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Abstract

Because activated oncogenes like Ras have traditionally been thought as promoting unrestrained
proliferation, the concept of oncogene-induced senescence has been, and still is, controversial. The
counter-intuitive notion that activation of oncogenes leads to the prevention of cellular
proliferation has initially been fueled by in vitro studies using ectopic expression of activated Ras
in primary fibroblasts. While these initial studies demonstrated unambiguously the existence of a
new type of cellular senescence, induced by oncogenes in an ex-vivo system, questions were
raised about the physiological relevance of this process. Indeed, recent technical advances in
mouse modeling for cancer have suggested that the occurrence of Ras-induced senescence is
highly dependent on the cellular context, as well as the level of expression of activated Ras, and
may not be pertinent to the study of human cancer initiation and/or progression. However, our
increased knowledge of the molecular basis for cellular senescence has led to a better
understanding of the molecular events modulating cancer progression in vivo. Recent studies have
not only clearly established the incidence of cellular senescence in pre-neoplasic lesions, but also
its role as a potential tumor-suppressor mechanism in vivo. Here, we review the recent and
exciting new findings regarding the physiological relevance of Ras-induced senescence, and
discuss their implications in terms of cancer therapy.
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Cellular Senescence: Phenotypes and Markers

Senescence was first a functional characterization of a specific cellular state. A senescent
cell is a cell that has exited the cell cycle permanently, and is incapable of resuming
proliferation, even upon mitogenic cues [1,2]. This functional definition of cellular
senescence is in contrast to cellular quiescence, which also represents a GO cell cycle exit,
but is reversible upon pro-proliferative stimuli [3]. While this definition of cellular
senescence has been helpful in delineating a functional classification within cell cycle exit,
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markers that would allow the visualization of senescent cells, regardless of the trigger
driving senescence, needed to be identified.

The most obvious feature of a cell that has undergone senescence in culture is a typical flat
and enlarged morphology. This phenotype is consistent with cell cycle withdrawal along
with a sustained active metabolism. Obviously, this phenotype cannot be used as a means to
discriminate which cells are senescent in vivo. As an alternative approach to identify
senescent cells, the use of protein markers that would mark senescent cells specifically was
investigated. Of note, until the molecular basis for cellular senescence became better
understood, the correlation between the presence of these marks and the senescent process
was largely circumstantial (see below). These approaches led however to the identification
of several ways to visualize senescent cells, both in vivo and in vitro.

Senescence—Associated p-Galactosidase Positivity

A breakthrough in the research surrounding cellular senescence and its physiological
relevance was the identification of an enzymatic activity that could allow the detection of
senescent cells: indeed, senescent cells exhibit what seems to be a unique and senescence-
specific p-galactosidase activity in acidic conditions (pH 6.0) [4]. This serendipitous finding
has helped the field tremendously. Indeed, this activity, called senescence associated {3-
galactosidase activity (SA-p-Gal) has been shown to consistently allow the identification of
senescent cells in vitro, upon replicative senescence or stress induced senescence, as well as
in vivo, within tissues that are believed to contain a high proportion of senescent cells [5].
For example, primary fibroblasts subjected to serial passaging or infected with activated Ras
or skin samples isolated from old donors, stain positive for SA-p-Gal [4,6]. Consistent with
this observation, GLB1, a lysosomal -D-galactosidase, active under acidic conditions, was
recently shown to accumulate upon serial passaging in primary fibroblasts, and to be
required for the increased B-galactosidase associated with the onset of senescence [7].
Importantly, knock-down of GLB1 does not prevent cell cycle exit upon serial passaging,
suggesting that the increase in SA-B-Gal activity is a consequence rather than a driver of
senescence. Of note, GLB1 is a lysosomal protein, hence any physiological situation, other
than senescence, that results in the increase of lysosomes/ lysosomal activity within the cell,
can also lead to increased SA-B-Gal activity. For these reasons, it is conceivable that, despite
its undeniable usefulness so far in the senescence field, SA—B-Gal positivity may not be a
marker absolutely specific for cellular senescence.

