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Abstract

Introduction. Recent studies have demonstrated the capacity of the human organism to prevent the growth of potentially
carcinogenic cells by paralyzing them. This antitumor mechanism is known as cellular senescence and is defined as an
emergency defence system for cells on the way to becoming cancerous. Results. This review of the literature suggests that
oncogene-induced senescence may be a response to oncogenic activation, acting as a natural barrier against tumorigenesis at
a premalignant stage. Thus, a large number of cells enter senescence in premalignant lesions but none do so in malignant
tumors, due to the loss of senescent pathway effectors such as p16”¥5#*@ or ARF-p53. Potential senescence markers in oral
precancerous lesions include p21WAF!| p16/NK% pRb, Maspin, RAR-B, G-actin, p15™¥5*, DCR2, and DECI1, some of
which are currently under study. Conclusion. In the short term, the study of this mechanism may yield valuable data for the
management of oral cancer and precancer, for which no effective diagnostic or prognostic markers are yet available.

In developed countries head and neck cancer repre-
sents 5 — 10% of all malignant diseases. Over the past
few decades, there has been a significant increase in
oral cancer and related mortality in Europe, espe-
cially among young adults [1]. In some developing
countries, nearly half of cancer patients have oral
cancer, largely due to exposure to carcinogens such
as tobacco [2]. In Spain, oral cancer was responsible
for around 4% of cancer deaths in 2002, causing 1
884 deaths in males and 418 in females [3]. In the
European Union, 42 109 cases of oral cancer were
recorded in males in 1998, with 15 744 deaths, and
11 447 cases in females, with 4 434 deaths [4].
Most malignant tumors of the oral cavity are oral
squamous cell carcinomas (OSCC). Over 300 000
new cases of OSCC are recorded annually each year
worldwide. This aggressive epithelial neoplasm is
associated with severe morbidity and a long-term
survival of less than 50%, despite advances in
surgical treatments in combination with radiother-
apy and/or chemotherapy. Treatment outcomes
would be improved if therapy could be applied

before advanced stages are reached [2]. Malignant
disease is sometimes preceded by potentially malig-
nant lesions, e.g., leukoplakia or erythroplakia.
According to well-documented epidemiological
data across different countries over the past 30 years,
the prevalence of oral leukoplakia ranges from 1.1 to
11.7%, with a mean prevalence of 2.9%. In smoking
patients, leukoplakia prevalence ranges from 3.7 to
60.3% [5]. Up to 10% of patients with leukoplakia
have an invasive carcinoma in the lesion [6].
Prevention of leukoplakia malignization is essential,
given the low survival of patients with oral cancers
on leukoplakias [7].

Oral carcinogenesis is widely accepted to be a
highly complex molecular process comprising multi-
ple steps in which genetic damage is accumulated,
involving alterations of cells and of cytoplasmic
signals that affect the cell cycle and DNA repair
[8]. Various molecular studies have reported that
6— 10 genetic alterations are required for the
malignant transformation of oral mucosal epithelial
cells [9].

Correspondence: Julian Campo, Departamento de Medicina y Cirugia Bucofacial, Facultad de Odontologia, UCM, Avda Complutense s/n 28080, Madrid,

Spain. E-mail: jcampo@odon.ucm.es

(Received 21 Fanuary 2008; accepted 5 May 2008)

ISSN 0284-186X print/ISSN 1651-226X online © 2008 Informa UK Ltd. (Informa Healthcare, Taylor & Francis AS)

DOI: 10.1080/02841860802183612



Mutations are the main risk of genomic damage in
mitotic cells. The genome is constantly affected by
the environment and by-products of oxidation
metabolism and, in the case of dividing cells, by
errors in DNA replication and mitosis. Cells may
attempt to repair damage or die, depending on its
type and amount. Cancer development conditions
are established when alterations confer advantages
for growth and survival or when they make the
genome unstable and therefore hypermutable.

Multicellular organisms have developed at least
two cell mechanisms to impede the proliferation of
cells at risk of oncogenic transformation, i.e., apop-
tosis (programmed cell death] or cellular senescence.
Although these two mechanisms share characteris-
tics in common, apoptosis Kkills and eliminates
potentially cancerous cells, whereas cellular senes-
cence irreversibly prevents their growth, presenting
barriers that cells must overcome if they are to
progress towards malignity.

The present review addresses the issue of cellular
senescence in cancer and precancer and explores its
possible connections with OSCC and premalignant
lesions of the oral cavity.

Cellular, replicative and oncogene induced
senescence

Many cells stop dividing not only when they are
finally specialized and differentiated but also if they
are under stress or receive some damage to their
DNA. This permanent arrest of their replication and
proliferation is known as replicative cellular senes-
cence. On other occasions, cells that are damaged or
no longer necessary undergo a process of apoptosis
or programmed cell death, producing a character-
istic phenotype. Normal cells, especially in humans,
do not often undergo apoptosis in response to
moderate DNA damage but rather respond by
adopting a senescent phenotype [10].

