
Cellular senescence is a stable form of a cell cycle arrest
program that limits the proliferative potential of cells and
thereby prevents immortalization. Initially defined by the
phenotype of human fibroblasts undergoing replicative
exhaustion in culture (Hayflick and Moorhead 1961),
senescence can be triggered in many cell types in response
to diverse forms of cellular damage or stress (Serrano et
al. 1997; Campisi and d’Adda di Fagagna 2007). Senes-
cent cells display a large flattened morphology and accu-
mulate a senescence-associated β-galactosidase (SA-β-gal)
activity distinguishing them from most quiescent cells
(Campisi and d’Adda di Fagagna 2007). An additional
feature of senescent cells is an accumulation of the senes-
cence-associated heterochromatin that functions to re-
press the expression of certain genes responsible for the
cell cycle progression (Narita et al. 2003). Consistent with
its function in halting cellular proliferation, senescence
also has an important role in tumor suppression. In addi-
tion, it has been suggested that senescence contributes to
stem cell depletion or the decline of tissue regeneration
capabilities during aging (Rossi et al. 2008).

One of the most potent triggers of senescence is DNA
damage, which is induced by telomere attrition during
replicative exhaustion (Vaziri et al. 1997). In the absence
of the telomerase enzyme, mutations that overcome senes-
cence allow continued proliferation in the presence of sus-

tained DNA damage, leading to rampant genetic instabil-
ity and eventually cancer progression. Consistent with the
fact that many conventional chemotherapeutic agents can
directly or indirectly damage DNA, senescent cells can
accumulate in malignant tumors following chemotherapy
(Schmitt et al. 2002; te Poele et al. 2002; Roninson 2003).
Indeed, in a mouse lymphoma model, an intact senescence
machinery contributes to a positive response to chemo-
therapy in vivo.

Several activated oncogenes can induce senescence, in
part, through signals initiated by DNA damage or replica-
tive stress. Although, on the one hand, paradoxically, this
phenomenon can be rationalized by suggesting that nor-
mal cells possess cellular fail-safe mechanisms that
counter the cancer-promoting effects of hyperproliferative
mutations (Serrano et al. 1997). During the past several
years, this “oncogene-induced senescence” has been
established as an important tumor suppressor mecha-
nism that constrains tumorigenesis in multiple forms of
cancer in humans and mice. For example, nevi, prema-
lignant lesions of melanoma in the human skin, contain
senescent melanocytes bearing mutations in the BRAF
gene (Michaloglou et al. 2005). Neurofibromas from NF1
mutant patients contain senescent cells in which a genetic
defect in the NF1 gene leads to constitutively high levels
of Ras activity (Courtois-Cox et al. 2006). Benign lesions
of the prostate in human patients and mice lacking the
tumor suppressor PTEN contain senescent cells, and dis-
ruption of the senescence program in mice leads to tumor
progression (Chen et al. 2005). In mouse models of sev-
eral cancers including lymphoma (Braig et al. 2005),
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hyperplasia of the pituitary gland (Lazzerini Denchi et al.
2005), skin carcinoma (Collado et al. 2005), and melano-
cytic lesions of UV-irradiated hepatocyte growth factor/
scatter factor (HGF/SF) transgenic mice (Ha et al. 2007),
premalignant lesions were shown to be limited by onco-
gene-induced senescence.

Consistent with the role of cellular senescence as a bar-
rier to malignant transformation, senescent cells activate
the p53 and p16/Rb (retinoblastoma) tumor suppressor
pathways (Mooi and Peeper 2006; Campisi and d’Adda di
Fagagna 2007; Collado et al. 2007). p53 promotes senes-
cence by trans-activating genes that inhibit proliferation,
including the p21/Cip1/Waf1 cyclin-dependent kinase
inhibitor and miR-34 class of microRNAs (He et al.
2007a). In contrast, p16INK4a promotes senescence by
inhibiting cyclin-dependent kinases 2 and 4, thereby pre-
venting Rb phosphorylation and allowing Rb to promote a
repressive heterochromatin environment (Narita et al.
2003). Both the Rb and p53 tumor suppressor pathways
are negatively regulated by Bmi-1, CBX7, and other mem-
bers of Polycomb repression complexes (Gil et al. 2005);
these complexes act at the chromatin level of chromatin to
repress the INK4a and ARF genes, both embedded in the
same genomic locus on chromosome 9p.