Senescence Associated Heterochromatic Foci

One insight in both the genesis of senescence as well as the identification of senescent cells
came from a recent study which demonstrated that nuclei of senescent cells are subjected to
a dramatic reorganization, as evidenced by the emergence of dense foci called SAHF (for
Senescence Associated Heterochromatic Foci) [8] that are brightly stained with 4’-6-
Diamidino-2-phenylindole (DAPI). Indeed, at the onset of replicative or oncogene induced
senescence, specific loci are embedded into heterochromatin, which is the dense subset of
chromatin, believed be in a closed conformation, thus preventing access to the
transcriptional machinery. These loci are then assembled to form large sub-nuclear
structures that can easily be visualized using antibodies directed against markers of
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constitutive heterochromatin, such as histone H3 Lysine 9 tri-methylation (H3K9me3),
hypoacetylated histones and HP1, as well as other chromatin associated marks such as
macroH2A and HMGA proteins and depletion of linker histone H1 [9-11]. Consistent with
the heterochromatic nature of these modifications, SAHF are resistant to digestion by
nucleases. While such foci are easily visualized in human cells (as well as in human tissues,
see below), their detection in mouse cells is hindered by the fact that rodent pericentric loci
are readily decorated by the aforementioned chromatin marks, regardless of the senescence
status. SAHF are believed to comprise genomic loci encoding E2F repressor targets, pro-
proliferative proteins, thus preventing their accessibility by the transcription machinery at
the onset of senescence [8]. In addition, it has been suggested that each chromosome
condenses into one single SAHF, where the genes to be repressed are found in the interior or
immediate periphery of the corresponding focus [11].

The molecular events leading to the formation of SAHF are still under investigation, but
several proteins have been demonstrated to contribute to the formation of SAHF: The
proteins shown to be required for Ras-induced formation of SAHF include the histone
chaperones HIRA and Asf1, HP1,, HMGA proteins, and the H3K9me3 methyl-transferases
Suv39h1/h2 [10,12,13]. Importantly, these reports have also suggested that the
establishment of SAHF is required for the cell cycle withdrawal observed upon pro-
senescence signals (see below). In addition, since all chromatin modifications identified in
SAHF have now been shown to be reversible, the irreversible nature of senescence is likely
to rely on additional molecular mechanisms yet to be identified.

Other markers

The search for additional markers with perhaps greater specificity for senescence has
recently been aided by the genetic elucidation of key signaling pathways activated upon
induction of senescence. For instance, many proteins that promote cell cycle exit are up-
regulated at the onset of senescence, including p19ARF in mouse cells, and p16/NK4A and
p15/NK4B in mouse and human cells [14-16]. These markers have been used to identify cells
subjected to cellular senescence in human preneoplasic lesions or aging tissues [14,17]. One
caveat regarding the use of these markers, however, is that many of them do not discriminate
between senescence and any other form of growth arrest.

Finally, additional markers significantly up-regulated at the onset of replicative or
oncogene-induced senescence have recently been identified. Despite our incomplete
understanding of the functional significance of their up-regulation at the onset of
senescence, the increase of such markers has so far proven to be specific to senescent cells
in vitro as well as in senescent tissues, as opposed to other types of cell cycle arrest. These
include Dcr2, Decl, Mcl1, among others [14,18-20]. More studies need however to be
conducted in order to definitely establish whether these markers are found in all senescent
cells regardless of the cellular context.

Curr Cancer Drug Targets. Author manuscript; available in PMC 2014 May 16.
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Triggers for Cellular Senescence

Replicative Senescence in human and mouse

As mentioned above, cellular senescence can be triggered by several stimuli besides
oncogene activation. Historically, cellular senescence was first evidenced by the exhaustion
of the proliferation potential of primary cells in vitro, leading to the notion of replicative
senescence [21]. Later, ectopic expression of activated Ras [6], as well as administration of
agents that cause DNA double strand breaks [22] were shown to induce a cell cycle
withdrawal in primary cells that is phenotypically indistinguishable from replicative
senescence. The fact that cells subjected to distinct pro-senescence stimuli acquire
phenotypes that are not noticeably discernible from each other strongly suggests that
common molecular mechanisms are engaged under these distinct situations. Among the
types of senescence inducers, serial passaging and oncogene activation are the most studied.