Cellular or replicative senescence (RS) was ob-
served and proposed as a model of aging over 40
years ago by Hayflick and Moorhead [11] in their
study of fibroblasts obtained from i wvirro skin and
lung cultures. They observed that the cells divided
but then stopped doing so as the culture aged.
Besides this loss in dividing capacity, there was also
a change in cell morphology. The authors estab-
lished that cultures ceased dividing after a mean of
50 divisions, known as the Hayflick limit, Phase III
phenomenon, or RS.

Most somatic cells in mammals, with the excep-
tion of germ and early embryonic cells, do not
express telomerase (ribonucleoprotein complex that
adds de novo telomeric repeats to chromosomes).
Because DNA replication is bidirectional and DNA
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polymerases are unidirectional and require a “pri-
mer” or replication initiator (short and unstable
RNA fragment), 50200 pairs of telomeric DNA
bases remain unreplicated at the end of the S phase.
Hence, in absence of telomerase, telomeres are
shortened at each cell division. When they reach a
critical length, normal cells cease proliferation and
acquire different morphological and functional char-
acteristics in the RS response [12].

There is considerable evidence that the senescence
response evolved to suppress tumorigenesis, acting
as a safety mechanism to prevent proliferation of
cells at risk of neoplastic transformation [13].
Accordingly, normal cells suffer senescent arrest
when they receive stimuli capable of inducing or
promoting neoplastic transformations. These stimuli
include telomeres with compromised function, some
types and levels of damage to DNA, perturbation of
chromatin structure, and certain mutagenic trans-
ducer signals from oncogenes, e.g., mutated RAS. In
fact, telomerase is incapable of preventing senes-
cence in response to mutated RAS in human
fibroblasts, indicating that cells can express a senes-
cent phenotype without having functional telomeres,
a phenomenon designated “stress-induced prema-
ture senescence (SIPS)”, “premature senescence”,
or “accelerated senescence” [14]. This contrasts
with RS, which results from the physiological
reduction of telomeres [15—-17]. The telomere short-
ening rate would itself be strongly influenced by
oxidative cell stress [14].

Senescent cells are resistant to apoptosis and have
persisted in senescence in lab wacultures for up to
3 years. These cells are much more active metabo-
lically than normal cells but do not divide. The
senescent state cannot be reversed by physiological
signals. Senescent cells have shown gene expressions
not observed in young cells, although it is not known
whether the expression precedes or follows the state
of senescence. The new expression of genes in
senescence represses growth factor (GF) transcrip-
tion factors [18]. Besides this repression of growth
inducers, there is an activation of cell cycle inhibitors
p21"AFT and p16™K42 genes that act to induce cell
senescence and that are the final product of genetic
programs leading cells into this state [19].

Tumor cells are exposed to different stress situa-
tions, therefore senescence induction may represent
an important arrest of tumor progression. One
source of stress derives from aberrant proliferative
signals from oncogenes, which can activate senes-
cence via a process known as oncogene-induced
senescence (OIS). This response may be critical for
cell protection against cancer. However, investiga-
tion to date has been limited to cells in culture or
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in vivo studies of mice manipulated to over-express
an oncogene (e.g., ras) [20].

Numerous recent studies observed OIS during the
earliest stages of tumor development in both animals
and humans [20,21], demonstrating that OIS re-
stricts the growth of oncogenically stressed cells and
thereby maintains the tumor in a premalignant, non-
aggressive state. Conversely, absence of OIS due to
the mutation of senescence induction pathways
leaves the way open for oncogene-mediated malig-
nant progression [20-22]. The association between
senescence and premalignant lesions (characterized
by normal cell morphology and absence of invasive
growth) makes senescence detection a promising
biomarker that may serve as a prognostic indicator.
However, it should be borne in mind that the
presence of senescence in premalignant lesions is
not incompatible with tumor growth, which depends
on the balance between proliferation and apoptosis
or senescence [21].

A further question that has not yet been answered
is how much oncogenic activity is required, not only
to induce the senescence phenotype (OIS) but also
to produce the malignant transformation of prema-
lignant or normal tissue. Collado and Serrano
proposed that oncogenic stress progressively in-
creases during tumor development and that senes-
cence is activated after the onset of tumors but
before they acquire a malignant phenotype [21].

Antagonistic pleiotropism

It has been proposed that senescence contributes to
aging and to the onset of some diseases related to
old-age [12]. It is known that the senescent response
in aging also results in changes to cell morphology
and functionality. Due to senescence, some cell types
resist certain apoptotic signals, which may explain
why senescent cells accumulate in tissue with older
age [23]. Moreover, senescent cells tend to over-
express secretion molecules, which can act at distant
sites in tissue and affect the local microenvironment.
These molecules include various matrix metallopro-
teinases and other degradative enzymes, inflamma-
tory cytokines, and some GFs that establish the
senescent phenotype of the cell [24].