In addition to up-regulation of the p53 and p16/Rb path-
ways, senescent cells often up-regulate inflammatory
cytokines and other molecules known to modulate the
microenvironment or immune response (Campisi and
d’Adda di Fagagna 2007). Recently, high-throughput
genetic approaches have identified several secreted mole-
cules that functionally contribute to senescence (Acosta et
al. 2008; Kuilman et al. 2008; Wajapeyee et al. 2008). In
these studies, the secreted proteins insulin-like growth
factor-binding protein-7 (IGFBP7) and interleukin-6 (IL-
6) contribute to senescence induced by a mutant form of
BRAF, suggesting that these factors might attenuate
tumorigenesis. Another secreted cytokine, IL-8, and its
receptor, CXCR2, appear to reinforce both replicative and
oncogene-induced senescence (Acosta et al. 2008). The
ability of secreted molecules to affect senescence is likely
to have both autocrine and paracrine effects. Although the
autocrine signaling might enforce senescence, its effect on
the microenvironment might be coordinately different and
depend on the nature of neighboring cells.

Our laboratory has been interested in the roles and reg-
ulation of cellular senescence for more than a decade. We
previously established that oncogenes could trigger senes-
cence (Serrano et al. 1997) and demonstrated that cellular
senescence can contribute to the outcome of cancer
chemotherapy (Schmitt et al. 2002). Later, we studied the
molecular mechanisms of senescence and implicated
chromatin-modulating factors and the miR-34 family of
microRNAs as key regulators of the senescence program
(Narita et al. 2003, 2006; He et al. 2007b). More recently,
we studied the role of senescence in the biology of liver
disease, including liver fibrosis and hepatocellular carci-
noma (Xue et al. 2007; Krizhanovsky et al. 2008).

Most commonly, liver disease is caused by hepatitis
viruses B and C and chronic alcohol abuse or is associ-

ated with obesity leading to nonalcoholic steatohepatitis,
initially resulting in liver fibrosis (Bataller and Brenner
2005). Eventually, persistent liver damage leads to the
development of liver cirrhosis, a major health problem
worldwide (Bataller and Brenner 2005) and the 12th
most common cause of death in the United States
(NCHS 2004). In turn, liver fibrosis and cirrhosis are
two of the main risk factors for developing hepatocellu-
lar carcinoma (HCC). Several reports suggest that up to
90% of HCC cases have a natural history of unresolved
inflammation and severe fibrosis irrespective of the
underlying cause of liver disease (Elsharkawy and Mann
2007). In biopsies, liver fibrosis is characterized by dep-
ositions of the extracellular matrix (ECM) known as
fibrotic scars, which is deposited by activated hepatic
stellate cells (HSCs), the main fibrogenic cell type in the
liver. HSCs normally reside in proximity to blood vessels
in the liver and are the main site of vitamin A storage in
the body (Bataller and Brenner 2005). Upon liver injury,
signaling from damaged hepatocytes leads to HSC acti-
vation, resulting in intensive proliferation of HSCs,
migration from their normal location, ECM deposition,
and formation of fibrotic scars. Recently, we demon-
strated that senescence functions as both a tumor sup-
pressive mechanism in liver carcinoma and a program
that limits liver fibrosis.

SENESCENCE ACCOMPANIES P53
REACTIVATION IN A MOUSE

MODEL OF HCC

We previously used a mouse model of liver carcinoma
to determine the consequence of reactivating the p53
pathway in liver tumors (Xue et al. 2007). We used RNA
interference (RNAi) to conditionally regulate endoge-
nous p53 expression using a p53 miR-30 design short
hairpin RNA (shRNA) expressed from a conditional
tetracycline-responsive promoter as described previ-
ously (Dickins et al. 2005). Embryonic hepatoblasts
were transduced with retroviruses that express onco-
genic HrasV12, the tetracycline trans-activator protein
tTA (“tet-off ”) and the p53 shRNA. In the absence of
doxycycline (Dox), p53 shRNA knocked down p53
expression efficiently and led to hepatocarcinoma
development when the triple-transduced cells were
transplanted into recipient mice (Xue et al. 2007).
Addition of Dox and p53 reactivation resulted in tumor
regression. Interestingly, we found that p53 reactivation
in the tumor cells led to cellular senescence and not
apoptosis, which was also associated with markers of
cellular differentiation (see Figure S3 in Xue et al.
2007). Senescent cells triggered an immune response in
vivo, resulting in infiltration of immune cells into the
tumor and clearance of senescent cells. These results
suggest that loss of a tumor suppressor may be required
for the maintenance of some tumors; moreover, during
cellular senescence in this system, cell-autonomous
processes and non-cell-autonomous processes cooper-
ate to eliminate the formerly malignant cell.
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P53 REACTIVATION LEADS TO
SENESCENCE IN CELLS THAT