Telomere erosion upon serial passaging is believed to account for replicative senescence of
primary human cells, a hypothesis supported by the delayed senescence and extended
replicative life span of fibroblasts expressing ectopic telomerase [23,24]. The molecular
mechanism connecting telomere erosion to cellular senescence was recently elucidated.
Upon serial passaging, telomeres of primary somatic cells shorten. Once telomere erosion
reaches a critical point where the number of telomere repeats is too low to support capping
by the protein complex Shelterin [25], chromosome ends are then recognized as DNA
breaks thus activating a DNA damage checkpoint [26]. Such DNA damage recognition is
believed to trigger the onset of replicative senescence through the activation of the
ATM/p53 pathway [26].

In mouse cells, however, serial passaging leads to senescence through a different process.
Indeed, mouse telomeres are much longer than human telomeres. In addition, telomerase is
constitutively expressed in mouse somatic cells, thus allowing the stabilization of telomere
length throughout serial passaging. Despite these differences, mouse embryonic fibroblasts
still senesce upon serial passaging, suggesting the existence of a telomere-independent
“culture stress” that would account for senescence [27]. Importantly, it was recently
demonstrated that culturing mouse embryonic fibroblasts in low oxygen conditions (3% O5)
obliterates replicative senescence [28]. Consistent with the specific sensitivity of murine
cells to high oxygen levels, MEFs accumulate DNA damage in 20% O», but not in 3% O,.
This effect of high oxygen is believed to be mediated by the accumulation of Reactive
Oxygen Species (ROS), which are detrimental to the integrity of nucleic acid molecule.
Altogether, these observations suggest that DNA damage may be the main factor underlying
replicative senescence, in human as well as in murine primary cells, even though this DNA
damage occurs via different pathways. Consistent with a functional link between DNA
damage checkpoint and the onset of cellular senescence is the observation that exposure to
DNA damaging agents also directly promotes the accumulation of senescent cells [22]. In
conclusion, one potential function of cellular senescence is to prevent the proliferation of
cells that have accumulated deleterious mutations.

Curr Cancer Drug Targets. Author manuscript; available in PMC 2014 May 16.
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Oncogene-induced senescence

Similar to what has been reported upon serial passaging, cellular senescence has been
proposed to halt proliferation of primary cells subjected to oncogene activation, for example
upon Ras mutation [6]. In this case, cells withdraw from the cell cycle rapidly following
expression of the activated oncogene, and acquire all phenotypes initially observed in cells
driven to senescence by serial passaging or DNA damage. This process has since been
dubbed “oncogene-induced senescence” (OIS) [29,30]. While OIS was first evidenced upon
ectopic expression of activated Ras, ectopic expression of other oncogenes, including E2F1,
Raf, mos, cdc6 and cyclin E, were later shown to result in the same cellular effects [31-33].
Similarly, overexpression of MEK induces senescence in primary mouse fibroblasts [34]. In
addition, inactivation of the tumor suppressors PTEN or Nf1, leads to the accumulation of
cells expressing markers of senescence [35,36]. Together, these observations strongly
suggested that aberrant mitogenic signaling in primary cells could lead to permanent cell
cycle arrest and cellular senescence.

However, why do some oncogenes trigger senescence and others do not remains
unexplained, and the molecular bases for this difference are likely to lie within the molecular
basis for senescence by contrast to quiescence. One possibility is that activation of Ras or its
downstream targets engages specific biological pathways when hyperactivated, which are
not engaged by other oncogenes. Activation of these specific pathways is then essential for
the occurrence of senescence. Importantly, the downstream effectors of Ras that are required
to trigger senescence are beginning to be unraveled (see below).

From Ras activation to oncogene-induced senescence

Cellular senescence in mouse cells is primarily driven by p19ARF which serves as a sensor
for activation of an oncogenic signal and triggers the p53 response [37]. Consistent with the
notion that p19ARF, by contrast to p16/NK4a mediates Ras-induced senescence in mouse
cells, murine fibroblasts derived from p19ARF null animals failed to arrest upon forced
expression of activated K-Ras, while p16/NK4a null primary mouse fibroblasts remain
susceptible to oncogene-induced senescence [15,38,39]. By contrast, in human cells, Ras-
induced senescence apparently involves a p53 response that is independent of p14ARF (the
human homolog of p19ARF) [40-42].