It may seem paradoxical that this process is
simultaneously beneficial (preventing tumorogen-
esis) and detrimental (contributing to aging).
Thus, cellular senescence appears to be an example
of antagonistic pleiotropism. According to this
theory, events selected by evolution to optimize the
health of young adult organisms can also exert
poorly selected harmful effects on the aged organism
[25]. These damaging effects are presumably negli-
gible in young tissue, where senescent cells are rare.

However, as the organism ages, senescent cells
accumulate and there may be a change in their
function, especially in their secretory phenotypes,
which may compromise the physiology and integrity
of the tissue [10,26].

Mutations also accumulate over time, and there is
an increasing probability with higher age that senes-
cent cells and cells with oncogenic mutations will
appear at around the same time. Consequently,
senescent cells may create a microenvironment that
promotes the growth and neoplastic progression of
mutated cells [27,28]. Thus, senescent cell cultures
have shown expression of genes with different
paracrine activities that produce growth factors and
extracellular matrix or membrane receptor proteins.
These include: Cyr61 protein, with mitogenic and
angiogenic functions; prosaposin protein, with mito-
genic and antiapoptotic functions; and TGFa and
various proteases, which have the potential to facil-
itate metastatic growth [29].

A major concern is that some chemotherapeutic
agents that cause DNA damage also stimulate
senescent cell development, which may have harmful
local and systemic effects. There is an evident need
to minimize or eliminate the adverse effects of
senescence. However, it must first be more clearly
understood why some cells follow the apoptosis
pathway and others the senescence pathway and
how the senescent phenotype and senescent cell-
secreted factors are regulated [30].

Cellular senescence pathways

Although various stimuli may trigger a senescence
response, they all appear to converge in one or both
of two pathways that establish and sustain senescent
growth arrest. These pathways are regulated by p53
and retinoblastoma protein (pRB) tumor suppressor
proteins [26,30]. How these pathways are activated
by the very different stimuli, whether both must be
activated to trigger the senescence response, and
how the senescence state is sustained remain unan-
swered questions.

ARF-p53 pathway. P53 is a crucial mediator of the cell
response to DNA damage, including the senescence
response, and loss of p53 function delays RS in some
human cells, such as diploid fibroblasts [10]. Dys-
functional telomeres also activate many components
of the p53-mediated response, and the senescence
response to dysfunctional telomeres requires the
integrity of this pathway. Reactive oxygen species
(ROS), which include oxygen ions and free radicals,
have mutagenic effects on the RAS pathway and also
induce cellular senescence [31]. Thus, overexpressed



oncogenic RAS may trigger a p53-dependent re-
sponse, in this case due to the production by ROS
of high DNA damage levels. However, oncogenic
RAS can also induce p16™%% an activator of the
pRB pathway, establishing a second barrier against
the proliferation of potentially oncogenic cells. In
some replicatively senescent human cells, such as BJ
fibroblasts, p53 inactivation completely reverses se-
nescent arrest [32]. Likewise, cells enter telomere-
dependent RS after inactivation of the gene that
encodes for p21"4F | 4 target for p53 transactivation
and inhibitor of cell cycle progression. Therefore, in
human fibroblasts, induction of senescence due to
DNA damage, telomere dysfunction, and possibly
oncogene overexpression converges in all of these
cases in the ARF-p53 pathway, which is necessary and
sufficient to establish and sustain senescence arrest
(Figure 1). Although this state of senescence cannot
be reversed in these cells by physiological signals, it
can be reversed by loss of p53 function [13,30].

P16™%*_pRB pathway. p53 inactivation reverses cell

arrest in some cells but not in others. It has been
observed that the latter express pl16V5# cell cycle
inhibitor and positive regulator of pRB. p1672VK# ig
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Figure 1. ARF-p53 senescence pathway. The p53-mediated
response is activated by DNA damage, dysfunctional telomeres,
and genotoxic stress. E.g., the ROS (Reactive Oxygen Species)
produced by mitogenic signaling pathways. Protein pl14°RF
inhibits mdm?2 protein, which in turn favors degradation of p53.
Transcription of genes that depend on p53, including the gene
encoding for p21, induces senescent-type arrest of cell growth.
This arrest cannot be reversed by physiological mitogens but is
reversible by inactivation of p53. (Modified from Campisi, 2005)
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induced by a wide variety of stressing stimuli,
including overexpression of an oncogene, e.g.,
RAS. Cell cultures indicate that pl16™¥5* prevents
senescence reversibility by p53-inactivation. There-
fore, this tumor suppressant (pl16”¥5<#%) and, pre-
sumably, the pRB pathway it activates represent
formidable barriers against cell proliferation that
cannot be overcome by loss of p53 function [30].