DEREGULATE PI3K SIGNALING

The phosphoinositol-3 kinase (PI3K) signaling path-
way is an important component of the intracellular signal-
ing cascade downstream from the Ras family of GTPases,
which, when activated, are some of the most potent human
oncogenes and triggers of senescence. Moreover, the PI3K
pathway is frequently activated by genomic aberrations
across many cancer lineages (Brugge et al. 2007).
Hyperactivation of this pathway through loss of the PTEN
tumor suppressor can promote cell proliferation and sur-
vival, but like oncogenic Ras, it can trigger senescence in
some cell types (Chen et al. 2005).

We have previously shown that hyperactivation of the
PI3K pathway, for example, by deregulation of Akt,
together with p53 loss could promote hepatocellular car-
cinoma development (Zender et al. 2006). To determine
whether tumors driven by deregulation of PI3K signaling
respond to p53 reactivation by senescence, we studied the
consequence of expression of a key PI3K target, Akt, in
embryonic hepatoblasts (embryonic liver progenitor
cells). Embryonic hepatoblasts were prepared from wild-
type and p53–/– animals and were infected with retro-
viruses that expressed activated Akt (myr-Akt) (Wendel et
al. 2004). Hepatoblasts derived from wild-type embryos
infected with Akt exhibit flattened morphology and stain
positive for SA-β-gal, whereas p53–/– hepatoblasts con-
tinue to proliferate and easily reach confluence when
seeded at low density (Fig. 1A). These results suggest that
Akt expression induces senescence in a manner that is
dependent on p53.

To further understand the cooperation between Akt and
p53 in senescence, we conditionally repressed p53 in Akt-
transduced hepatoblasts. In addition to Akt, hepatoblasts
were transduced with the tetracycline trans-activator pro-
tein tTA and a tet-responsive p53 shRNA and seeded sub-
cutaneously into athymic nude mice. In the absence of
Dox, expression of p53 was suppressed, leading to the
development of aggressive liver carcinomas. Upon tumor
formation, mice were left untreated or treated with Dox to
suppress the p53 shRNA. Following Dox treatment, p53
was induced, and a substantial percentage of tumor cells
became SA-β-gal positive (Fig. 1B); moreover, the tumors
shrank and virtually disappeared after 20 days (Xue et al.
2007). In contrast, tumors present in untreated mice
remained SA-β-gal negative and continued to grow.
Therefore, like tumors expressing oncogenic HrasV12, Akt-
transformed hepatoblasts undergo senescence in vivo upon
p53 reactivation.

In liver carcinomas expressing oncogenic ras, the onset
of cellular senescence correlated with the appearance of
differentiation markers (Xue et al. 2007). In these tumors,
expression of differentiation markers cytokeratin 7 (CK7)
and CK8 was lower in the absence of p53 than in its pres-
ence. Conversely, α-fetoprotein (AFP), which is typically
expressed in progenitor cells and reduced upon differenti-
ation, was detected in the tumors in the absence of p53 but

down-regulated upon p53 reactivation (Xue et al. 2007).
Similarly, CK8 was induced following p53 reactivation in
tumors expressing activated Akt (Fig. 1B). Therefore,
along with induction of senescence, tumors show signs of
differentiation following p53 reactivation.