The molecular pathway leading from activation of Ras to cellular senescence was believed
to be a simple activation of the p53/p19ARF and/or p16/NK4A pathways until recently.
Although these proteins are likely to be major player in permanent cell cycle withdrawal
elicited upon Ras activation, recent and exciting studies have demonstrated that other
unsuspected actors contribute to the induction of the senescent phenotype downstream of
Ras. Basically, the pathways engaged by activated Ras to induce permanent cell cycle
withdrawal can be divided into three major groups, which surprisingly seem to intersect. The
first pathway is transcriptional repression of pro-proliferative genes. The second pathway
involves the DNA damage response elicited upon oncogene activation in primary cells, and
the third pathway engaged upon Ras-activation senescence is the specific secretion program
that has recently been identified to play a specific and essential role in cellular senescence.
These are reviewed in turn below.

Curr Cancer Drug Targets. Author manuscript; available in PMC 2014 May 16.
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Transcriptional repression of E2F target genes

Consistent with the notion that senescent cells permanently suppress transcription of pro-
proliferative genes become heterochromatinized in SAHF upon Ras-activation in primary
cells [8]. As presented earlier, these structures are believed to embed E2F target pro-
proliferative loci, and harbor most features of constitutive heterochromatin. Repression of
some E2F targets relies on Rb and specific E2F factors, while repression of other E2F
targets depends on the Rb-related p107 or p130 proteins. It is important to note that not all
E2F targets are similarly repressed upon cell cycle exit, as revealed in quiescent cells [43].
Importantly, the range of E2F target genes that are silenced upon Ras activation has not been
fully investigated. While Rb is clearly required in human cells for Ras to induce senescence
[41,44], its contribution to senescence in mouse cells may be masked by the related p107
and p130 pocket proteins. Indeed, in mouse primary fibroblasts, inactivation of both Rb and
one of the two other pocket proteins is required for cells to bypass replicative or Ras-
induced senescence [45-47]. Importantly, acute somatic inactivation of Rb was sufficient in
mouse primary fibroblasts to escape senescence, suggesting that the partial redundancy
between Rb and its related proteins may be established early during development in the
absence of a functional Rb allele [48].

How does Ras activation signal towards Rb and p53, both of which are essential regulators
of cell cycle progression? In addition to Ras-mediated accumulation of p16'NK4A Ras
activation also leads, in mouse cells, to the accumulation of the p19ARF protein, which then
prevents Mdm2-degradation of p53, and leads to cell cycle arrest. The molecular links
driving the accumulation of p16'NK4A and p19ARF both products of the INK4A locus, at the
onset of senescence, have been at least part elucidated with the discovery that the polycomb
protein Bmil represses transcription of the INK4A locus in normal culture conditions but is
released upon oncogenic stress or serial passaging in primary cells [49,50]. p38 activation,
which believe to be a downstream event of Ras activation, was shown to lead to a cascade of
phosporylation/activation events results in the activation of 3pK (also known as MAPKAP
kinase 3), which phosphorylates Bmil, promoting its release from chromatin [51] (see
Figure 1). Whether other target genes in addition to those present in the INK4A locus
contribute to Bmil biological effects as they relate to senescence is unknown. More
importantly, recent results have indicated that, at the onset of senescence, histones present
within the INK4A locus become de-methylated on H3K27 (histone H3, lysine 27).
Trimethylation of H3K27 (H3K27me3) serves as a recruitment mark for PRC1, the
polycomb repressor complex that contains Bmil. The molecular basis for the observed
H3K27 de-methylation of the INK4A locus at the onset of senescence relies on Ras-
mediated down-regulation of Ezh2, the H3K27 histone methyltransferase, as well as Ras-
mediated up-regulation of IMJD3, an H3K27me3 demethylase that is recruited to the
INK4A locus at the onset of senescence [48,50,51].

