
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
INTRODUCTION 
 
Serum growth factors (GF) activate the GF-sensing 
network, which turns on both cell cycle progression and 
the mTOR pathway, which in turn stimulates cellular 
growth in size [1-5]. While growing in size, cells 
progress through the cell cycle and divide. Thus, in 
proliferating cells, cellular growth is balanced with cell 
division.  
 
In normal cells, serum withdrawal both arrests the cell 
cycle early in G1, also known as G0 and deactivates 
mTOR.  Cells become quiescent: they neither grow in 
size nor progress through the cell cycle. In contrast, 
cellular senescence is characterized by cellular 
hypertrophy (large and flat cell morphology), 
hypersecretory phenotype, beta-Gal-staining and perma- 
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nent loss of proliferative potential [6-8]. Cellular 
senescence is not caused by serum GF withdrawal, but 
by stresses and oncogenic/mitogenic hyper-stimulation 
[9-15]. While not inhibiting mTOR, these stimuli incite 
responses blocking cell cycle. 
 
In theory, if the cell cycle is blocked, while serum 
continues to activate GF-sensing pathways, cells will 
senesce [16, 17]. For example, p21 causes cell cycle 
arrest without inhibiting mTOR, and thus causes senes-
cence. Deactivation of mTOR by rapamycin prevented 
p21-induced senescence, converting p21-induced arrest 
into quiescence [18-20].  
 
The tumor suppressor p53 inhibits the mTOR pathway 
upstream [21-24] and downstream [25, 26] of mTOR. 
While inhibiting mTOR, p53 suppressed p21-induced 
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Abstract: When the cell cycle  is arrested, growth‐promoting pathways such as mTOR (Target of Rapamycin) drive cellular
senescence,  characterized  by  cellular  hyper‐activation,  hypertrophy  and  permanent  loss  of  the  proliferative  potential.
While arresting cell cycle, p53 (under certain conditions) can inhibit the mTOR pathway. Senescence occurs when p53 fails
to inhibit mTOR. Low concentrations of DNA‐damaging drugs induce p53 at levels that do not inhibit mTOR, thus causing
senescence.  In quiescence caused by serum starvation, mTOR  is deactivated. This predicts that  induction of p53 will not
cause senescence  in such quiescent cells. Here we  tested  this prediction.  In proliferating normal cells, etoposide caused
senescence  (cells  could not  resume proliferation  after  removal of  etoposide).  Serum  starvation prevented  induction of
senescence, but not of p53, by etoposide. When etoposide was removed, such cells resumed proliferation upon addition of
serum.  Also,  doxorubicin  did  not  cause  senescent morphology  in  the  absence  of  serum.  Re‐addition  of  serum  caused
mTOR‐dependent  senescence  in  the presence of  etoposide or doxorubicin. Also,  serum‐starvation prevented  senescent
morphology  caused  by  nutlin‐3a  in MCF‐7  and Mel‐10  cells. We  conclude  that  induction  of  p53  does  not  activate  the
senescence  program  in  quiescent  cells.  In  cells with  induced  p53,  re‐activation  of mTOR  by  serum  stimulation  causes
senescence, as an equivalent of cellular growth. 
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senescence, causing quiescence instead [27]. p53 
affects autophagy and metabolic pathways not only via 
inhibition of mTOR but also probably independently 
from mTOR [22,28-35]. We use the term mTOR-
centric network to encompass not only upstream and 
downstream but also parallel and TOR-like pathways 
[36].  
 
p53 can both induce and suppress cellular senescence 
[37]. First, p53 causes cell cycle arrest, a prerequisite of 
senescence. Second, p53 inhibits mTOR-centric 
network and this can prevent senescence, causing 
quiescence instead. In cell lines with overactivated 
mTOR, p53 causes senescence [37]. Similarly, “weak” 
p53 that is not able to inhibit mTOR causes senescence 
simply by arresting the cell cycle [38]. In other words, 
p53 causes senescence passively by failing to suppress 
the senescence program (which in part depends on 
mTOR), while still causing cell cycle arrest. This model 
suggests that cell cycle arrest is the only mechanism of 
how p53 causes senescence. This predicts that induction 
of p53 will not cause senescence in quiescent cells, 
since in quiescent cells mTOR is already inhibited. Here 
we tested this hypothesis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

