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Irreversible cell growth arrest, a process termed cellular senescence, is emerging as an intrinsic tumor suppres-
sive mechanism. Oncogene-induced senescence is thought to be invariably preceded by hyperproliferation, 
aberrant replication, and activation of a DNA damage checkpoint response (DDR), rendering therapeutic 
enhancement of this process unsuitable for cancer treatment. We previously demonstrated in a mouse model 
of prostate cancer that inactivation of the tumor suppressor phosphatase and tensin homolog deleted on 
chromosome 10 (Pten) elicits a senescence response that opposes tumorigenesis. Here, we show that Pten-loss–
induced cellular senescence (PICS) represents a senescence response that is distinct from oncogene-induced 
senescence and can be targeted for cancer therapy. Using mouse embryonic fibroblasts, we determined that 
PICS occurs rapidly after Pten inactivation, in the absence of cellular proliferation and DDR. Further, we 
found that PICS is associated with enhanced p53 translation. Consistent with these data, we showed that in 
mice p53-stabilizing drugs potentiated PICS and its tumor suppressive potential. Importantly, we demon-
strated that pharmacological inhibition of PTEN drives senescence and inhibits tumorigenesis in vivo in a 
human xenograft model of prostate cancer. Taken together, our data identify a type of cellular senescence that 
can be triggered in nonproliferating cells in the absence of DNA damage, which we believe will be useful for 
developing a “pro-senescence” approach for cancer prevention and therapy.

Introduction
Cellular senescence describes a terminal arrest of cell growth that 
is observed in response to various insults including an abnormally 
high activity of oncogenes (1). After its discovery and molecular 
characterization in vitro, it has only recently been recognized to 
specifically oppose tumor formation in various tissues in vivo, both 
in humans and in mice (2–6). This, together with the recent find-
ings that senescence can also promote tumor clearance through 
the innate immune response (7), calls for the development of com-
pounds targeting oncogenic pathways to drive senescence in can-
cer, which we refer to hereafter as “pro-senescence” therapy.

We have previously demonstrated that activation of the PI3K/AKT  
pathway achieved by complete loss of the tumor suppressor 
phosphatase and tensin homolog deleted on chromosome 10 
(PTEN), induces a cellular senescence response, a process we here 
term Pten-loss–induced cellular senescence (PICS).

PTEN is one of the most frequently altered tumor suppressor 
genes in cancer and, in particular, prostate cancer (8–10). It cata-
lyzes the conversion of the membrane lipid second messenger PIP3 
to PIP2 and is therefore a key mediator of the AKT/PKB pathway 

(11, 12). Our studies have identified PTEN dosage as being critical 
in determining the mechanism by which prostate tumors evolve in 
vivo (13, 14). PTEN in the condition of heterozygosity can promote 
tumor initiation and proliferation (15). However, complete loss of 
PTEN can oppose prostate tumorigenesis by triggering a powerful 
p53-dependent cellular senescence response (3). This provides the 
most plausible explanation for why human prostate cancer at pre-
sentation does not select for complete loss of PTEN and highlights 
the role of PTEN haploinsufficiency for prostate cancer initiation 
(13). Importantly, PICS has also been recently demonstrated in pri-
mary human epithelial cells (16). Thus, compounds that enhance 
PICS would have great potential for pro-senescence therapy in can-
cer. This therapeutic approach could be particularly appealing in 
prostate cancer, in which an overwhelming majority of patients at 
presentation have lost one allele of PTEN while retaining an intact 
p53 response (17) and are therefore at the verge of the signalling 
outburst that would trigger cellular senescence upon loss or inhi-
bition of the remaining PTEN allele.

However, a major conceptual hurdle in considering a pro-senes-
cence approach for cancer prevention and therapy is that onco-
gene-induced senescence (OIS) is preceded by hyperproliferation 
and consequent accumulation of a DNA damage checkpoint 
response (DDR) (18–22). These characteristics render the thera-
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peutic enhancement of OIS unsuitable for cancer therapy. Hyperp-
roliferation and DDR may promote the accumulation of arrested, 
albeit damaged, cells, favoring and not opposing cancer progres-
sion. Moreover, if hyperproliferation is indeed a prerequisite for 
the induction of cellular senescence, this would in turn limit a pro-
senescence approach for the therapeutic targeting of proliferative 
cells, while sparing the quiescent cancer cell pool.

Although hyperproliferation and DDR have been proposed 
as the driving force in senescence induced by Pten loss (19), the 
molecular mechanisms that trigger senescence in response to acute 
inactivation of Pten are still poorly understood. Furthermore, the 
potential therapeutic application of targeting PICS in prostate 
cancer still remains unexplored.

Here, we identify PICS as a unique form of senescence that occurs 
in the absence of both DDR and hyper-replication. In addition to 
describing the features of this senescence response, we show that 
pharmacological modulation of this pathway may be effectively 
used as what we believe to be a novel therapeutic strategy and offer 
several examples of how to develop such an approach in vivo.

Results
PICS occurs in the absence of hyperproliferation. In characterizing PICS, 
we have discovered that upon complete inactivation of Pten in 
primary mouse embryonic fibroblasts (MEFs), the cells undergo 
senescence at early time points, without requiring a long-term 
hyperproliferative phase. As shown in Figure 1A, adenoviral-Cre 
(Ad-Cre) infection of primary Pten conditional knockout (Ptenlx/lx) 
MEFs efficiently reduced Pten protein (Figure 1A, inset) and gene 
levels (Supplemental Figure 1A; supplemental material available 
online with this article; doi:10.1172/JCI40535DS1) and resulted in 
induction of p53 protein level (Figure 1A, inset) and p21 transcrip-
tion (Supplemental Figure 1B), consistent with our previous find-
ings (3). Similarly, the hallmark feature of senescent cells, β-gal  
activity, revealed a rapid senescence response (Figure 1A) and a 
dramatic impairment in cell growth (Figure 1A). PICS was also 
associated with the increase of other well-characterized senescence 
markers, including p16 and PAI1 (3) (Supplemental Figure 1C).

Notably, acute inactivation of Pten by means of RNAi in Pten 
heterozygous (Pten+/–) MEFs also resulted in induction of cellular 
senescence at early time points (Supplemental Figure 1D).