Ras-induced accumulation of p16!NK4A mediated by the MEK/MAPK pathway, leads to the
inhibition of Cdk4/6, and the hypophosphorylation of Rb and its related proteins [32,54].
This leads in turn to the recruitment of a pocket-protein/E2F repressors/chromatin modifiers
complex at E2F target genes, and ultimately the permanent silencing of these loci [18,55—
57]. Recent studies using loss of function experiments have suggested that the

Curr Cancer Drug Targets. Author manuscript; available in PMC 2014 May 16.
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heterochromatinization of E2F target loci is indeed essential for Ras-induced senescence in
vivo. First, Braig and colleagues have generated compound mice genetically inactivated for
the H3K9 histone methyl-transferases Suv3-9h1 and h2, and expressing activated N-Ras in
lymphocytes (E,-N-RasG12D). Surprisingly, concomitant inactivation of Suv3-9h1/h2 and
Ras activation leads to a dramatic acceleration of cancer progression in vivo, which is
consistent with the inability of Suv3-9h1/h2 deleted splenocytes to undergo senescence upon
activated Ras expression ex vivo [12]. This function of Suv3-9h1/2 may be attributed to its
requirement for the generation of H3K9me3-rich environment within SAHF, although a
direct role of Suv3-9 enzymes on the heterochromatinization of E2F target loci remains to
be formally demonstrated [58]. Although this mouse model may not recapitulate faithfully
any naturally occurring human cancer, the results of this study represent the first in vivo
evidence that cellular senescence can serve as a tumor suppressor mechanism. It is
intriguing to note that primary mouse fibroblasts inactivated for Suv39h1 and h2 remain
susceptible to replicative senescence, suggesting that replicative and Ras-induced
senescence may not use a completely overlapping molecular machinery [8,59].
Alternatively, this discrepancy could reflect cell context specificity for the establishment of
senescence (see below).

Activation of a DNA damage response

In addition to the transcriptional repression of E2F target genes, a second pathway that is
believed to mediate Ras-induced senescence is the DNA damage pathway. Indeed, recent
studies demonstrated that acute activation of the Ras pathway, through ectopic expression of
activated Ras or overexpression of mos, triggers a DNA damage response pathway in human
primary cells [33,60,61]. Specifically, oncogene activation in these cells leads to the
generation of DNA damage foci and the accumulation of proteins involved in DNA damage
response. In these studies, oncogene activation induces aberrant DNA replication events,
including asymmetric replication fork progression and fork collapse, both events leading to
replication stress and subsequent DNA damage. Importantly, these studies also report that
activation of the DNA damage response is required for oncogene-induced senescence, as
supported by the lack of senescence upon genetic or chemical inactivation of CHK2, ATM
or p53 [33,60]. Of note, it has also been shown that Ras activation leads to the accumulation
of ROS, further linking replicative and oncogene-induced senescence to DNA damage at the
molecular level [62]. Supporting a physiological relevance for DNA damage as associated
with senescence, precancerous lesions seems to accumulate more DNA damage markers
(along senescence markers) than the corresponding full-blown tumors. However, if DNA
damage is the results of Ras activation inducing hyper-replication, it remains unclear why
would full-blown tumors display less DNA damage than their corresponding pre-cancerous
lesions.

The potential crosstalk between the two above-mentioned pathways (permanent silencing of
pro-proliferative genes through heterochromatinization and induction of a DNA damage
response) in the establishment of Ras-induced senescence remains unclear. The
demonstration that genetic inactivation of either of these pathways prevents senescence
suggests that they both are essential. However, this notion is difficult to reconcile with the
fact that activation of either one of these pathways is sufficient to promote senescence. One
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possibility would be that DNA damage can signal towards heterochromatinization of E2F
target loci, and conversely, permanent transcriptional repression of E2F target could trigger
activation of the DNA damage response pathway. Alternatively, it is possible that oncogenic
stress signals through different pathways in a cell context and oncogene specific manner.
For example, in human cells, p16/NK4A was shown to be dispensable for cdc6-induced
senescence, by contrast to what had been shown for Ras-induced senescence [33].