Cells entering senescence by the pl6”<*a-pRb
pathway remain in this (irreversible) state even when
both p53 and pRb are inactivated [30]. In the
senescence process, pPRB-E2F complexes, e.g., active
pRb, produce the development of dense heterochro-
matin foci that repress various genes involved in cell
cycle progression (Figure 2). Moreover, once these
heterochromatin foci are formed, they do not appear
to require p16 N5#4 or pRb activation to persist and
can therefore permanently maintain the senescence
state [30].

Senescence in oral cancer and precancer

Although oral leukoplakia has been considered a
premalignant lesion for some decades, there are still
no accurate prognostic and clinical indicators avail-
able for the reliable identification of potentially
malignant lesions. Some clinical and histological
characteristics have been related to the progression
of oral leukoplakia lesions, but no correlation has
been found between the different degrees of dyspla-
sia and the prognosis. Thus, some mild dysplasias
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Figure 2. pl -pRb senescence pathway. Oncogenes and
other types of stress induce pl6™%# activating pRb, which
establishes repressive heterochromatin in E2F loci and possibly in
other growth promoting genes. Once pRb mediated senescent
arrest is established, it is not reversible by inactivation of p53 or
pRb or both. (Modified from Campisi, 2005)
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evolve into m situ carcinomas and some severe
dysplasias do not [2].

In fact, it has been reported that acquisition of the
immortal phenotype is not related to histopatholo-
gical status (i.e., degree of dysplasia), although this
phenotype has been observed in early stages of oral
carcinogenesis [33]. Given the variability of these
histopathological markers and the absence of corre-
lations with clinical events, new diagnostic and
prognostic molecular markers are necessary. From
a clinical standpoint, genetic prognostic markers
(DNA arrays) appear to be ideal future candidates.
In the short- and medium-term, routine diagnoses
are likely to be simplified by the development of
molecular markers using immunohistochemistry
(IHC).

It has also been proposed that senescent cells may
stimulate cancer progression, which requires onco-
genic mutations and an affected or damaged tissue
environment in which the mutated cells can express
their neoplastic phenotype [27]. It was observed that
senescent human fibroblasts stimulated the prolif-
eration of preneoplastic but not normal epithelial
cells in culture. Factors secreted by senescent cells
were responsible for much of this stimulation [27].
This situation is favored in advanced ages, with the
accumulation of senescent cells and cells with
preneoplastic mutations.

Senescent cells have been observed in precancer-
ous lesions in lung, pancreas, and skin but not in
carcinomas in the same organs [20]. When a cell
loses its senescence response, it appears to pass from
a benign (premalignant lesion) to a malignant
(carcinoma) state. However, given the complexity
of the carcinogenic process, this should be regarded
as another expression of carcinogenesis rather than
as a cause-effect relationship [20].

It has been experimentally established that the loss
of senescent response in malignant lesions is corre-
lated with absence of the main senescence effectors,
e.g., pl6 ™K% and p53. Conversely, using DNA
microarrays, overregulation of a series of genes was
observed in senescent cells in culture; the main
proteins encoded were p15%* Decl, DcR2 [20].
These markers were verified in premalignant lesions
in skin, lung, and pancreas from mice with H-ras
and K-ras mutations [20], and may be also useful in
oral premalignant lesions.

Oral carcinogenic progression markers and molecular
pathways related to senescent pathways

As mentioned above, and due to the complexity of
oral carcinogenesis, no definitive molecular markers
are yet available to reliably differentiate among
normal, premalignant, and malignant cells in the

oral mucosa. An increase in the expression of some
molecular markers (e.g. p53) has been observed with
the progression of carcinogenesis, but there is no
marker detected in precancerous lesions that does
not also appear in malignant lesions. In a meta-
analysis of seven studies, Warnakulasuriya et al.
reported that p53 expression was over-expressed in
47% of premalignant oral lesions, much higher than
the percentage of malignant transformation observed
in premalignant lesions such as leukoplasia [34].

Some studies have used IHC to demonstrate
absence of mutated p53 protein in malignant head
and neck lesions. However, the absence of mutated
expression does not imply that p53 is normally
expressed. The use of p21"47 as a prognostic
marker has shown controversial results, with some
authors describing its expression as favorable for the
prognosis in head and neck cancer but others
relating its overexpression to a more malignant
tumor phenotype. Increases in the expression of
EGFR and TGF-a have also been tested as progres-
sion markers, but the results obtained were unable to
offer a clear identification of the state of maligniza-
tion [35].