Since PICS occurred acutely and in the absence of a long-term 
hyperproliferative phase, we formed the hypothesis that PICS 
could occur in the complete absence of DNA replication and cel-
lular proliferation, both characteristics of replicative senescence 
and OIS (18–22). To validate our hypothesis, we acutely inacti-
vated Pten in MEFs pretreated with aphidicolin (see experimental 
timeline outlined in Figure 1), a reversible inhibitor of the eukary-
otic DNA polymerase that specifically blocks the cell cycle at early 
S-phase by inhibiting DNA replication and that, as previously 
described, abrogates H-RAS–induced cellular senescence, the pro-
totypic inducer of OIS (see below and ref. 5).

Pretreatment of Ptenlx/lx MEFs with aphidicolin, followed by acute 
inactivation of Pten, resulted in increased β-gal senescence stain-
ing (Figure 1B) and p53 accumulation (Figure 1B) after 24 hours.  
This occurred in the absence of cellular proliferation, as visualized 
by the reduction of BrdU incorporation (Figure 1C), suggesting 
that in contrast to OIS DNA replication and cellular proliferation 
are not essential components of PICS.

To determine whether these represent genuine differences 
between PICS and OIS, we compared MEFs infected with H-RasV12  
(H-Ras) and Cre for their ability to induce hyperproliferation 
prior to the induction of senescence. Ptenlx/lx MEFs were infect-
ed with a retroviral vector containing activated H-Ras or Cre 
recombinase. Under these conditions, overexpression of H-Ras 
resulted in a consistent hyperproliferative phase, while infection 
with Cre resulted in decreased proliferation (Figure 1D). In addi-
tion, aphidicolin treatment of H-Ras–infected MEFs completely 
blunted the senescence response after the hyperproliferation in 
OIS (Figure 1E), partially preventing p53 accumulation (Figure 
1E), while in contrast, the block of proliferation (Supplemental 
Figure 1F) did not affect PICS or p53 levels (Figure 1E). In sum, 
these data confirm that hyperproliferation is a prerequisite for 
OIS, which cannot be triggered in quiescent cells, while PICS can 
occur even in cells that are unable to proliferate.

PICS occurs independent of DNA damage. Since DNA hyper-replica-
tion drives senescence through the progressive accumulation of a 
DDR in OIS (18, 21, 22), we also looked for evidence of a DDR in 
MEFs that were progressively undergoing PICS and OIS. Control 
cells and cells undergoing PICS or OIS were followed for 96 hours 
with no apparent increase in senescence-associated DNA-damage 
foci (SDF) observed in PICS when compared with OIS (Figure 2A). 
SDF are characterized by immunofluorescent detection of the 
activated form of the ataxia telangiectasia protein (ATM pS1981) 
and activated DDR mediators such as phosphorylated histone 
H2AX (γ-H2AX) and phospho-p53 (Ser15) (Figure 2A). In addi-
tion cells undergoing OIS showed a significantly higher number 
of cells with large foci (Figure 2B and Supplemental Figure 2A for 
quantification) when compared with cells undergoing PICS and 
control. Western analysis was also carried out and did not show 
any increase in checkpoint kinase 1 (CHK1) phosphorylation on 
Ser345, CHK2 phosphorylation on Thr68, and phosphorylation 
of γ-H2AX, markers already shown to correlate with the DDR 
required for OIS (Figure 2C). In addition, a general increase in 
phosphorylation of ATM/ataxia telangiectasia (ATM/ATR) sub-
strates (using anti–phospho-ST/Q) was not associated with PICS 
(Figure 2D), while the presence of DNA breaks in cells undergoing 
PICS, as detected by TUNEL, was also absent (Figure 2E).

Figure 1
Senescence driven by Pten loss occurs in the absence of cellular prolif-
eration. (A) Western blot analysis of Ptenlx/lx MEFs infected with Ad-GFP  
or Ad-Cre, according to the scheme in Supplemental Figure 1E. β-gal  
staining for senescence and its quantification. Scale bar: 10 μm. Growth 
curve of Ptenlx/lx MEFs after infection with Ad-GFP or Ad-Cre. (B) Quan-
tification of β-gal staining for senescence and Western blot analysis for 
p53 in Ptenlx/lx MEFs treated according to the experimental timeline. 
The asterisk denotes analysis through either Western blotting or β-gal 
staining. Images show β-gal staining for senescence (at 24 hours).  
Scale bar: 10 μm. (C) Quantification of BrdU incorporation in Ptenlx/lx 
MEFs infected as in B. (D) Analysis of cellular proliferation and West-
ern blot analysis for p53 of Ptenlx/lx primary MEFs infected with retrovi-
ral control vector, H-Ras (OIS), and Cre (PICS), as measured by rela-
tive cell number over a 6-day period, and followed without selection. 
Note that the absence of selection was required, since H-Ras induced 
hyperproliferation 2 days after the infection of MEFs (a shorter time 
point than that observed in human cell lines; ref. 18), and the selection 
phase masked this phenomenon. Experimental design for the experi-
ment is shown in the lower panel. (E) Quantification of β-gal staining 
and Western blot analysis for p53 at day 6 for Ptenlx/lx primary MEFs 
infected as in D (see experimental design in D). Numbers in the West-
ern blots indicate densitometrically determined protein levels relative 
to β-actin (A, B, D, and E). Error bars show SD (A–E).
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DDR and p53 induction in OIS critically depend on the function 
of an intact ATM response (18, 19). We therefore tested whether p53 
and a full-blown PICS response could be triggered in an ATM-inde-
pendent manner. To this end, we used an RNAi approach to knock-
down ATM in Ptenlx/lx MEFs infected with Ad-Cre (Supplemental 
Figure 2B for the experimental timeline). Western analysis showed 
that at the time of infection with Ad-Cre, ATM levels were already 
significantly decreased (Supplemental Figure 2B, at 24 hours).  
Subsequent acute inactivation of Pten in these MEFs still resulted 
in the upregulation of p53 at early time points (Supplemental Fig-
ure 2C, at 72 hours). This allowed us to uncouple p53 induction 
from DDR activation and demonstrate that the establishment of 
DDR is not required for PICS.

To further validate our findings, H-Ras– and Cre-infected 
MEFs were treated with CGK733, a potent and selective small 
molecule inhibitor of the ATM/ATR kinase (23), and subse-
quently scored for senescence after treatment. Interestingly, 
CGK733 treatment completely inhibited H-Ras–induced senes-
cence, while PICS remained unaffected (Figure 2F). Similarly, 
inactivation of ATM by RNAi resulted in decreased senescence 
in OIS but not in PICS (Figure 2G).