SENESCENCE RESPONSE PROTECTS
AGAINST LIVER FIBROSIS

Liver fibrosis caused by various types of liver damage
can lead to cirrhosis, liver failure, or the development of
hepatocellular carcinoma (Bataller and Brenner 2005). To
investigate the role of cellular senescence in fibrosis pro-
gression, we induced fibrosis in mice by twice-weekly
treatment with 1 ml/kg of CCl4

for 6 weeks (Fig. 2A).
This course of treatment is believed to induce mild cir-
rhosis in mouse liver (Rudolph et al. 2000), and, indeed,
CCl

4
-treated mice often displayed enlarged abdomens

(Krizhanovsky et al. 2008), a phenotype that can be attrib-
uted to the ascites that often accompanies cirrhosis.

Livers from treated and untreated mice were dissected,
and general liver architecture was evaluated by hema-
toxylin and eosin (H&E). Additionally, the presence of
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Figure 1. AKT induces cellular senescence and differentiation in
cooperation with p53. (A) Wild-type (WT) but not p53–/– primary
hepatoblasts senesce in response to AKT. (B) AKT-driven tumor
cells senesce in vivo in response to p53 restoration (+DOX), but
not in the absence of p53 (-DOX). (C) Expression of the differ-
entiation marker CK8 was increased in tumors following p53
restoration.



excessive ECM (Sirius Red) and the presence of senescent
(SA-β-gal positive) cells were assessed. Livers from mice
treated with CCl

4
, but not vehicle, showed a distinctive

fibrotic morphology and accumulated ECM in the fibrotic
scars (Fig. 2B). Cells that stained positively for the senes-
cence marker SA-β-gal were predominantly found in the
areas adjoining fibrotic scars, the site of HSC prolifera-
tion, migration, and fibrotic ECM production (Fig. 2B).
We find that cells in this region express senescence mark-
ers p16, p53, p21, and Hmga1 (Krizhanovsky et al. 2008).

On the basis of the observations above, we hypothe-
sized that senescent cells might derive from activated
stellate cells. Accordingly, the senescence markers p53
and Hmga1 were expressed in cells that were positive for
αSMA and Desmin, markers of activated stellate cells
(Krizhanovsky et al. 2008). Therefore, senescent acti-
vated stellate cells are present in chemically induced
fibrotic livers in mice. Similar cells were also observed
in livers from human patients with liver fibrosis
(Krizhanovsky et al. 2008).

Both the p53 and p16/Rb pathways contribute to se-
nescence in a cell-type-dependent manner, such that
cells lacking either pathway alone sometimes retain a
residual senescence response (Beausejour et al. 2003;
Shay and Roninson 2004). To determine the impact of

disrupting both loci on senescence and fibrosis in the
liver, we produced p53–/–;INK4a/ARF–/– compound
mutant mice. Hepatic stellate cells were then prepared
from wild-type and p53–/–;INK4a/ARF–/– animals. When
plated at low density in standard media, these cells
became activated and expressed αSMA within 2 weeks
(Krizhanovsky et al. 2008).

We allowed wild-type and p53–/–;INK4a/ARF–/– stellate
cells to become activated in vitro and examined their prolif-
erative capacity 10 days thereafter in colony-formation
assays. Whereas wild-type cells eventually undergo senes-
cence in vitro and do not form colonies, p53–/–;INK4a/ARF–/–

cells do not undergo senescence and continue to proliferate
(Fig. 3A). Moreover, p53–/–;INK4a/ARF–/– cells display
increased bromodeoxyuridine (BrdU) incorporation com-
pared to wild-type cells (Krizhanovsky et al. 2008). These
results demonstrate that p53–/–;INK4a/ARF–/–-activated stel-
late cells are immortalized in vitro.

To identify the consequences of impaired activated stel-
late cell senescence in vivo, we induced fibrosis in wild-
type and p53–/–;INK4a/ARF–/– mice and tested their livers
for fibrosis progression and amount of stellate cells. Liver
fibrosis was significantly more pronounced in mutant
p53–/–;INK4a/ARF–/– mice than in wild-type mice (Kri-
zhanovsky et al. 2008) and was accompanied by a signif-
icant increase in the expression of the activated stellate
cell marker αSMA (Fig. 3B) (see also Krizhanovsky et al.
2008). Therefore, senescence of activated stellate cells in
wild-type mice protects the liver from unlimited expan-
sion of these cells and more severe fibrosis.
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Figure 2. Senescent cells are present in mouse fibrotic liver. (A)
Mice were treated with CCl

4
twice weekly for 6 weeks. (B) CCl

4
-

treated livers (fibrotic) but not control livers exhibit fibrotic
scars (evaluated by H&E and Sirius Red staining). Multiple cells
adjacent to the scar stain positively for the senescence marker
SA-β-gal.