Kang and Park established an  vitro model of oral
carcinogenesis to describe the mechanisms by which
environmental factors facilitate the appearance of
oral cancer, stimulating normal human oral kerati-
nocytes (HOKs) with high-risk human papilloma-
virus (HPV) and chemical carcinogens. After
introduction of the HPV genome, cells bypassed
the senescence checkpoint and entered into a
prolonged but not immortal life cycle, during which
telomeres continued to shorten. In a few immortal
clones, they observed a marked elevation of telomer-
ase activity (human telomerase reverse transcriptase
[WTERT)]) and stabilization of telomere length. In
addition, E6 and E7 oncoproteins of high risk HPV
disrupted cell cycle control and DNA repair in
immortalized HOKSs, favoring mutations due to
genomic instability, although this effect was only
obtained when these proteins were introduced in
combination with chemical carcinogens. They con-
cluded that oral carcinogenesis is a series of discrete
gene changes resulting from a continued genotoxic
challenge by environmental risk factors [36].

An immunohistochemical analysis of cyclin D1,
p16™%4 and pRb in paraffin-embedded sections of
220 OSCCs, 90 leukoplasias, and 81 normal oral
tissue samples found that the transition from a
premalignant to malignant state was associated
with the pRb-/cyclin D1+ phenotype (OR =2.294,
p =0.001) and p53+ phenotype (OR =2.230, p =
0.002). Multivariate analysis revealed that the pRb-/
p53+ phenotype was related to a worse disease-free
survival prognosis [37].



Senescence in oral cancer and precancer

Table I. Current senescence markers possibly related to oral cancer and precancer.

1469

Marker

Description/ effect

Bibliografia

SA-Galactosidase

SAHFs

p 1 4ARF

p16 INK4a

Cyclin D; (CCNDI1 gene)
p53

pRb

p21 Wafl/Cipl/sdil

H-Ras

Decl (BHLHB2 gene)
p15™K (CDKN2B gene)
DcR2 (TNFRSF110D gene)

G-actin

Maspin

HTERT
RAR-B

Enzyme expressed in senescent cells.

Alteration of chromatin related to irreversibility of senescence

MDM2 inhibitor and therefore p53 activator. (designated p19*RF

Inhibitor of CDK4 and CDKG6 and therefore avoids pRb phosphorylation.

in mice]

CDK4 and CDKG6 activator

Transcription factor of genes involved in negative control of cell
proliferation and apoptosis (e.g. p21 "7, bax)

Negative controller of cell cycle by inhibition of E2F transcription factor.

Universal inhibitor of CDKs. Positively regulated by p53 (not exclusively).
Promoter of cell differentiation and maturation by inhibiting cell division.
Induces expression of some protumorigenic factors

When overexpressed it induces senescence via activation of pl6 and p53.
Expressed in senescent cells of skin, lung, and pancreas (in vivo-mouse)
Expressed in senescent cells of skin, lung, and pancreas (in vivo-mouse)
Expressed in senescent cells of skin, lung, and pancreas (in vivo-mouse)
Accumulates in nucleus of senescent fibroblasts (in vitro)

Protein expressed in senescent keratinocytes (in vitro) and keratinocytes
in advanced age (in vivo-clinical)

Protein component of telomerase (by telomerase reverse transcriptase)

Receptor of retinoic acid. Activates a senescent pathway that is probably

Braig, 2005 [22]
Collado, 2005 [20]
Collado, 2006 [21]

Narita, 2003 [45]
Braig, 2005 [22]
Collado, 2005 [20]
Campisi, 2005 [30]
Collado, 2005 [20]
Braig, 2005 [22]

Campisi, 2000 [13]; 2001 [10]

Campisi, 2001 [10]
Chen, 2005 [58]

Campisi, 2005 [30]
Chen, 2005 [58]

Campisi, 2005 [30]
Collado, 2005 [20]

Collado, 2005 [20]
Collado, 2006 [21]

Malumbres, 2000 [51]
Collado, 2005 [20]

Liu, 2005 [52]
Collado, 2005 [20]

Kwak, 2004 [38]
Nickoloff, 2004 [28]

Cerni, 2000 [47]
McGregor, 2002 [33]

independent of p16 and p21.

Table I summarizes the senescence markers most
frequently implicated in senescence pathways
[20,28,30,38]. The pathway/phenotype markers
that have demonstrated some relationship with the
progression or inhibition of oral carcinogenesis are
described below.

SA f3-gal. This lysosomal hydrolase, senescence-
associated B-galactosidase (SA 3-gal), is elevated in
senescent cells as a result of lysosomal activity at
suboptimal pH (pH 6), which is detectable in
senescent cells due to an increase in lysosomal
content [39]. It is considered an in vitro and in vivo
senescence marker [21].