Finally, we analyzed samples from prostate conditional Pten- 
null mice (Ptenpc–/–), in which Probasin-Cre is used to condition-
ally inactivate Pten in the prostatic epithelium (3), for evidence 
of DDR activation in vivo. As previously reported, Ptenpc–/– mice 
at the age of 8–11 weeks develop in situ prostate lesions [PIN]) 
that contain a significant number of β-gal–positive senescent 
cells, which also stain positive for p53 and p21 (at least 20-fold 
increase of the β-gal and p53 staining compared with WT pros-
tates) (3). This powerful senescence response prevents tumor 
progression until its focal evasion, and at later stages, allows 
tumor invasion to occur (see below and ref. 3). Mice sacrificed at 
8 weeks were stained for both β-gal and phospho–γ-H2AX. While 
we observed a strong senescence phenotype in the prostates of 

the Ptenpc–/– mice, no significant difference in phospho–γ-H2AX 
was observed (Figure 2H, compare WT with early stage). Overall, 
our data support the hypothesis that when PICS is elicited the 
DDR is not engaged and that this senescence response is in fact 
independent of DDR activation.

Targeting PTEN for pro-senescence therapy in prostate cancer. The 
absence of such a DDR response, combined with our data dem-
onstrating that PICS can be elicited in nonproliferating cells, 
renders the pharmacological targeting of PTEN appealing from 
a therapeutic point of view. This may be particularly relevant as 
conventional cytotoxic drugs do not efficiently target cells with 
low proliferative capacity and are relatively ineffective in quies-
cent cancer stem cells (24).

Thus, we reasoned that targeting upstream elements of the 
PI3K signaling pathway would represent a promising therapeu-
tic strategy to trigger senescence in cancer cells, especially in 
cancer cells with low proliferative index. As partial reduction or 
monoallelic loss of PTEN is extremely frequent in human pri-
mary cancer (12) and in particular in prostate cancer, we tested 
whether transient and reversible pharmacological inhibition of 
Pten could trigger PICS. Note that a considerable number of 
prostate cancers often present with intact p53, even at late and 
metastatic stages of disease (25, 26). For instance some common 
cancer cell lines, such as LNCap and MDA PCa-2b, are derived 
from metastatic prostate cancer patients and yet maintain a 
functional p53 pathway (27).

To test the potential of this approach, we took advantage of a 
recently characterized PTEN inhibitor, VO-OHpic, developed as 
a potential anti-diabetes drug (28). VO-OHpic is a vanadyl com-
plexed to hydroxypicolinic acid, which was recently found to be an 
inhibitor of PTEN, increasing cellular phosphatidylinositol-3,4,5-
triphosphate (PIP3) levels, phosphorylation of AKT, and glucose 
uptake in adipocytes (28).

Treatment of WT and Pten+/– MEFs with vehicle or 500 nM VO-
OHpic showed a clear, induction of senescence in Pten+/– cells, 
while WT control MEFs remained unaffected (Figure 3A). Impor-
tantly, proliferation of Pten+/– cells was impaired while WT cells 
were unaffected by VO-OHpic (Supplemental Figure 3A). This is 
in agreement with the fact that for senescence to be triggered Pten 
activity has to be significantly lowered below 50% and that only 
in cells with low basal levels of Pten can the inhibitor be effec-
tive. This in turn highlights the differential sensitivity of Pten 
mutant cells to VO-OHpic. Inhibition of Pten was confirmed by 
Western analysis, with both phospho-Akt (Ser473) and phos-
pho-S6 levels increased in the Pten+/– treated cells (Figure 3B and 
Figure 3C for the quantification). Pten hypomorphic (Ptenhy/–) 
MEFs (30% of total protein level of Pten) were also treated with 
VO-OHpic, and although Ptenhy/– MEFs had a higher background 
level of senescence to start with, VO-OHpic induced a significant 
increase in senescence also in these cells (Supplemental Figure 
3B). Importantly, VO-OHpic did not induce further senescence 
in Pten–/– MEFs (Figure 3D).

We next checked whether treatment with VO-OHpic in human 
prostate cancer cell lines with reduced levels of PTEN and WT p53 
could result in the induction of senescence. We first characterized 
6 prostate cancer cell lines on the basis of PTEN and p53 levels 
(Figure 3E). In spite of the fact that these cell lines are derived from 
metastatic and advanced cancers, 3 were found to be WT for p53, 
with 1 cell line, MDA PCa-2b, expressing at the same time reduced 
levels of PTEN protein. On the basis of this genetic stratification, 

Figure 2
Senescence driven by Pten loss occurs in the absence of DNA damage.  
(A) Immunofluorescence staining and its quantification to detect SDF 
in primary Ptenlx/lx MEFs undergoing Cre (PICS) and H-Ras infection 
(OIS). Representative images of phospho-ATM (pATM), γ-H2AX, and 
phospho-p53 (Ser15) (pp53S15) staining. MEFs treated with doxoru-
bicin (DOXO) and UV were used as controls as indicated. (B) Repre-
sentative images of γ-H2AX and phospho-p53 DNA damaged foci in 
MEFs treated as in A. Scale bar: 5 μm. (C) Western analysis for DDR 
markers in UV-treated primary WT MEFs, proliferating primary MEFs 
(vector), or MEFs undergoing PICS. Numbers in Western blots indi-
cate protein levels for pCHK1, pCHK2, and γ-H2AX relative to β-actin. 
(D) Western analysis for substrates phosphorylated by ATM/ATR 
(phospho-S/TQ, PS/TQ) in UV-treated, control, and PICS. (E) TUNEL 
analysis in proliferating MEFs or MEFs undergoing PICS. WT MEFs 
treated with doxorubicin were used as a control. (F) Quantification of 
β-gal staining (at day 6) in Ptenlx/lx MEFs infected as in A and treated 
with the ARM/ATR inhibitor CGK737 after infection. (G) Quantifica-
tion of β-gal staining in MEFs infected as in A and transfected with 
either a control (siCO) or ATM-specific siRNA (siAtm). Western-blot 
analysis for ATM in MEFs infected and treated as indicated. (H) β-gal 
and phospho–γ-H2AX staining and its quantification in prostates from 
8-week-old Ptenpc–/– mice with prostatic intraepithelial neoplasia. The 
graph shows γ-H2AX staining in a positive control (a Ptenpc–/– mouse 
with invasive carcinoma). P values were determined by Student’s t 
test. Error bars show SD (A and F–H). Original magnification, ×10 (A 
and E); ×200 (inset in H).
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we studied the sensitivity of this cell line to PTEN inhibitors in 
vivo. Using MDA PCa-2b cells in a xenograft model, we observed 
a remarkable decrease in tumor growth when mice were treated 
systemically with VO-OHpic (Figure 3F). Notably, long-term treat-
ment of MDA PCa-2b xenograft tumors with systemic VO-OHpic 

also resulted in an increased survival of the treated animals, due to 
the reduction of the tumor burden (data not shown). MDA PCa-2b 
tumors treated with VO-OHpic also presented an increased β-gal 
staining and a decreased Ki-67 staining when compared with the 
untreated control tumors (Figure 3G).