Figure 3. p53–/–;Ink4a/ARF–/– activated stellate cells are immortal-
ized and contribute to fibrosis progression. (A) p53–/–;Ink4a/ARF–/–

(DKO) but not wild-type-activated stellate cells form colonies fol-
lowing a 10-day colony-formation assay in vitro as evaluated by
crystal violet staining. Numbers indicate amount of cells seeded
per well. (B) Immunostaining identified higher expression of the
activated stellate cell marker αSMA in fibrotic livers from DKO
mice compared to wild-type mice.



EVIDENCE FOR HYPERPROLIFERATIVE
SIGNALS IN ACTIVATED STELLATE CELLS

Several stimuli might be responsible for inducing senes-
cence in activated stellate cells during the course of liver
fibrosis. Telomere shortening is the driving force for senes-
cence of normal human cells in culture (Campisi and
d’Adda di Fagagna 2007); however, mouse cells have long
telomeres, and it is therefore unlikely that in our model,
telomeres in activated stellate cells will shorten sufficiently
during the treatment period to lead to senescence. A boost
in proliferation was observed before senescence in cells that
undergo activated oncogene-induced senescence (Lin et al.
1998). We therefore examined fibrotic livers for the pres-
ence of activated Akt, which can mediate senescence in liver
progenitor cells and other cell types (Chen et al. 2005).
Indeed, elevated levels of an active phosphorylated AKT
(Ser-473) were detected in cells positive for the stellate cell
marker αSMA in fibrotic livers but not control livers (Fig.
4). Moreover, when we propagated human activated stellate
cells in culture, phosphorylated AKT was detected in a pro-
portion of late-passage cells (Krizhanovsky et al. 2008).
These results are consistent with the possibility that the
senescence of activated stellate cells is triggered by a hyper-
proliferative signal mediated, at least in part, by AKT.

SENESCENT ACTIVATED STELLATE
CELLS ARE TARGETS OF THE IMMUNE

SYSTEM IN VIVO

Interestingly, within 20 days of stopping CCl4
treatment,

liver fibrosis was almost resolved and senescent cells were
not detected. Our previous work indicates that senescent
cells can be cleared from tumors by the components of the
innate immune system (Xue et al. 2007). Moreover, we
have shown that senescent activated stellate cells up-regu-
late the expression of molecules involved in natural killer
(NK) cell recognition and, furthermore, can be preferen-
tially targeted by these cells in vitro (Krizhanovsky et al.
2008). In the fibrotic liver, immune cells (including NK

cells) migrate into the fibrotic scar and create an inflam-
matory environment (Bataller and Brenner 2005; Muhanna
et al. 2007). Using a combination of electron microscopy
and immunophenotying by immunofluorescence, we noted
that lymphocytes (including NK cells), macrophages, and
neutrophils were detected adjacent to HSCs in fibrotic liv-
ers from CCl4

-treated mice (Fig. 5A) (Krizhanovsky et al.
2008). These immune cells were often in close proximity to
cells expressing the senescent markers p53, p21, and
Hmga1 (Krizhanovsky et al. 2008). Therefore, immune
cells are localized adjacent to senescent activated stellate
cells in fibrotic liver.

To evaluate an impact of the innate immune response on
clearance of the senescent activated stellate cells and fibro-
sis resolution in vivo, we tested the impact of modulating
NK cell activity on these processes in fibrotic livers.
Following cessation of the fibrogenic stimulus, mice were
treated with anti-NK neutralizing antibody to deplete NK
cells or with polyI:C to induce an interferon-γ response and
enhance NK cell activity. Livers from mice treated with the
anti-NK antibody retained more senescent cells and fibro-
sis than controls, whereas senescent cells and fibrosis were
more rapidly cleared in livers from mice treated with
polyI:C (Krizhanovsky et al. 2008). We examined these liv-
ers for the presence of activated stellate cells by immuno-
staining. Numerous activated stellate cells were retained in
the livers of anti-NK antibody-treated mice (Fig. 5B). In
contrast, activated stellate cells were almost completely
eliminated in the livers of polyI:C-treated mice. Therefore,
the innate immune system can contribute to the elimination
of senescent stellate cells from the fibrotic liver.