RESULTS 
 
Induction of p53 by etoposide in quiescent cells has 
little consequence 
 
As we recently demonstrated, unlike nutlin-3a (an 
Mdm-2 antagonist), low concentrations of doxorubicin 
(DOX), a DNA damaging drug (DDD), caused 
senescent morphology in WI-38t cells [38]. Nutlin-3a 
causes cell cycle arrest solely by inducing p53, which in 
turn can inhibit the mTOR pathway. DOX causes cell 
cycle arrest at concentrations that induce p53 not high 
enough to inhibit mTOR. Therefore, DOX caused 
senescence as was determined by senescent morphology 
[38]. However, DOX is not washable and we could not 
check whether the condition was irreversible. Here we 
used etoposide, a DDD that could be washed out. We 
treated WI-38t cells with either etoposide or nutlin-3a. 
After 4 days, cells were washed and re-plated without 
drugs (Figure 1A). After 6 days, the number of nutlin-
treated cells increased ~26 fold, whereas etoposide-
treated cells could not proliferate (Figure 1A).  In 
parallel, cells were treated with nutlin-3a and etoposide 
in  the presence of  rapamycin  (Figure 1B).  Rapamycin  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Rapamycin pretreatment prevents loss of proliferative potential during etoposide treatment. A‐C. WI‐38t cells 
were plated at 10000 cells/well in 24‐well plates, and the next day were either left untreated (A) or pretreated with 10 nM Rapamycin 
(B). The next day,  cells were  treated with either 2.5 µM nutlin‐3a or 1 µg/ml etoposide or  left untreated.   After 4 days,  cells were 
trypsinized and 10% of cells were plated  in  fresh drug‐free medium  (blue bars). 6 days  later cells were counted  (red bars).    In C  the 
results for etoposide treatment (Et) with or without rapamycin (R) pretreatment are shown in the same scale. (D) Cells were lysed after 
24 hr treatment with etoposide (E), rapamycin (R), or both (R+E) and immunoblot was performed. 
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partially sustained the proliferative potential (PP) in 
etoposide-treated cells. Direct comparison of the 
proliferative potential of WI-38t cells treated with 
etoposide in the absence or presence of rapamycin is 
shown in Figure 1C.   Etoposide did not inhibit mTOR 
and inhibition of mTOR by rapamycin-pretreatment 
(Figure 1D) favored quiescence over senescence (Figure 
1C).   
 
We further investigated effects of etoposide in cells 
treated by either rapamycin or serum starvation as 
depicted in Figure 2.  Exposure of WI-38t cells to either 
rapamycin or serum starvation resulted in a lean cellular 
morphology, a characteristic of quiescence (Figure 3A, 
left column). Treatment of proliferating WI-38t cells 
with etoposide caused senescent morphology (Figure 
3A, top right panel). Senescent morphology was 
partially preventable by rapamycin and serum-
starvation:  most cells were lean and thin (Figure 3A, 
right column). Rapamycin did not inhibit proliferation 
completely  but rather slowed  it down  (Figure 3B).   In  
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure  2.  Experimental  schema:  transient  induction  of 
p53  in  proliferating  versus  quiescent  cells.  Cells  are 
treated (or left untreated) under different condi‐tions [control 
(10%  serum),  0%  serum  or  rapamycin] with  etoposide  for  4 
days.  Cells  are  counted  twice:  1)  at  the  time  of  etoposide 
removal  to measure  inhibition  of  proliferation  and  2)  6‐11 
days  after wash  to measure  proliferative  potential  (PP).  PP 
should  not  be  confused with  proliferation.  Thus,  rapamycin 
and  0%  serum  inhibit  proliferation  but  preserve  (increase) 
proliferative potential in etoposide‐treated cells. 

 

 
 
 

Figure 3. Effects of rapamycin and serum starvation on etoposide‐induced senescence  in WI‐38t cells. A‐C.   WI‐38t cells 
were plated at 5000/well in 12 well plates, and the next day either treated with 10 nM rapamycin in complete medium (R), or placed in 
serum‐free medium  (no  serum  or  0),  or  left  in  complete medium  (control).    The  next  day,  1  µg/ml  etoposide  (Et) was  added,  as 
indicated. 
A. After 4 days, cells were stained for beta‐Gal and microphotographed (bar ‐ 50 micron)  
B. After 4 days, cells were counted: control (C), rapamycin (R), no serum (0). 
C. Proliferative potential.  In  replicate plates,  cells were washed and  incubated  in  complete, drug‐free medium  for 6 days and  then 
counted (black bars). Note: red bars correspond to red bars in panel B. Fold (f) increase in a cell number after drug removal. 
D. Immunoblot. Cells were plated in 6 well plates. The next day, cells were treated with 1 µg/ml etoposide (Et) for 24 hrs: control –C, 
rapamycin – R, no serum ‐0.    
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agreement with similar experiment (Figure 1C), 
rapamycin partially prevented loss of proliferative 
potential caused by etoposide (Figure 3C). Serum 
starvation preserved proliferative potential (PP) in 
etoposide-treated cells (Figure 3C).   Etoposide  induced 
p53 in serum-starved cells even stronger than in control 
(proliferating) cells (Figure 3D). So the failure to 
initiate senescence could not be explained by lack of 
p53 induction. 
 