Figure 3
Pharmacological inhibition of PTEN drives senescence in vitro and in vivo. (A) Quantification of the senescence-associated β-gal assay and its 
staining in Pten+/+ (WT) and Pten+/– (HET) cells treated with indicated concentrations of the PTEN inhibitor VO-OHpic. Scale bar: 10 μm. Error 
bars show SD. (B) Western analysis of cells from A treated with 500 nM VO-OHpic. Blot lanes were run on the same gel but were noncontiguous. 
(C) Quantification of pAkt (Ser 473)/Akt protein levels in Pten+/+ and Pten+/– MEFs from A, normalized for the WT baseline level (dashed line). 
Error bars show SD from independent experiments. (D) Quantification of senescence-associated β-gal staining in Pten-null MEFs treated with 
either vehicle or 500 nM VO-OHpic. Error bars show SD. (E) Western analysis for PTEN and its quantification in 6 prostate cancer cell lines with 
WT (black bars) and mutant (red bars) p53. Error bars show SD from independent experiments. (F) Fold increase in tumor volume in a MDA PCa 
2b xenograft mouse model after systemic treatment with VO-OHpic. Error bars show SD. A representative Western blot analysis for p53 in tumors 
from mice treated with Vehicle or VO-OHpic is shown in the inset. Numbers in the inset indicate densitometrically determined protein levels for 
p53 relative to β-actin (G) Quantification of β-gal– and Ki-67–positive cells in MDA PCa 2b tumors, untreated and treated with VO-OHpic. Error 
bars show SD. P indicates the statistical significance as measured by Student’s t test throughout.
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Figure 4
mTOR is essential for senescence upon Pten loss. (A) Western blot analysis of primary Ptenlx/lx MEFs after rapamycin treatment and acute inac-
tivation of Pten with Ad-Cre (PtenΔ/Δ), according to the experimental scheme shown in Supplemental Figure 1E. Numbers indicate densitometri-
cally determined protein levels relative to β-actin. Senescence-associated β-gal staining and its quantification is also shown. Scale bar: 10 μm. 
Error bars show SD. (B) Western analysis in Pten-deficient and Pten-mTOR compound mutant primary MEFs (by retroviral infection/selection). 
Numbers indicate densitometrically determined protein levels for p53 relative to β-actin. Senescence-associated β-gal staining and its quanti-
fication is also shown. Scale bar: 10 μm. Error bars show SD. (C) Western analysis of Pten–/–p19Arf–/– compound mutant MEFs (by retroviral 
infection/selection) and quantification of p53 levels. Error bars show SD of 3 independent experiments. (D) MEFs as in C, treated with rapamycin 
(rapa) or DMSO for 24 hours. Error bars show SD of 3 independent experiments. (E) Western blot analysis and quantification for Pten and p53 
protein levels of MEFs infected as in A and treated with MG132 48 hours after infection. Error bars show SD of 3 independent experiments. (C–E) 
Numbers within and above columns indicate the average p53 levels observed in independent experiments. (F) Senescence-associated β-gal 
staining and quantification of PtenΔ/Δ MEFs treated with rapamycin and/or Nutlin-3 during Ad-Cre–mediated PICS. Scale bar: 10 μm. Error bars 
show SD of 3 independent experiments. P indicates the statistical significance as measured by Student’s t test throughout.
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In sum, these findings demonstrate that treatment with PTEN 
inhibitors drives a tumor suppressive senescence response in a 
human prostate xenograft tumor. As PTEN inhibitors are already 
being proposed as potential drugs for treatment of other diseas-
es, it is provocative to think that they may also be useful in the 
prevention and treatment of certain cancers.

PICS depends on mTOR function and is markedly potentiated by Mdm2 
inhibition. Based on the above observations, we went on to character-
ized PICS in greater detail, and in doing so, we hypothesized that a 
downstream oncogenic component of the Pten pathway, when maxi-
mally activated, has the subversive ability to slow growth by induc-
ing a senescence response that is independent of DDR activation. To 
test our hypothesis and to figure out which of the numerous targets 
of downstream Pten loss could be relevant, we tested the effect of 
rapamycin on PICS. Rapamycin, an antifungal macrolide with well-
known immune-suppressive properties, inhibits the mTOR kinase 
complex 1 (mTORC1) (29). It is currently being tested for antitumor-
al activity in clinical trials (30) after several preclinical cancer model 
systems showed a response, especially under conditions of activated 
AKT/PKB signalling (31–33). mTOR is a key mediator of translation 
downstream of AKT through its ability to activate both initiation 
factor eIF4e as well as S6-kinase (29), and its functional activity has 
already been indirectly implicated in senescence in vivo (34, 35).

To test whether the senescence downstream of Akt activation 
depends on mTORC1, we treated primary Ptenlx/lx MEFs with rapa-
mycin prior to Pten ablation via infection with Ad-Cre (see Supple-
mental Figure 1E for a time line of the experiment). Surprisingly, 
while this procedure resulted in efficient Pten loss, senescence and 
p53 levels were completely abolished by rapamycin (Figure 4A). We 
also tested genetically whether mTOR is also essential for PICS, 
taking advantage of Pten–/–mTOR–/– double-null MEFs, and found 
this to be true (Figure 4B).