CELL-AUTONOMOUS AND
NON-CELL-AUTONOMOUS EFFECTS OF
SENESCENCE DURING TUMORIGENESIS

AND WOUND HEALING

In cancer, senescence can serve as a tumor suppressor
mechanism in multiple ways. First, oncogene-induced
senescence provides an initial barrier to the development
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Figure 4. AKT signaling might contribute to the senescence of activated stellate cells. pAKT was detected in cells expressing the acti-
vated stellate cell marker αSMA in mouse fibrotic livers. Nuclei were identified by DAPI.



of malignancies in skin, prostate, and hematopoietic and
other systems, whereas telomere-based senescence may
attenuate tumor progression (Narita and Lowe 2005).
Second, upon tumor presentation, senescence can be
induced in some tumor cells by chemotherapy agents
(Schmitt et al. 2002). We have demonstrated that reactiva-
tion of the p53 pathway in tumors leads to activation of the
senescence program and tumor clearance by the innate
immune system in vivo (Xue et al. 2007). Therefore, the
senescence machinery can remain intact in advanced can-
cers, where it remains capable of halting proliferation of
tumor cells or cells carrying a strong oncogenic signal. If
these processes occur in premalignant settings, senescence
would limit tumorigenesis by preventing proliferation
while at the same time exposing the damaged cells to a
form of immune surveillance leading to their elimination.

Although the role of senescence in tumor suppression is
now functionally established, its contribution to age-
related disorders or other human pathologies is based on
correlative data. However, our recent results show that
senescence can act as a protective mechanism during tis-
sue injury, in particular, by limiting the proliferation of
activated stellate cells in response to acute injury and thus
the associated fibrosis. Of note, tissue fibrosis contributes
to a variety of pathologies beyond the liver, including
those in the skin, lung, pancreas, kidney, and prostate. It
therefore will be important to examine the role of senes-
cence in other fibrotic conditions and wound-healing
responses.
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Figure 5. The immune system facilitates the clearance of senescent activated stellate cells in vivo. (A) Electron microscopy revealed
that immune cells ([lp] lymphocytes; [np] neutrophil) are adjacent to activated HSCs in fibrotic mouse livers but not in normal mouse
livers. (B) Mice treated with CCl

4
were treated with an anti-NK antibody (to deplete NK cells), polyI:C (as an interferon-γ activator),

or saline (as a control) for 10 days. More activated stellate cells, identified by αSMA, are retained in mouse livers following depletion
of NK cells.

The potent cell cycle arrest that accompanies senescence
is not the only mechanism by which the program limits
fibrotic disease (Krizhanovsky et al. 2008). In addition,
senescent cells decrease production of components of the
ECM and up-regulate ECM degrading enzymes, thus
decreasing the amount of deposited matrix. Moreover,
senescent cells up-regulate a wide array of molecules that
mediate interactions with the immune system that, in turn,
may signal their subsequent elimination. Therefore, the
senescence of activated stellate cells triggers a coordinated
program that acts to inhibit the damage response by limit-
ing the number of the cells and ECM production, on the
one hand, and promoting tissue repair by signaling the
elimination of senescence cells, on the other hand (Fig. 6).

Although our results suggest that senescence protects
against liver fibrosis, in part, by stimulating clearance of
these cells by the immune systems, it is noteworthy that
chronic inflammation produced by viruses, alcohol abuse, or
nonalcoholic steatohepatitis is a prerequisite for the devel-
opment of hepatocellular carcinoma in humans. Although
the pro-inflammatory signals that accompany liver damage
are undoubtedly complex and arise from various sources, the
contribution of senescent activated stellate cells in recruiting
immune cells, although initially beneficial, may ultimately
contribute to chronic inflammation that stimulates the emer-
gence of malignant hepatocytes and cancer progression. In
fact, xenotransplant studies mixing normal and senescent
cells suggest that senescent cells can stimulate the transfor-
mation of premalignant epithelial cells (Krtolica et al. 2001).