We next investigated etoposide-induced senescence in 
normal retinal pigment epithelial (RPE) cells. Etoposide 
caused senescent morphology in RPE cells (Figure 4A). 
Pretreatment with rapamycin and serum-starvation 
partially prevented senescent morphology caused by 
etoposide. The senescent morphology was associ-     
ated with permanent loss of proliferative potential:  cells  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
could not resume proliferation, when etoposide was 
removed (Figure 4B, C). In rapamycin-pretreated cells 
and, especially, in serum-starved cells, etoposide-
induced arrest was partially reversible. Both rapamycin 
and serum starvation inactivated the mTOR pathway, as  
measured by a decrease of S6 phosphorylation (Figure 
4D), but did not prevent p53 and p21 induction by 
etoposide (Figure 4D). Noteworthy, rapamycin activ-
ated Akt (Figure 4D). Serum-starvation was more eff-
ective than rapamycin in preventing etoposide-induced 
senescence. This suggests that mTOR pathway is not 
the only pro-senescent pathway and that is why 
rapamycin was less effective than serum-starvation in 
preventing senescence. As an example, compared with 
rapamycin, serum starvation was a more potent inducer 
of autophagy as judged by accumulation of LC3B-II 
(Figure 4D). 

Figure 4. Effects of rapamycin and serum starvation on etoposide‐induced senescence in RPE cells. 
A‐C.  RPE cells were plated at 5000/well in 12 well plates, and the next day either treated with 10 nM rapamycin in complete medium 
(R), or placed in serum‐free medium (no serum or 0), or left in complete medium (control).  The next day, 0.5 µg/ml etoposide (Et) was 
added, as indicated. 
A.  After 4 days, cells were stained for beta‐Gal and micro‐photographed (bar ‐ 50 micron)  
B.  After 4 days, cells were counted: control (C), rapamycin (R), no serum (0). 
C.   Proliferative potential.  In  replicate plates,  cells were washed and  incubated  in  complete, drug‐free medium  for 6 days and  then 
counted (black bars). Note: red bars corre‐spond to red bars in panel B. Fold (f) increase in a cell number after drug removal. 
D.  Immunoblot. Cells were plated in 6 well plates. The next day, cells were treated with 0.5 µg/ml etoposide (Et) for 24 hrs: control –C, 
rapamycin – R, no serum ‐0.    
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Effects of higher concentrations of etoposide 
 
We next investigated whether higher etoposide 
concentrations and durations of treatment convert 
quiescence into senescence. Like 0.5 µg/ml, 10 µg/ml 
etoposide did not inhibit mTOR (Figure 5A) and thus 
caused senescent morphology and loss of proliferative 
potential (Figure 5B, C). In WI-38t cells, rapamycin 
pretreatment partially preserved proliferative potential 
in both concentrations of etoposide (Figure 5B). Serum-
starvation was insignificantly effective probably due to 
its toxicity during a 6-day treatment. At the time of cell 
count (Figure 5B), WI-38t cells treated with etoposide 
alone retained senescent morphology, whereas           
co-treatment with rapamycin and serum starvation (no 
serum) abrogated senescent morphology (Figure 5C). In 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
RPE cells, which are more sensitive to etoposide, 
rapamycin and serum-starvation significantly preserved 
proliferative potential of cells treated with 0.5 µg/ml but 
not 10 µg/ml etoposide (Figure 5B). Still these co-
treatments abolished senescent morphology otherwise 
caused by 10 µg/ml etoposide (Figure 5C). 
 