As we have already established p53 to be a critical component 
of PICS in vivo (3), we set out to determine the relationship 
between mTOR and p53. Using real-time PCR we examined Trp53 

transcript levels between control and Pten–/– MEFs treated with 
either vehicle or rapamycin, and found there to be no difference 
(Supplemental Figure 4A). We therefore examined whether p53 
upregulation observed in PICS could depend on a translational 
contribution of mTOR to this process. By pulsing cells undergo-
ing PICS with [S35]-labeled methionine we observed a significant 
proportion of newly synthesized p53 protein in cells undergoing 
PICS as compared with the control (Supplemental Figure 4B). 
Furthermore, the amount of p53 mRNA loaded on the polysome, 
as analyzed by sucrose gradient, was higher in PICS (Supplemen-
tal Figure 4C) than in the control, while the amount of total p53 
mRNA remained unaffected. We also confirmed the relevance of 
our observations in vivo. To study the effect of pharmacologi-
cal inhibition of mTOR in vivo, we used RAD001, a well-known 
analogue of rapamycin that has been previously tested in several 
prostate preclinical mouse models (30–32). In mice treated with 
RAD001, we observed a marked decrease in the total number of 
β-gal–positive cells and p53 staining as compared with control 
(Supplemental Figure 5).

Given the relevance of mTOR in PICS, our data suggested that 
the translational control of p53 in PICS may be dominant over 
Ink4a tumor suppressor gene product p19Arf–mediated (Arf-
mediated) p53 stabilization. To determine the contribution of 
ARF in PICS, we genetically inactivated p19Arf, and surprisingly, 
we observed that in a Pten–/–Arf–/– background, neither the increase 
in p53 nor PICS were markedly reduced (ref. 36; Figure 4C and 
Supplemental Figure 6, A and B). Most notably, we found that the 
induction of p53 in Pten–/–Arf–/– cells was completely rapamycin 
sensitive and hence mTOR dependent (Figure 4D). This is further 
supported by the finding that treatment with MG132 results in a 
substantial increase of p53 levels (Figure 4E, compare lane 2 with 
lane 3), in turn suggesting that the upregulation of Arf in PICS 
does not result in an effective transformed mouse 3T3 cell double 
minute 2 (Mdm2) blockade.

Thus, we reasoned that if Arf is not critical in opposing Mdm2 
for the induction of p53 in PICS, perhaps the use of Mdm2 inhibi-
tors, p53-stabilizing drugs such as Nutlin-3 (37), would lead to 
p53 superactivation and hence maximize the PICS response. As 
shown in Figure 4F, PICS was dramatically enhanced by treat-
ment with Nutlin-3. Furthermore, Nutlin-3 could restore p53 
levels and PICS even in cells pretreated with rapamycin (Figure 4F;  
see Supplemental Figure 1E for experimental scheme). The recov-
ery of the PICS response was also accompanied by a strong p53-
induction (Supplemental Figure 7A). Interestingly, WT MEFs 
treated simultaneously with Nutlin-3 and rapamycin were maxi-
mally growth inhibited when compared with the single adminis-
tration of either drug (Supplemental Figure 7B), suggesting that 
the combination of both drugs can be effective in tumors that 
retain an intact p53 response. It is worth noting that the com-
bination of the 2 drugs had no synergistic effect in p53–/– MEFs 
(Supplemental Figure 7B). Thus, p53-enhancing drugs, such as 
Nutlin-3, can be used to potentiate PICS for cancer chemopre-
vention and therapy. Notably, Nultin-3 was more effective in 
inducing senescence in PICS than in OIS (Supplemental Figure 
7C). This can be explained by the major role played by p19ARF in 
OIS, which is already known to stabilize p53 through the inhibi-
tion of MDM2 (38). Finally no significant differences in term of 
senescence induction were observed in Pten WT and heterozygous 
MEFs (Supplemental Figure 7D) after treatment with Nutlin-3. 
On this basis, we hypothesized that Nutlins could be used as pow-

Figure 5
Nutlin-3 potentiates senescence and acts synergistically to RAD001 
in restricting tumorigenesis in vivo. (A) Schematic representation of 
the timing of drug administration in the different treatment groups  
(n = 10 for each group). sac, sacrifice. (B) Sizes of the anterior prostate 
in Ptenpc–/– mice (8 weeks of age) after the indicated treatments. (C) 
Quantification of the anterior prostates (APs) size and number of PIN-
affected glands in mice (n = 6 for each treatment group) treated with 
the indicated drugs. Error bars show SD. P indicates the statistical sig-
nificance (untreated versus each group of treatments). (D) Histopatho-
logical analysis and senescence of 8-week-old prostate tumors after 
treatments and staining as indicated: H&E, pS6, β-gal, p53, and Ki-67. 
Insets in H&E, pS6, p53, and Ki-67 represent a WT control stained as 
indicated (original magnification, ×20). (E) Quantification of the β-gal 
staining in anterior prostate sections of mice treated as indicate Repre-
sentative sections from 3 mice were counted for each treatment group. 
Sections were counterstained with DAPI staining for β-gal quantifica-
tion. (F) Quantification of p53 in the anterior prostate sections of mice 
treated as indicated. Sections from 3 mice were counted for each treat-
ment group. (G) Quantification of Ki-67 staining in anterior prostates of 
mice treated as indicated and quantified as in E. (H) Quantification of 
TUNEL assay for apoptosis in the anterior prostates of mice treated as 
indicated (more than 3 mice per treatment group). Error bars in E–H 
represent SD for a representative experiment performed in triplicate. 
(I) Summary of the molecular pathway and pharmacological manipula-
tion of PI3K pathway for pro-senescence therapy for cancer.
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erful PICS enhancers and that mTOR inhibitors could be used in 
combination with Nutlins in order to take advantage of the path-
way-inhibitory and pro-senescence activity of this drug combina-
tion, a hypothesis that we tested in vivo in preclinical trials.

Nutlin-3 potentiates PICS and synergizes with mTOR inhibition in vivo.  
We assessed whether Nutlin-3 would oppose Pten-loss–driven 
tumorigenesis by enhancing PICS in vivo singly or in combina-
tion with RAD001. Nutlin-3 was administered to Ptenpc–/– mice 
at 4 weeks of age, prior to tumor onset (see Figure 5A for experi-
mental scheme), and we scored for tumor size and number of 
PIN-affected glands.