Perhaps the role of senescence in limiting fibrosis evolved to
protect the organism from acute tissue damage, but it can
have a negative long-term role if the damage is chronic. It
will be interesting to determine precisely how the senes-
cence of mesenchymal cells involved in wound healing and
fibrosis ultimately influences the initiation and progression
of epithelial cancers.

ENDOGENOUS TRIGGERS OF SENESCENCE

In the context of tumor suppression, one of the key trig-
gers of senescence is oncogene activation or other signals
that produce a hyperproliferative response. The nature of
this signal is the topic of much debate and likely involves
activation of the INK4a/ARF locus as well as a DNA-dam-
age response through signals produced by replication
stress (Bartkova et al. 2006; Di Micco et al. 2006). One of
the pathways that can lead to unrestricted proliferation and
subsequent senescence in precancerous lesions is the
PI3K pathway. Indeed, as presented here, hepatoblasts
expressing hyperactive Akt—a key mediator of PI3K sig-
naling—are prone to senescence in the presence of p53,
and carcinomas induced by Akt and p53 loss undergo
senescence when p53 signaling is restored.

In principle, such hyperproliferative signals might drive
senescence of activated stellate cells in liver fibrosis.
Specifically, it is well established that upon liver injury,
damaged hepatocytes send signals that trigger the massive
expansion of stellate cells that are normally quiescent in
the intact liver (Bataller and Brenner 2005). Although dis-
tinct from the situation produced in benign tumors, where
hyperproliferative signals are produced by mutation, such
strong signaling might lead to replicative stress and ulti-
mately provide a built-in brake in the expansion of these
cells. How this activation occurs and whether it is the def-
inite driver of senescence during liver fibrosis remain to be
determined. Nevertheless, we see up-regulation of PI3K
signaling in senescent stellate cells and have noted DNA-

damage foci present in cells adjacent to the fibrotic scar
(data not shown). Perhaps such signaling initially evolved
to limit cell numbers during wound-healing responses and
was co-opted as an anticancer mechanism later on.

EXPLOITING THE SENESCENCE-
ASSOCIATED SECRETORY PHENOTYPE FOR

SENESCENCE-MODULATING THERAPIES

It is now clear that the way in which senescence sup-
presses tumorigenesis or limits tissue damage extends
beyond a cell-autonomous cell cycle arrest for which the
program is best known. Hence, a non-cell-autonomous
aspect of the program, the “senescence-associated secre-
tory phenotype,” clearly has an important role in limiting
the accumulation of cells in tissues. On the one hand, this
program stimulates the immune system to target senescent
cells, and our studies show that this targeting has a key
role in tumor suppression and tissue fibrosis (Xue et al.
2007; Krizhanovsky et al. 2008). Moreover, to at least
some degree, these secreted proteins modulate the cell
cycle exit program itself in an autocrine manner (Acosta et
al. 2008; Kuilman et al. 2008; Wajapeyee et al. 2008).

The fact that the accumulation of senescent cells in tis-
sues can be modulated externally suggests therapeutic
strategies to modulate senescence-associated pathologies.
In principle, this could be accomplished by biological ther-
apies that interact with cell surface receptors to activate or
inhibit senescence or by a variety of immune modulating
drugs. In addition to their obvious anticancer potential, such
strategies might be eventually used to induce senescence in
fibrogenic cells from one side and enhance clearance of the
senescent cells by the immune system from the other side,
leading to better treatments for fibrotic conditions and pos-
sibly other wound-healing disorders.As examples, systemic
delivery of the senescence inducer IGFBP7 can suppress
the progression of melanoma xenografts in mice, and ad-
ministration of polyI:C (which stimulates the immune sys-
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Figure 6. The eventual senescence of activated stellate cells limits fibrosis through a coordinated program involving cell cycle exit,
down-regulation of ECM components, up-regulation of ECM-degrading enzymes, and enhanced immunosurveillance. (Reprinted, with
permission, from Krizhanovsky et al. 2008 Supplemental Data [© Elsevier].)



tem) accelerates the resolution of fibrosis (Krizhanovsky et
al. 2008; Wajapeyee et al. 2008). Nevertheless, the success
of such therapeutic applications will require a deeper under-
standing of the tissue-specific relationships between senes-
cence and the microenvironment.