Senescence —Associated Secretory Phenotype

Finally, a third pathway, essential for cellular senescence and engaged upon Ras activation
is the Senescence—Associated Secretory Phenotype (SASP, also known as SMS). It has long
been recognized that senescent cells secrete specific proteins, that function in promoting
transformation of the surrounding cells, and at the same time in reinforcing their own
senescent phenotype [63]. Recently, several studies have used genetic screen to identify
cytokines or other secreted proteins that are essential for the establishment or maintenance
of the senescent phenotype upon oncogene activation. Among those secreted proteins,
interleukin-8 (IL-8), IL-6, IGFBP-7, and PAI-1 are secreted at the onset of senescence and
can inhibit proliferation of cells by overriding mitogenic signals [64—66]. In addition, the up-
regulation of specific receptors (including CXCR2 and PLA2R) or was shown to contribute
to oncogene-induced senescence [20,67]. By releasing such proteins in the stroma, senescent
cells can modulate tumor progression in a non-cell autonomous manner, an observation that
may be of great importance in future potential therapeutic approaches. By contrast to their
ability to reinforce the senescent status of the cells that produce them, some of these secreted
proteins are also known to promote tumor progression. For example, IL-6 and IL-8 can
induce invasion while MMP-3 or prevent differentiation [68].

The relationship between the secretory phenotype of senescent cells and the other molecular
aspects of Ras-induced senescence, including DNA damage and the repression of pro-
proliferative genes, is just starting to be uncovered. For example, a recent study
demonstrated that SASP is being detected upon persistent activation of the DNA damage
response [69]. In this study, the authors demonstrate that the senescent associated secretory
phenotype is being activated downstream of the NBS/ATM/CHK2 components of the DNA
damage response, but upstream of p53. Loss-of-function experiments have suggested that
SASP is essential for Ras to induce senescence, through the C/EBPg transcription factor
[65], further reinforcing the molecular crosstalk between secretion of these cytokines and
Ras induced senescence.

Altogether, these results indicated that Ras activation is able to engage multiple pathways,
which converge to the permanent withdrawal from the cell cycle, likely through common
pathways and numerous crosstalk mechanisms. The observation that genetic disruption of
any of these pathways allows the bypass of Ras-induced senescence coupled with the
demonstration that activation of any of these pathways is sufficient to induce cellular
senescence, at least in vitro, strongly suggests that these three different arms of the response
to Ras activation are intimately linked at the molecular level. Exploring the molecular links
between these different pathways may reveal new and unsuspected triggers for the
restoration of cellular senescence in transformed cells as a therapeutic approach.

Curr Cancer Drug Targets. Author manuscript; available in PMC 2014 May 16.
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Uncoupling immortalization and sensitivity to Ras-induced transformation

Since oncogene-induced senescence is thought to be a barrier to cellular transformation,
cells that cannot undergo senescence are expected to be more susceptible to transformation.
Based on the results obtained using mouse fibroblasts genetically inactivated for p53 or the
INK4A locus, it has been suggested that preventing senescence invariably sensitizes cells to
Ras-induced transformation [6,15]. Several subsequent studies involving different mouse
models of cancer have reinforced this notion. However, these studies invariably used p53 or
INK4A genetic inactivation as a mechanism allowing the bypass of senescence. Despite a
clear requirement for either p53 or products of the INK4A locus in oncogene-induced
senescence, it is important to bear in mind that these proteins all carry additional functions,
which may account for their ability to prevent cancer initiation/progression.

The identification of additional proteins that are absolutely required for Ras-induced
transformation has allowed to test experimentally if immortalization can be uncoupled from
sensitivity to transformation. While the absence of several proteins that are required for Ras-
induced senescence, including the downstream kinase PRAK [70], leads to sensitivity to
Ras-induced transformation, this is not the case for all proteins that are essential for Ras-
induced senescence. Indeed, Peeper et al. have demonstrated that although fibroblasts
deleted for Rb and the related pocket proteins p107 and/or p130 are refractory to cellular
senescence, they are not readily transformed upon ectopic expression of activated Ras [46].
Recent results suggest that downregulation of the p53/p21 pathway, for example through
overexpression of Thx2, is a necessary cooperative event for Ras-induced transformation of
pocket-protein deleted cells [71]. Similarly, deletion of Sin3B, an essential cofactor for E2F
factors mediated repression, allows the bypass of Ras-induced senescence, but is not
sufficient to confer sensitivity to Ras-mediated transformation [56]. These observations
therefore demonstrate that the relief of the senescence block does not automatically confer
susceptibility to oncogenic transformation and suggest that senescence per se is not the only
barrier to sensitivity to oncogene-induced transformation.

