteins or involved in the activation of cellular signals. The over or down-expression of
HSP60 can be used as a molecular marker of the clinical stage and of the patient prognosis in
the pre-lesions of a variety of tumours. For example HSP60 expression has also been
suggested as a good prognostic marker in human oesophageal squamous cell carcinoma
(ESCC) [47]. The literature reported thus far let us considers HSP60 as a carcinogenesis
marker, with a potential clinical significance. Although the exact molecular roles of HSP60
have not been defined yet, it is reasonable to think that its expression may serve as a
prognostic tool in clinics and histopathologic diagnosis [36]. These studies demonstrate that
HSP60 might significantly contribute to tumorigenesis, making it a good candidate target for
cancer therapy [48].

It has also been reported the overexpression of HSP10, the HSP60 co-chaperone, in
variety of tumours and pre-tumoural lesions, such as large bowel cancer exocervical cancer
[21], prostate cancer [21] and mantle-cell lymphoma [21,49]. As for HSP60, this
overexpression may serve as a marker in tumour grading and staging.
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REPLICATIVE SENESCENCE AND HEAT SHOCK PROTEINS

Many mammalian cells, such as epithelial and B pancreatic cells undergo a limited
number of cell divisions in vitro, before entering a quiescent state called replicative
senescence. In this state cells cannot be induced to divide again [50]. After a limited number
of divisions cells stop dividing, suggesting the presence of a biological clock that regulates
cell division. During this fine regulation process, some proteins accumulate inside the cell,
inducing blocking of the cell division [51]. In normal cultural conditions, after a period of
rapid growth, cell division rate decreases progressively until ceases. These cells do not
respond to external stimuli, but remain alive for a long period. They change their
morphology, loose their original shape and their cytoplasm become flatter. During replicative
senescence some modifications of the nucleus structure, gene expression and protein
modifications occur [52]. Loss of proliferative potential may be explained partially by the
response to growth factors such as Fibroblast Growth Factor (FGF), Epidermal Growth
Factor (EGF), Tumour Growth Factor (T'GF) and Platelet-Derived Growth Factor (PDGF)
[52]. Some studies on normal human fibroblasts have demonstrated that the binding of a
ligand to its receptor, the receptor density on the cell surface and the affinity of the ligand for
its receptor, do not change during the first passages of senescence, but later on [53]. A
characteristic of a senescent cell is an increase in the enzymatic activity of p — galactosidase;
this increase persists in aging tissues and this increment goes in parallel with cell doublings
(Senescence associated - galactosidase activity; SA-B-gal) [54].

Some features make it possible to distinguish between senescent cells and normal cells.
Senescent cells are resistant to apoptosis in a manner dependent from p53 and undergo
necrosis after DNA damage [55-57]. Senescence-induced resistance to apoptosis leads to an
increase in the number of senescence cells inside tissues, with consequences on aging, on
neoplastic transformation, on the weakness of tissue integrity and on general health [53].
Replicative senescence of T lymphocytes has been suggested to cause rheumatoid arthritis
[58], while in vascular cells may be considered responsible for atherosclerotic lesions [59].

Replicative senescence has been extensively studied by many authors but their molecular
bases are unknown as why they stop dividing. The progressive telomere-shortening has been
proposed as the most important mechanism underlying the senescent state. Telomeres are
repeated DNA sequences (TTAGGG in vertebrates) associated with specialized proteins that
form a cap over the chromosome ends and are essential for chromosome integrity. During the
cell cycle and DNA replication, 50-200 bp of the telomeric DNA are not replicated because
the telomerase is not able to replicate the entire chromosome and some sequences must be
sacrificed. The presence of telomeres makes it possible to maintain the entire coding
sequence, without altering chromosomes homeostasis [60]. Telomeres length in human
fibroblasts is an indicator of replicative history and of the cumulative history of oxidative
stress [61]. Telomere-shortening also causes T lymphocyte replicative senescence [62].
Recently it has been demonstrated that this phenomenon is not caused only by telomere
shortening but also changes in the capping state of chromosomes are needed [63,64].