P16 ™NK*_Rb and ARF-p53 pathways. Investigations
of signaling pathways that lead to OIS showed that
the pl6™K#*_Rb (retinoblastoma) and ARF-p53
pathways are responsible for the proliferation arrest
that characterizes senescence [30]. These two path-

ways are considered crucial for tumor suppression
and are usually mutated in tumors. An elevation in
pl16™K#a ARF, and p53 levels are related to OIS in
animal tissue and human premalignant lesions.
However, because this increased expression occurs
at higher levels of the cascade (see Figure 2), there
are situations in which tumor cells may have
acquired mutations at lower levels that block senes-
cence despite high p16™%%* and ARF-p53 expres-
sion [40]. Thus, elevated levels of p16INK4“ have
been observed in dysplastic oral mucosa and i situ
carcinomas but not in OSCC [41]. On the contrary
p16™%# hag also been described to be overex-
pressed in many head and neck cancers that contain
HPV infection (6, 11,16 and 18 types) by tissue
microarray [42]. Elevated expression of mutated p53
protein has also been experimentally observed in
dysplastic epithelial tissues, indicating that it is an
early event in oral carcinogenesis [43]. A study on
head and neck tumors showed that the prevalence of
p53 mutations before invasion did not increase as a
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function of the clinical stage of the tumor and that
these changes therefore had little prognostic value
[44].

It is therefore important to find markers that,
unlike p16™%#* and ARF-p53, are involved towards
the end rather than the beginning of these senes-
cence pathways [21].

Senescence-associated heterochromatin foci (SAHFs).
Epigenetic changes associated with a global altera-
tion in heterochromatin during senescence were
recently related to the irreversibility that charac-
terizes the senescence response [20,45]. This altera-
tion is initiated by pRb and results in a stable and
permanent repression of genes that are crucial for
proliferation, e.g., transcription factors of the E2F
family. These genomic changes can be observed
under the microscope and are known as SAHFs.
Thus, the morphological appearance of senescent
cell nuclei has been successfully used to identify the
presence of OIS i vivo [20,22].

Maspin. It was recently verified that maspin interacts
with type I and III collagen, which is related to its
antiangiogenic action in the extracellular matrix
[46]. Maspin expression does not appear to be
universal. It is detected in specific cell types, e.g.,
myoepithelial cells in breast, basal cells in prostate,
glandular epithelium and mucous cells in gastro-
intestinal tract, and epidermal layers in skin [28].
Expression of this protein was found to gradually
increase in normal human skin samples with higher
age [28]. However, it is not expressed in senescent
fibroblasts, therefore it may be a marker that is
mainly associated with epithelial tissue.

Telomerase. Telomerase is a ribonucleoprotein with
enzymatic activity at nuclear level. It comprises two
components: telomerase RNA (TR) and hTERT.
Telomerase adds hexameric repeats of DNA
(TTAGGG) to telomere terminals, compensating
for the progressive loss of telomeric sequences in-
herent to DNA replication [47]. Telomerase activity
has been detected in various somatic tissues, includ-
ing hematopoietic cells, basal keratinocytes, and basal
endometrial, esophageal, and prostatic cells [48].
Kang et al. reported that the RS of NHOKSs is
associated with a loss of telomerase activity followed
by a limited telomere shortening [49].

RAR-f. Retinoic Acid Receptor-f (RAR-B) has been
used because retinoids induce the overregulation of
some genes that induce senescence in breast cancer

cells without causing side-effects (as opposed to
p21"AF jnduced senescence) [29]. RAR-B is de-
pendent on retinoic acid in normal oral mucosa and
is constitutively expressed in mortal dysplasia and
completely suppressed in immortal dysplasia and
oral carcinoma [33], indicating the importance of
RAR-P expression to maintain the mortal pheno-
type. The way in which retinoid receptors are
implicated in senescence has not been elucidated,
and their target genes have not been identified. It
appears unlikely that p16™¥%# js a target gene for
RAR-B, because it is expressed in normal oral
mucosa in absence of RAR-f [33]. Higher RAR-B
expression is observed when the cell approaches the
final stages before senescence, whereas pl67V<%
expression is high even in normal mucosa and is
considered to play a major role in the initiation of
senescence [33].

p21"AFT This protein is regulated (not exclusively)
by P53. It inhibits cyclin/cyclin-dependent kinase
(CDK) complex activities and induces senescent
cells to express several genes that are detrimental for
tumorigenesis control. Some of these encode for
mitogenic and antiapoptotic proteins, such as pro-
saposin, TGFa, and BAPP (protein implicated in
Alzheimer’s disease), and other genes associated
with aging-related diseases, e.g., amyloidosis, arter-
iosclerosis, and arthritis [29]. One of the functions of
p21"AF 5 to increase transcription factor NFkB by
activating transcription of cofactors for histone
deacetylase, p300, and CBP/a [50].