IMMORTALIZATION AND SELF-RENEWAL

Mutations that disable the senescence program—for
example, loss of p53, Rb, and IGFBP7 or overexpression of
Bmi-1 and CBX7—facilitate cellular immortalization and
ultimately cancer development. In many ways, immortaliza-
tion is similar to the process of cellular self-renewal, or the
manner in which stem cells reproduce themselves, which is
also a process of sustained cell division. It is striking that the
normal process of stem cell self-renewal and the aberrant
process of cellular immortalization share molecular path-
ways that have a central role in their regulation (Fig. 7). As
discussed above, gene products of INK4a/ARF locus are
established key elements in prevention of cell immortaliza-
tion. Thus, p16/INK4a inhibits cyclin-dependent kinases 2
and 4, thereby preventing Rb phosphorylation and cell cycle
progression. Both processes have been linked to self-
renewal of stem cells in the hematopoietic and neuronal sys-
tems (Bruggeman et al. 2005; Molofsky et al. 2005), and in
fact, p16 accumulates in certain stem cells with age and acts
to limit self-renewal (Janzen et al. 2006; Krishnamurthy et
al. 2006; Molofsky et al. 2006). Conversely, as discussed
above, inactivation of the PTEN tumor suppressor can trig-
ger senescence and limits the self-renewal of hematopoietic
stem cells (Yilmaz et al. 2006).

Other convergent players that influence immortalization
and self-renewal are the Polycomb proteins. In particular, the
Polycomb repressor 2 complex protein Bmi-1 can promote
cellular immortalization by suppressing the INK4a/ARF
locus and appears to promote stem cell self-renewal in a
variety of tissues (Bruggeman et al. 2005; Gil et al. 2005;
Molofsky et al. 2005). Less understood are factors involved
in Wnt signaling, which controls self-renewal and differen-

tiation of stem cells from multiple origins (Reya and Clevers
2005) and can facilitate immortalization in primary melano-
cytes (Delmas et al. 2007). Thus, the critical cellular deci-
sion to proliferate is regulated by multiple pathways, which
can positively affect self-renewal or enable bypass of senes-
cence and facilitate cellular immortalization.

The overlaps between immortalization (or escape from
senescence) and self-renewal (or suppression of differen-
tiation) can be extended to the settings of HCC progres-
sion and liver fibrosis studied here. For example, although
reactivation of p53 in HrasV12 and Akt-expressing tumors
drives a cell cycle arrest program with many hallmarks of
senescence, this program is accompanied by the appear-
ance of differentiation markers (see Fig. 1) (Xue et al.
2007). Conversely, in liver fibrosis following an initially
proliferative burst, activated stellate cells eventually
senesce, which might be viewed as a state of terminal dif-
ferentiation. Interestingly, quiescent HSCs were recently
reported to have stem cell properties, sharing the ability to
proliferate and differentiate into multiple cell lineages
(Yang et al. 2008). These cells might serve as regional
multipotent progenitors that are unable to self-renew but
are able to differentiate into multiple lineages.

CONCLUSIONS

In summary, the processes of senescence and immor-
talization, and differentiation and self-renewal, share
overlapping signaling mechanisms and can be viewed as
two sides of the same coin. What these similarities
reveal, and the extent to which they apply to different
contexts, remains to be determined. On the one hand,
many of the processes currently linked to “self-renewal”
have long been established to influence immortalization.
As one example, there is much debate about the origin of
cancer stem cells and how they acquire self-renewal
capabilities; however, from the discussion above, it
seems likely that in many cases, this reflects the process
of immortalization studied for the last 30 years. Indeed,
disruption of the ARF locus, well established to facilitate
cellular immortalization, is sufficient to confer “cancer
stem cell” properties to virtually all lymphoid cells
expressing Bcr-Abl (Williams and Sherr 2008). On the
other hand, these overlaps might have a deeper meaning,
reflecting mechanisms that initially evolved to control
cell numbers in normal tissues but were later incorpo-
rated into intrinsic tumor suppressive mechanisms to
limit uncontrolled cell division. If this proves to be the
case, it will be of interest to determine whether the self-
renewal of stem cells is also influenced by autocrine and
paracrine mechanisms that parallel those that influence
differentiation. If so, such knowledge might stimulate
the development of biological therapies to influence
stem cell self-renewal and tissue regeneration.
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