Nutlin-3 decreased both the tumor size and the number of 
affected glands (Figure 5, B–D). This was associated with an 
increase of β-gal activity and p53 and p21 staining in all the 
glands analyzed (Figure 5, D–F, and Supplemental Figure 8). 
In contrast, although growth inhibitory, RAD001 markedly 
decreased senescence in almost all the remaining affected glands 
of the treated mice, as visualized by both a decrease in β-gal activ-
ity and p53 and p21 staining (Figure 5, D–F, and Supplemental 
Figure 8). The combination of Nutlin-3 and RAD001 rescued the 
senescence phenotype, as demonstrated by the increased tumors 
β-gal activity, p53 and p21 staining. The rescue of senescence 
resulted in a dramatic reduction of tumor size (Figure 5, B and 
C), number of affected glands (Figure 5C), and percentage of 
proliferating tumor cells (Figure 5, D and G). Notably, staining 
by TUNEL revealed no difference in apoptosis between the treat-
ment groups, suggesting that the main function of Nutlin-3 in 
PICS is to enhance senescence rather than induce an apoptotic 
response (Figure 5H).

These findings validate the pro-senescence potential of Nutlin-3 
in a genetically engineered mouse prostate model and represent 
a proof-of-principle example for the importance of the preserva-
tion of an intact senescence response in cancer chemoprevention 
and therapy. Our findings also suggest that treatment with mTOR 
inhibitors should be combined with drugs that sustain the p53 
response. This is particularly relevant in prostate cancer, in which 
p53 function often remains intact (25, 26).

Discussion
For several years cellular senescence has been considered the 
result of replicative exhaustion of primary cells in vitro or the 
artifactual overexpression of oncogenes, with little evidence to 
prove the functional relevance of senescence in vivo. Recently, we 
and others have demonstrated that cellular senescence occurs in 
vivo and can oppose tumorigenesis in mouse models (2–5, 39). 
Specifically, our prostate mouse model has shown how potent 
the senescence response elicited by Pten loss is in restricting 
tumor initiation and progression (3). This finding has straight-
forward therapeutic implications for prostate cancer prevention 
and treatment and is especially relevant given that prostate can-
cer is still the most commonly diagnosed malignancy in men 
and the second most common cause of male cancer deaths (40). 
The recent discovery that senescence can drive tumor clearance 
trough the stimulation of a peritumoral immune response gives 
credence to the therapeutic application of pro-senescence com-
pounds that can target senescence pathway for cancer therapy 
(16). Conventional chemotherapy and radiotherapy has been 
previously shown to induce cellular senescence in tumors sam-
ples of cancer patients but at the cost of cytotoxic effects for 
normal and cancer cells (41). Thus, it remained to be established 

whether the targeting of specific genes involved in senescence 
pathway (e.g., p53 or PTEN) could be used to induce senescence 
in vivo and whether this approach would efficiently oppose 
tumorigenesis. In this sense, targeted therapy oriented to modu-
late pro-senescence mediators could avoid the unselective geno-
toxicity delivered by conventional chemotherapeutics, thereby 
representing an alternative therapeutic strategy. Moreover, it 
was tempting to hypothesize that the genetic defects harbored 
by cancer cells (e.g., Pten heterozygous or homozygous loss) 
would render them differentially vulnerable to pro-senescence 
mediators. While our previous data regarding PICS clearly estab-
lished an important role for the senescence response in oppos-
ing prostate tumorigenesis, it did not address the molecular and 
mechanistic details of the process. The new knowledge obtained 
in this study regarding the molecular and mechanistic require-
ments for PICS in turn offered important therapeutic opportu-
nities that we could test both in vivo and in vitro.

Taken together, our findings lead to a number of relevant con-
clusions. First, we have characterized PICS as a novel form of cellu-
lar senescence, that unlike OIS does not trigger hyperproliferation 
and a classic DDR. These findings integrate the current notion 
whereby cellular senescence in response to some oncogenic stimuli 
would invariably represent, a checkpoint triggered by hyperpro-
liferation, aberrant DNA replication, and DNA damage. These 
findings have therapeutic implications, since they suggest that 
compounds that enhance PICS by targeting PTEN or one of its 
downstream effectors will drive a beneficial senescence response 
without inducing DNA damage.

Second, we show that PICS can also be triggered in arrested 
cells and hence, in principle, be used to target for therapy even 
nonproliferating cells, including the quiescent cancer-initiat-
ing cell (24, 42). While the therapeutic enhancement of OIS 
would by definition spare the quiescent cell, in turn promoting 
the accumulation of arrested, albeit, damaged cells, therapeu-
tic enhancement of PICS can be used to trigger the irreversible 
arrest of both proliferating and nonproliferating cells in the 
absence of DNA damage. Importantly, this also suggests that 
therapeutic delivery of DNA-damaging agents to cells undergo-
ing PICS in the form, for instance, of ionizing radiation, could 
be used to further potentiate PICS or to morph this fail-safe 
response into full-blown apoptosis.

Third, we have further shown that a transient inhibition of 
PTEN can drive senescence in vivo in tumors with decreased PTEN 
protein levels. Given that current efforts in the fight against cancer 
aim at inhibiting PI3K-mTOR signalling, it is provocative to think 
that such PTEN inhibitors may represent a powerful class of mol-
ecules for pro-senescence therapy in PTEN heterozygous tumors 
and cells, keeping in mind that PTEN heterozygosity is commonly 
observed in human cancer (12).

Fourth, we have found that compounds that block mTOR can 
blunt senescence in tumors with activated senescence programs. 
Our unpublished observations also suggest that rapamycin and its 
analogues can antagonize the p53 response, upon treatment with 
ionizing radiation and chemotherapeutic agents. Thus, in addi-
tion to stabilization of p53, there can be a significant translational 
component to p53 upregulation in these conditions as well. Treat-
ment with rapamycin specifically abrogates this upregulation and 
in doing so can blunt the p53 response so critical for opposing 
tumor progression. These undesired effects may limit the efficacy 
of rapamycin as a single agent in some instances.
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Fifth, we have shown that the Ptenpc–/– mouse model provides a 
unique setting to study the pro-senescence efficacy of novel and 
previously identify compounds alone or in combination. This in 
vivo approach has also allowed us to analyze the biological and 
genetic determinants of drug action in a manner that would be 
impossible using cell lines or in patients. Thus, this in vivo model 
has great potential for evaluating drug action and predicting treat-
ment responses to pro-senescence therapeutic modalities.