PRb. Although the role of altered pRB expression in
oral carcinogenesis has not been fully elucidated,
there is abundant evidence that the pRB pathway is
affected by alteration of either positive (e.g. Cyclin
D; and CDK6) or negative (e.g. pl6™5* and
p21 WAFICiplISdily reoylators. Thus, loss of pRb and
accumulation of p53 (pRb-/p53+) are associated
with the histological progression of tumors and the
acquisition of invasive potential [37].

G-actin. In vitro observations (cultures of senescent
human fibroblasts) demonstrated that nuclear ex-
pression of G-actin is an even earlier marker of
senescence than is endogenous growth of enzyme
B-galactosidase enzyme (SA-B-gal) [38].

By using DNA microarrays, it proved possible to
select i vivo markers that show changes in gene
expression that occur only during senescence and
not when this senescence is inhibited. These markers
have been tested in animal models of tumorigenesis
produced by endogenous oncogenic activation of



HRAS or KRAS. Among tested markers, p157VF#,
DCR2, and DEC-1 have shown increased expres-
sion in premalignant lesions of skin, lung, and
pancreas but no or only a small increase in tumors
[20]. Therefore, they may also be useful markers of
senescence in premalignant and/or malignant lesions
of the oral cavity.

p15™NK# This CDK inhibitor has been correlated
with the presence of other senescence markers,
especially SA- 3 -galactosidase and SAHFs. It has
also been reported to be involved in the cell growth
arrest imposed during Ras-induced senescence and
to inhibit transformation by Ras, at least in cell
cultures [51].

DCR2. This gene is induced by p53 and is one of the
sentinel receptors of the tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL). DCR2
suppresses TRAIL-induced apoptosis and appears to
regulate chemosensitivity [52].

DECI. This transcription factor is involved in the
control of circadian rhythms and has also been
implicated in different signaling pathways [20].

The main advantage of these markers (p157V%%,
DCR2, and DEC1) is that, unlike SA-3-gal or
SAHFs, they can be readily detected in paraffin-
embedded tissue using conventional immunohisto-
chemical techniques.

The clinical utilization of OIS markers may be
valuable to detect cancer in early stages, and loss of
these markers indicates tumor progression to malig-
nancy. Collado and Serrano developed the concept
of a senescence index. Theoretically, tumors with a
high senescence index have a better prognosis while
those with a low index are associated with aggressive
lesions requiring immediate surgery [21].

Implications of senescence for cancer therapy

Until recently, it was believed that transformed cells
were not capable of entering senescence. However, it
is now acknowledged that this state can be induced
in neoplastic cells by genetic manipulations and
epigenetic factors, including conventional anti-can-
cer drugs, radiation, and differentiation agents.
Although inactivation of p53, p21%7 and
p16™%# has been observed in most cancers, it has
also been demonstrated that their inactivation does
not completely remove the senescence response,
implying the participation of other, unknown path-
ways in senescence [53,54]. cDNA microarrays have
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been used to observe some overregulated genes with
growth-inhibiting functions that appear independent
of p21"F1 153 and p16™5* including BTGI
(tumor suppressor), BTG2, EPLIN, Maspin,
IGFBP-6, MIC-1, and amphiregulin [29].

There is a need to develop a senescence-inducing
agent that avoids the side effects associated with
p21"AF and p16™%* proteins, e.g., induction of
protumorigenic factors. In this respect, induction of
senescence by retinoid receptors has been proposed as
good therapeutic option, since retinoids overregulate
some senescence-inducing genes in breast cancer cells
with no side-effects. Receptors include EPLIN (ubi-
quitous intracellular suppressor), FAT10 (ubiquitous
intracellular suppressor), IGFBP3 (antimitotic and
proapoptotic agent), and BIG-H3 (cell adhesion
inhibitor) [55].

However, prospects for this therapeutic line ap-
pear limited, because these retinoid receptors are not
expressed in tumor samples i vivo, although these
senescence genes may be induced by pathways other
than the retinoid one [16]. Therapies that enhance
p21"WAF! or p16"™K9 expression might have reper-
cussions on cells that have not yet been transformed
and are therefore not affected by the protumorigenic
products that these proteins induce.

Hence, persistence of senescent cells in the tumor
can be considered a double-edged sword. On one
hand, senescent cells do not divide, and they even
produce GFs that inhibit tumor growth. On the
other hand, they may produce factors with mito-
genic, antiapoptotic, and angiogenic activities. These
protumor factors appear to be determined to a large
extent by the expression of p21VAFVCIPISAIL 5n4
p16™K# For this reason, established tumors with
cells that express high GF-inhibitor levels and low
p21"AF1 and p16™%# Jevels are considered to have
a more favorable prognosis [16].