Also other stimuli, that can have an impact on telomeres length, may induce growth
arrest and a senescent phenotype in normal cells. These stimuli can be oxidative stress,
chromatin remodelling and activation of oncogenes. For example, mitochondria are the first
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targets of oxidative stress, because the aerobic respiratory chain produces Reactive Oxygen
Species (ROS). An increase in ROS leads to an increment in the number of mitochondria as a
compensatory mechanism, with the consequent increase in the level of mitochondrial proteins
[65]. Replicative senescence in Normal Human Oral Keratinocytes (NHOK) is caused by
mitochondria alterations [66]. An increase in ROS species as a cause leading to replicative
senescence has also been demonstrated for human dermal fibroblasts. Moreover, fibroblasts
cultured in the presence of 1-3 % oxygen divide several times before becoming senescent
compared to fibroblasts cultured with 20% oxygen [65]. An increase in the level of ROS is
also induced by the oncogene ras, through the activation of the intracellular signal mediated
by MAP kinases [67]. Also Raf and Mek, downstream Ras, can block cell divisions [68].

All these stimuli can even contribute to cancer development. Replicative senescence, in
fact, represents a barrier to immortalization and uncontrolled proliferation, and can be used as
a tumour suppressive mechanism [69,70]. Recent studies demonstrated that tumour
progression can be blocked inducing senescence in cells with oncogene mutations, hence
committed to cancer both in human and in mice [71]. This correlation suggests that some
onco-suppressor proteins, such as p53 and pRb, may control also replicative senescence
establishment [70]. P53 is a transcription factor able to activate or suppress the transcription
of genes involved into cell cycle progression or apoptosis as a response to DNA damage. One
of the genes regulated positively by p53 during replicative senescence is the Cdk inhibitor
p21 [72]. This protein can bind to the Proliferating Cell Nuclear Antigen (PCNA), adjuvant
of the DNA polimerase 8. P21 may cause replicative senescence on its own [73]). Moreover,
p53 induces cytochrome c release and the activation of mitochondrial apoptosis effectors, one
of which is Bax. P300/CBP acetyl-transferase activates p33 by acetylation on the lysine
residue of the C-terminus. Acetylation and phosphorylation cascades activates p53 and
allows to maintain the cell in the senescent state [73].

Also pRb is implicated in the induction and maintenance of the replicative senescence.
This oncosuppressor protein directly regulates transcription binding to the transcription factor
E2F during the S phase. E2F in turn activates the transcription of genes whose expression is
necessary for DNA replication and cell cycle progression [74]. pRb can be inactivated by
phosphorylation by the complex CdK 4/6-CyclinD, inhibited by the p16 CdK-inhibitor. High
levels of p16 are expressed during senescence. P16 induction can be explained by chromatin
remodelling during senescence [75]. Both pathways p53-p21 and pRb-pl6 are important in
replicative senescence, in particular p53-p21 pathway establishes the senescence state while
pRb-pl6 is important in its maintenance [76]. The two pathways are independent but may
interact one with each other, since p21 can inhibit CdK and pRb, binding to MDM2, prevents
p53 degradation [77]. Other CdK inhibitors accumulate during replicative senescence, p27
and p24. p24 is an inhibitor of the p21 family and accumulates when embryonic fibroblasts
undergo replicative senescence in culture [78]. This inhibitor has been considered for long
time the real controller of the biological cellular clock [79].

In a recent paper we have demonstrated that in human skin fibroblasts HSP60 increases
during the first seven passages of replicative senescence. The suddenly increase in the protein
level correlates with cell cycle progression [21]. A correlation HSP60-overexpression/
enescence and a new interaction mtHSP70/HSP60 in human skin fibroblasts have been
demonstrated also by Kaul Z et al [80]. They also indicate two different pathways in
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effect on replicative senescence [82-84). Furthermore some chaperones, like HSP70 may
inhibit caspase-dependent and caspase-independent stimulj conferring immortality to cells
[85].

ConcLUSsION

The replicative senescence is a phenomenon correlated to aging. Old individuals
accumulate senescent cells in their body. Two hypothesis can be proposed to explain the
importance of replicative senescence in cancer development: damaged cells, with
dysfunctional telomeres, enter into a state of cellular senescence as a protective mechanism
[52] or cellular senescence promotes aging by exhausting stem cells or progenitor cells late in

two hypotheses is correct it has to be demonstrated,
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