Sixth, the elucidation of the molecular requirements underlying 
PICS has allowed us to identify a number of critical entry points 
for the rationale development of a pro-senescence therapy for can-
cer chemoprevention and treatment (Figure 5I). This will allow for 
an effective evaluation in the clinic of drugs that modulate PICS-
inducing and PICS-suppressive pathways and for the development 
and fine tuning of protocols to improve efficacy and response 
to current treatments. This is exemplified by the case in hand, 
whereby inhibitors of p53 degradation, like Nutlin-3, can enhance 
senescence and overcome the negative effect of rapamycin and 
convert a rapamycin-mediated transitory growth arrest into ter-
minal senescence. This approach could also prove very beneficial, 
as mTOR inhibition along with senescence induction could blunt 
at the same time the HIF-1α–mediated pro-angiogenic response, 
so critical for tumor progression (31).

Methods
Mouse crosses and MEF production. mTOR conditional knockout (mTORlx/lx; 
see ref. 43) mice were crossed with Ptenlx/lx mice (see ref. 13) to produce 
mTORlx/lx-Ptenlx/lx compound mutants (see reference for genotyping). MEFs 
from these crosses were harvested by standard procedures, and recombina-
tion was achieved as indicated below.

Cell culture, nude mice, treatments, and infection. Primary MEFs were tran-
siently infected with Ad5-Cre (Microbix Biosystems Inc.) or with Ad5-GFP 
(gift of U. Greber and S. Hemmi, University of Zurich, Switzerland) for  
48 hours at a multiplicity of infection of 50 as previously described (3). 
PtenWT, Pten+/–, PtenHypo/– (30% of total dose of Pten protein), and Pten–/– pri-
mary MEFs were treated with varying doses of FBS (0.5%–20%). For stable 
transfections, primary MEFs (Ptenlx/lx, mTORlx//lx, and combinations includ-
ing p19Arf-null MEFs) were infected with retroviruses expressing Cre-PURO-
IRES-GFP, RasV12-PURO-IRES-GFP, or control virus and selected in 3 μg/ml  
puromycin (Sigma-Aldrich) for 2 days as described (3) and used for analy-
ses. For in vivo tumorigenesis assay, 5 × 106 cells of the indicated human 
prostate cancer cell lines were injected subcutaneously into the right flank 
of 6-week-old athymic nude mice (NCRNU-M; Taconic Farms Inc.). Animal 
experiments were approved by the Memorial Sloan-Kettering Cancer Center 
IACUC and Research Animal Resource Center of New York. RAD001 (evero-
limus, a derivative of rapamycin) was obtained from Novartis, and it was 
administered by oral gavage daily at 10–1 kg/d–1 for the indicated time. Nut-
lin-3 was obtained by Cayman Chemical (catalog 10004372) and was admin-
istered by intraperitoneal injection every other day at the dose of 100 mg/kg.  
Tumor size was measured using a 6-inch-dial caliper. Tumor volume was 
calculated according the following formula: L × W2 × 0.52, where L indicates 
length and W indicates width. Infected MEFs were treated with 2 μg/ml  
aphidicolin (Sigma-Aldrich) and 20 nM rapamycin (Cell Signaling Tech-
nology) 12 hours prior to infection with Ad-Cre (see also experimental 
scheme in Supplemental Figure 1C) or 2 days after the infection with 
retroviral-Cre (see experimental scheme in Supplemental Figure 1D. The 
ATM/ATR inhibitor CGK737 (Sigma-Aldrich) was added at 1 μM (2 days 
after the infection with retroviral-Cre). Nutlin-3 (catalog 10004372; Cay-
man Chemical) was added at 10 μM and MG132 (Calbiochem) was used 
at 10 μM (see also experimental scheme in Supplemental Figure 1C), while 

the PTEN inhibitor VO-OHpic was used at concentrations up to 500 nM 
(28). For metabolic labeling, MEFs undergoing PICS were preincubated 
in DMEM without methionine and with cysteine and 5% dialyzed FBS for 
1 hour. After starvation cells were labeled with 100 μCi/ml [35S]-labeled 
methionine (Amersham) for 30 minutes. Cells were subsequently lysed, 
and immunoprecipitations for p53 were carried out as detailed below. 
Senescence staining was done using the Senescence Detection Kit (catalog 
JA7633; Calbiochem) as described (3), and quantifications were done on 
4 images (roughly 500 cells) per experiment by determining the ratio of 
perinuclear blue–positive to perinuclear blue–negative cells. Growth curve 
analysis was also carried out as previously described (3). MEFs were treated 
with UV at the dose of 60 J/m2 and Doxorubicin (Sigma-Aldrich) at the 
dose of 0.5 μM. TUNEL assays were performed with the In Situ Cell Death 
Detection kit (Roche), in accordance with the manufacturer’s instructions; 
50–100 cells were screened in each sample. The human prostate cancer cell 
lines, 22Rv1, MDA Pca 2b, LNCap, DU145, PC3, and VCaP and the human 
fibroblasts, WI-38, were obtained from ATCC.