Ectopic expression of activated Ras versus activation of endogenous Ras:
a question of dose?

Many of the findings reported above have been based on ectopic expression of activated Ras
as an experimental system to induce senescence in primary cells, rather than mutation of the
endogenous Ras gene. Because Ras (or its downstream target Raf) is mutated in more than a
third of all human cancers, it seemed logical to develop mouse models of cancer
investigating the consequences of activation of the endogenous Ras protein, in order to
mimic what happens in human cancer. To do so, Tuveson, Jacks and colleagues, and
McMahon and colleagues as well as Lodgson and colleagues, generated conditional knock-
in alleles for activated K-Ras (K-Ras®12D) or activated BRaf (BRafV600E) [72-75].
Briefly, the activated allele is inserted in the endogenous locus, but its transcription is
prevented by the insertion of a stop cassette flanked by two loxP sites (LSL), so that only
upon expression of the Cre recombinase is the activated allele expressed from the
corresponding promoter. These models are then likely to closely reflect the phenotypic

Curr Cancer Drug Targets. Author manuscript; available in PMC 2014 May 16.
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consequences of acute somatic mutation of the K-Ras or BRaf allele, which are believed to
represent early events in tumorigenesis.

When primary MEFs were isolated from LSL-K-RasV12 mice and infected with Cre
recombinase encoding viruses, a very surprising result was observed. In contrast to the
cellular senescence phenotype elicited upon ectopic activated Ras expression [6], activation
of Ras expressed at endogenous levels caused enhanced proliferation of primary MEFs [73].
In addition, cells expressing activated Ras at endogenous levels were partially transformed,
in that they were not contact inhibited. Even more surprising was the observation that the
canonical pathways downstream of Ras were actually less activated in cells that express
activated Ras driven by its endogenous promoter compared to wild type cells [73]. This
observation has led to the hypothesis that activated Ras, when expressed at endogenous
levels, leads to attenuation of its own effector pathways, although the molecular bases
underlying this effect remain largely unknown at this point. The observation that sustained
Ras activation, when expressed from its own promoter, leads to attenuation of its effector
pathways has been confirmed in a different model system, namely the knock-down of NF1
in human cells [36]. In this case, NF1, a negative regulator of Ras activity, is knocked down
in human cells, which leads to endogenous Ras activation. However, a few passages after
NF1 downregulation, the downstream effectors of Ras become suppressed, through a
negative feedback involving different modulators of Ras activity [36]. Intriguingly, these
cells become senescent, by contrast to the primary MEFs expressing activated Ras presented
above. However, in other models and cellular contexts, including the mice in which
endogenous BRaf is activated in the lung epithelium, or the activated K-Ras allele driven by
its endogenous promoter in acinar cells, downstream targets of Ras or Raf, including MEK
or Erk phosphorylation, are highly activated in early preneoplasic lesions compared to the
adjacent normal tissues [74,75]. In addition, these early lesions are positive for different
markers of senescence, making the notion that senescence is caused by a shut-down of the
Ras signaling pathway unlikely in these cases.

The discrepancy in the levels of activation of Ras-downstream targets reported in these
different model systems could be reconciled by the hypothesis that the levels of Ras
expression may be modulated early during the oncogenic transformation process. Indeed,
one may hypothesize that, while expression of activated Ras at endogenous levels does not
lead to senescence and hyperactivation of its downstream targets in primary fibroblasts, in
other cellular contexts, including in cells susceptible to Ras-mediated transformation, the
Ras signal may be amplified, reaching levels comparable to those observed upon ectopic
expression of Ras. In this case, Ras activation would first result in proliferation, as observed
in K-RasV12 knock-in fibroblasts, for several passages until Ras signals become amplified to
a point where it is then able to trigger a senescence response, as observed in metaplasia or
PanIN lesions from K-RasV12 knock-in mice, or in early lung adenoma from K-RasV12 mice
or BRaf knock-in mice [14,74,75]. This would also be consistent with the report that benign
lesions harboring BRaf mutations have proliferated for at least 10-15 passages following the
acquisition of the mutation, before these cells withdraw from the cell cycle and become
senescent.