Demethylating agents

The demethylating agent 5-aza-2-deoxycytidine
(Aza-C) has been used to study the re-expression
of RAR-B and pl6™K# genes that present their
methylated promoters in dysplasia and oral cancer.
The drug achieves re-expression of these genes in
some dysplasias but not in carcinomas. This indi-
cates that RAR-B and p16™5%@ genes are inactivated
in immortal dysplasias by methylation of the pro-
moter but are irreversibly silenced, later in the
progression of the cancer, by other changes. Aza-C
also suppresses hTERT in immortal dysplasias but
not in carcinomas [33].
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Telomerase

The barrier to proliferation posed by telomere
shortening has been proposed as a tumor suppressor
mechanism. However, given the complexity of
telomerase regulation and the stability of the telo-
mere, the role of telomerase may not be so direct.
Depending on the context, telomere shortening
appears to either protect from or promote cancer.
Furthermore, the activity of telomerase in normal
human cells is more common than was first thought
[15]. Nevertheless, the fact that high telomerase
levels are expressed by 90% of human tumors but
not by normal cells endows this enzyme with
potential value as a diagnostic marker or therapeutic
target.

Myc genes are frequently dysregulated in human
tumors, and Myc overexpression may produce
reactivation of telomerase and stabilization of telo-
meres. However, this would allow permanent pro-
liferation and has been described as a strategy by
which incipient carcinogenic cells escape senescence
[47].

Therapy with telomerase inhibitors is only poten-
tially useful in tumors that already have short
telomeres, given that long telomeres require a
physiological time to shorten and for telomerase to
be activated. Moreover, this therapy would not be
useful when telomeres are activated via pathways
other than the telomerase pathway (alternative
telomere lengthening). A further concern is that
telomerase inhibition may decrease regenerative
potential and increase genetic instability.

P53

Both p53 and p16 are usually inactivated in carcino-
genic cells. It has been observed in witro that
senescence induced by the RAS oncogene is depen-
dent on functional p53. One option for inducing
senescence in tumor cells may be p53 reactivation by
the use of small molecules that have been demon-
strated to “normalize” mutated p53 activity [56,57].

Other treatments

Moderate doses of doxorubicin induced the senes-
cent phenotype in 11 of 14 cell lines derived from
varying types of solid human tumor [53]. Other
researchers reported induction of the senescent
phenotype in different tumor cell lines treated with
cisplatin, hydroxyurea, doxorubicin, camptotecin, or
bromodeoxyuridine [16,54].

Poele et al. conducted the first clinical investiga-
tion correlating the senescence response with the
chemotherapeutic treatment of cancer patients. The
senescent phenotype was detected by SA-B-gal, p53,

and p16™%*2 staining. Out of the 36 tumors treated
with chemotherapy (cyclophosphamide, doxorubi-
cin, and 5- fluorouracil), 41% showed SA-f-gal
enzymatic activity. Importantly, SA-B-gal staining
was confined to tumor cells and the adjacent normal
tissue was completely negative. This may suggest
that chemotherapy-induced senescence is specific to
tumor cells [54].

Presence of senescent cells in the tumor and the
relative abundance of proteins produced by senes-
cent cells are important biological factors that may
have significant prognostic implications for progres-
sion of the disease. More aggressive tumors might
contain very few or no senescent cells or, alterna-
tively, a substantial fraction of senescent cells that
express CDK inhibitors (pl16™VK# or p21WAFT)
alongside senescence-related tumor promoter factors
overregulated by the CDK inhibitors. Conversely, a
more favorable prognosis could be expected for
tumors with senescent cells that express high levels
of secreted growth inhibitors but low levels of
p21"AF! and p16™K4 [16].

An important research challenge in oral cancer is
posed by the lack of a reliable diagnostic or prog-
nostic marker of leukoplastic lesions that usually
precede OSCCs. The multifactorial and multi-step
process of oral carcinogenesis probably involves the
functional alteration of cell cycle regulators in
combination with the loss of cell apoptosis and
senescence signaling pathways. Therefore, besides
in vitro studies of cell cultures, there is also a need for
clinical studies using DNA arrays, as already per-
formed in other human cancers. Novel diagnostic
and therapeutic approaches could result from a
greater knowledge of the molecular alterations and
a better understanding of the consequences of cell
cycle deregulation in malignant oral keratinocytes.

Conclusions

Cellular senescence, as irreversible cell cycle arrest,
represents a safety program to limit the proliferation
capacity of cells exposed to endogenous and exo-
genous stress signals. This review of the literature
suggests that oncogene-induced senescence may be a
response to oncogenic activation, acting as a natural
barrier against tumorigenesis at a premalignant
stage. Thus, a large number of cells enter senescence
in premalignant lesions but none do so in malignant
tumors, due to the loss of senescent pathway
effectors such as pl16”%% or ARF-p53. A better
understanding of the stimuli that induce cellular
senescence could lead to their future use in cancer
prevention and treatment, as is already the case with
cellular apoptotic mechanisms. In the short term,
study of this mechanism may yield valuable data for



the

management of oral cancer, for which no

effective diagnostic or prognostic markers are yet
available.
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