Western blotting, immunoprecipitation, and immunochemistry. MEF lysates 
were prepared with RIPA buffer (1% PBS, 1% Nonidet P40, 0.5% sodium 
deoxycholate, 0.1% SDS and protease inhibitor cocktail; Roche). The fol-
lowing antibodies were used for Western blotting: mouse monoclonal anti-
Pten (clone 6H2.1, catalog ABM-2052; Cascade BioScience), rabbit mono-
clonal anti-Pten (clone 138G6, catalog 9559; Cell Signaling Technology), 
rabbit polyclonal anti-p19Arf (Ab-1, catalog RB-1714-PO; Neomarkers), 
rabbit polyclonal anti-p53 (CM5, catalog NCL-p53-CM5p; Novocastra), 
rabbit polyclonal anti-Akt (catalog 9272; Cell Signaling Technology), 
anti–phospho-serine 473 of Akt (catalog 9271; Cell Signaling Technology), 
rabbit polyclonal anti–phospho-serine 240/244 of S6 (catalog 2217; Cell 
Signaling Technology), rabbit polyclonal anti-p21 (C-19, catalog sc-397;  
Santa Cruz Biotechnology), mouse monoclonal anti-actin (catalog AC-74;  
Sigma-Aldrich), anti–phospo-histone γ−H2AX (Ser139) (catalog 05-636;  
Upstate), rabbit polyclonal anti-mTOR (mTAb1, catalog 07-231; Upstate-
Millipore), mouse monoclonal antibody to ATM (NB 100-220; Novus 
Biologicals), mouse monoclonal Chk1 (catalog 2360; Cell Signaling 
Technology), rabbit polyclonal phospho-Chk1 (ser 317) (catalog 2344; 
Cell Signaling Technology), rabbit polyclonal Chk2 (catalog 2662; Cell 
Signaling Technology), rabbit anti-Chk2, phospho (Thr68) polyclonal 
antibody (ab38461; Abcam), and phospho-ATM/ATR (Ser/Thr) sub-
strate antibody (catalog 2851; Cell Signaling Technology). After standard  
SDS-PAGE and Western blotting techniques, proteins were visualized using 
the ECL system (Amersham Biosciences) and quantified using the ImageJ 
software (http://rsb.info.nih.gov/ij/) from NIH on Macintosh computers. 
Immunoprecipitation was carried out as previously described (44). Brief-
ly, cells were scraped off a 10-cm dish with lysis buffer and incubated for  
30 minutes at 4°C on a rocking platform. The 30-minute (17,949 g) super-
natants were precleared with protein-G Sepharose beads (Amersham) for 
1 hour, and mouse anti-p53 (1:1,000; catalog sc-100; Santa Cruz Biotech-
nology) was added to equal protein amounts of cleared supernatants for 
overnight incubation at 4°C, followed by protein-G Sepharose coprecipita-
tion (1 hour) and 3 consecutive washes (5 minutes each) at 4°C with lysis 
buffer. For immunohistochemistry tissues were fixed in 10% formalin and 
embedded in paraffin blocks according to the standard procedures. The 
antibodies used to stain the sections for anti–phospho-histone (Ser139) 
γ-H2AX, anti-p53, and anti–phospho-serine 240/244 of S6 were the same 
as those used for Western blot analysis. Anti-p21 was from Santa Cruz Bio-
technology (F-5); ki-67 was from Novocastra.

Immunofluorescence microscopy. Cells were fixed as previously described 
(44). Cover slips were mounted in anti-Fade (IMP) and sealed with clear 
nail polish. Confocal sections were obtained with a Leica DMRXA2 micro-
scope (HCX PL APO 63× water objective, 1.2 nominal aperture) using 
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Leica Confocal Software version 2.61. Comparative immunofluorescence 
analyses were performed in parallel with identical acquisition parameters; 
100–300 cells were screened for each antigen. All data analysis was done on 
Apple Macintosh Computers. The average size of γ-H2AX foci in 50 cells 
was also measured using the Leica Confocal Software version 2.61. The 
following antibodies were used for immunofluorescence: rabbit anti–phos-
pho-histone (Ser139) γ-H2AX (catalog 2577; Cell Signaling Technology), 
phospho-p53 (Ser15) antibody (catalog 9284; Cell Signaling Technology), 
mouse anti–ATM-protein kinase pS1981 (catalog 200-301-400; Rockland), 
and mouse monoclonal anti-BrdU (catalog 555627; BD Biosciences).

Real-time and conventional PCR. Total RNA was extracted from the various 
MEFs after indicated treatments, using the TRIzol method (Invitrogen) 
and quantitative real-time PCR performed as described previously (44). 
Briefly, cDNA was produced from 2 μg RNA using the SuperScript III 
System (Invitrogen), using oligo dT primers, as suggested by the manu-
facturer. Quantitative real-time PCR was performed on a Roche Light-
Cycler, using the Quantitect SYBR Green PCR Kit (Qiagen) and the fol-
lowing amplification protocol: 15 minutes at 95°C, 40 cycles (15 seconds 
at 94°C, 20 seconds at 57°C, 20 seconds at 72°C), followed by determi-
nation/confirmation of amplicon melting temperature. Reactions were 
performed in triplicates, primer pairs were confirmed to yield a single 
amplicon band by 3% agarose gel electrophoresis, and absence of ampli-
fication from non–reverse-transcribed RNA was confirmed to exclude 
genomic DNA amplification. The primer sequences were obtained from 
PrimerBank (http://pga.mgh.harvard.edu/primerbank/index.html) and 
have been described previously (45). Sequences used were as follows: p53 
pair 1 (PrimerBank ID 6755881a1), forward 1 (5′-GCGTAAACGCTTCGA-
GATGTT-3′), reverse 1 (5′-TTTTTATGGCGGGAAGTAGACTG-3′); pair 2 
(PrimerBank ID 6755881a2), forward 2 (5′-GATGCCCATGCTACAGAG-
GAG-3′), reverse 2 (5′TTTTTATGGCGGGAAGTAGACTG-3′); pair 3 (Prim-
erBank ID 6755881a3), forward 3 (5′-CTCTCCCCCGCAAAAGAAAAA-3′), 
reverse 3 (5′-CGGAACATCTCGAAGCGTTTA-3′). The following primers 
for Hprt1 and β-actin cDNA were used as reference standards: Hprt1, 
forward (5′-CACAGGACTAGAACACCTGC-3′), reverse (5′-GCTGGT-
GAAAAGGACCTCT-3′); β-actin, forward (5′-GGCCAACCGTGAAAA-
GATGA-3′), reverse (5′-TGGATGGCTACGTACATGGCT-3′).

Polysome fractionation. Polysome profiles were generated as previously 
described (46). Briefly, cytoplasmic cell extracts were sedimented on  
10%–50% linear sucrose gradients by centrifugation at 156,500 g for 3 hours.  
Twelve fractions were collected from the gradients and monitored with 
an ISCO UA-6 detector. RNA was extracted from each fraction using the 
RNeasy Kit (Qiagen). Amplifications were run in a 7900 Real-Time PCR 
System (Applied Biosystems). The following TaqMan probes (Applied 
biosystems) were used for real-time PCR analysis: β2 microglobulin 
(Mm00437762_m1), HPRT1 (Mm00446968_m1), β-actin (Mm00607939_
s1), and mouse p53 (Mm01731287_m1).

RNAi assays. MEFs were plated into 6-well dishes and transfected with 
anti-PTEN (SMARTpool; Dharmacon) and anti-ATM (SMARTpool; Dhar-
macon) siRNAs and control siRNA (si-Luc; Dharmacon), according to the 
manufacturer’s instructions.

Statistics. Statistical evaluations were carried out using SigmaStat 2.03 
(SPSS). For all tests, P values of less than 0.05 were considered significant.
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