Curr Cancer Drug Targets. Author manuscript; available in PMC 2014 May 16.
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This hypothesis implies that (i) different levels of expression of activated Ras drive different
responses in vivo, ranging from proliferation to cellular senescence and (ii) levels of Ras
activation are modulated throughout cancer initiation and progression (see Figure 1). Indeed,
the levels of activation/expression of Ras or its downstream effectors have long been known
to modulate its effects [76]. In vivo also, the notion that different levels of Ras activation/
expression lead to different outcomes has been well-established. For example, Chodosh and
colleagues have generated an inducible transgene driving the expression of activated Ras in
mammary epithelial cells [77]. This transgene allowed the precise regulation of Ras levels,
so that activated Ras can be expressed from levels comparable to those of endogenous Ras
or levels comparable to gross overexpression, simply by changing the concentration of
doxycycline in the drinking water. When the mammary glands expressed very high levels of
activated Ras, cellular senescence was observed. By contrast, low levels of activated Ras,
comparable to endogenous levels, ultimately gave rise to mammary tumors. Importantly, the
levels of Ras expression in these tumors was extremely high, strongly suggesting that
tumorigenesis required i) inactivation of the senescence pathway and ii) spontaneous
upregulation of activated Ras expression. Although the physiological contribution of Ras to
mammary tumor remains to be formally proven in humans, this set of experiments further
strengthens the existence of cell context and dose-specific effects of activated Ras on
senescence and tumorigenesis. In addition, a recent study using mouse pancreas models for
cancer demonstrated that lesions including PanIN and PDAC found in activated K-Ras
knock-in mice display a Ras activity much higher than in the corresponding normal tissue,
suggesting that Ras upregulation or hyperactivation is an early event during tumorigenesis in
this model [74]. The fact that Ras levels are increased during tumorigenesis was previously
reported in an independent mouse model of pancreatic cancer, although in this case,
amplification of the activated Ras allele was only documented in full-blown tumors [78]. It
would be interesting to document at what point during tumorigenesis the activated Ras allele
is amplified. Based on our hypothesis, we would anticipate that Ras amplification is a very
early event in cancer initiation.

In conclusion, Ras activation in vivo can lead to preneoplastic lesions displaying marker of
cellular senescence, only when a threshold of Ras expression is attained, likely through
spontaneous amplification of the locus or hyperactivation. Such lesions can then evolve into
frank carcinoma if the molecular pathways for senescence are disrupted. Thus, cellular
senescence induced by Ras is likely to be a physiological process that contributes to
preventing tumorigenesis in vivo. A better understanding of the molecular basis for Ras-
mediated senescence as well as the events that permit cells to escape senescence, should
allow the delineation of new therapeutic approaches aimed at restoring the senescence
pathway in human tumors.
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Figure 1. Schematic representation of the pathwaysinvolved in Ras-induced senescence and
their potential crosstalksin the mouse

Oncogene Induced Senescence (OIS) can initially be driven an activating mutation in Ras
oncogene and eventual amplification of activated Ras signal. Mutated Ras then induces OIS
through the cooperation of the MapK signaling cascade, the DNA damage response pathway
and the SASP response. Activation of the MapK cascade leads to p38 activation through a
series of phosphorylation events, which then activates MapKap Kinase 3 (3pK), which in
turn phosphorylates Bmil. This phosphorylation, along with chromatin modifications within
the Ink4a locus, releases Bmill from the Ink4a locus allowing transcription of p16/"k4a and
p19AT. Upregulation of p16!"k42 proteins leads to SAHF formation and therefore repression
of E2F target genes. Additionally, amplification of the activated Ras signal leads to the
generation of Reactive Oxygen Species (ROS) and replication stress thereby engaging the
DNA Damage Response. This response may promote senescence directly though up-
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regulation p53 in a direct manner, or through the activation of the SASP response. In
addition, the DNA Damage Response also contributes to senescence through p53. For
details and references, see corresponding section in the text.
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