Conversion from quiescence to senescence 
 
Using the schema depicted in Figure 6, we next investi- 
gated the effect of re-addition of serum to cells treated 
with DDD in serum-free medium without removal of 
the drug. In WI-38t cells, addition of serum caused 
phosphorylation of Akt, Erk and S6 and also induced 
cyclins D1 and E (Figure 7A). When stimulated with 
serum, these etoposide-arrested cells acquired senescent 
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Figure 5. Effects of rapamycin and serum starvation on senescence caused by a higher concentration of etoposide.
A.  Immunoblot: WI‐38t and RPE cells were treated with 0.5 µg/ml and 10 µg/ml etoposide (Et) or left untreated (‐). The next day, 
cells were lysed and immunoblot was performed. 
B‐C: WI‐38t  and RPE  cells were plated  at  25000/well  in  12 well plates,  the next day  cells were  either pretreated with  10 nM 
rapamycin (Rapa), placed in serum free medium (no serum) or left in complete medium with 10% serum (control).  The next day, 
0.5 µg/ml and 10 µg/ml etoposide (Et) was added:  in complete medium (control) or with 10 nM Rapamycin (Rapa) or in serum free 
medium (no serum).   After 5 days, cells were washed and cultured in fresh, drug free medium for 11 days and then trypsinized and 
counted. (in panel C): Before trypsinization, cells treated with 10 µg/ml etoposide (under three conditions: control, Rapa and no 
serum) were microphotographed.  



morphology (Figure 7B). Thus senescence was 
characterized by activated mTOR-centric pathways and 
elevated cyclins D1 and E. Rapamycin prevented S6 
phosphorylation (downstream of mTOR), but not 
phosphorylation of Akt and Erk, which are upstream of 
mTOR. Simultaneously it diminished senescent morph-
ology, so that most cells remained lean (Figure 7B). 
Similar results were obtained when cells were blocked 
with doxorubicin (Figure 8). Re-addition of serum 
caused senescence instead of proliferation (Figure 8). 
Similarly, in etoposide- or doxorubicin- blocked RPE 
cells, serum stimulation caused activation of mTOR 
(Figure 9A) and senescent morphology (Figure 9 and 
10).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
Conversion between nutlin-induced quiescence and 
senescence in cancer cells 
 
Whereas nutlin-3a causes quiescence in WI-38t and 
RPE cells, it causes senescence in some cancer cell lines 
with high mTOR activity. For example, nutlin-3a did 
not block phosphorylation of S6 and caused senescence 
in Mel-10 cells. As we have shown, senescence was 
preventable by rapamycin [37]. The advantage of the 
nutlin-based model is that nutlin-3a does not cause 
DNA damage. Although serum-starvation did not cause 
genuine quiescence in cancer cells, serum starvation 
still prevented typical senescent morphology during 
treatment with nutlin-3a. Mel-10 cells remained slim, 
when were treated with nutlin-3a in serum-free 
medium.  The cells were beta-gal positive (Figure 
11A), because serum starvation alone may cause beta-
gal staining. Serum-starvation by itself did not 
decrease p-S6 by day 1 (Figure 11B), there was a 
noticeable decrease in phosphorylation of S6 in nutlin-
treated cells maintained in a serum-free medium 
(Figure 11B). Re-addition of serum converted lean 
morphology into typical senescent phenotype (Figure 

11C). In MCF-7 cells, nutlin-3a also induced senescent 
morphology (Figure 12A) and in agreement did not 
inhibit S6 phosphorylation (Figure 12C). However, 
non-proliferating senescent cells co-existed with still 
proliferating cells, which formed colonies with non-
senescent morphology. (Notably, higher concentration 
of nutlin-3a caused cell death, data not shown). Serum 
starvation slowed down proliferation of MCF-7 cells 
(Figure. 12B). Induction of p53 in serum-starved cells 
by nulin-3a caused rapid and massive  cell death 
(Figure 12A, lower panel). Nutlin-3a induced 
especially high levels of p53 in serum-starved cells 
(Fig 12C). This can explain both inhibition of p-S6 
and cell death, according to the recent model [38].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We also utilized rapamycin, which abrogated S6 
phosphorylation, while did not prevent p53 induction 
by nutlin-3a (Figure 12C). In rapamycin-pretreated 
MCF-7 cells, nutlin-3a did not cause morphological 
senescence (Figure 12A). In other words, senescence 
was converted into quiescence. Unlike senescent cells, 
quiescent cells were not morphologically distinct from 
proliferating cells. So after treatment with nutlin-3a 
plus rapamycin, there could be a mixture of 

 
Figure 6.   Schema.   Serum stimulation of quiescent 
cells locked by p53.  
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Figure 7.  Serum stimulation of etoposide‐locked WI‐
38t cells results in mTOR‐dependent sensecence. 
A‐B.  WI38t cells were treated with 1µg/ml etoposide in the 
absence of serum as shown  in Figure 6.   Then, 10% serum 
was added either with 10 nM rapamycin (+R) or alone.  No 
serum indicates that cells were continuously incubated with 
etoposide  in  serum  free  medium.    24  h  after  serum 
stimulation,  cells  were  lysed  and  subjected  to  immuno‐
blotting  as  indicated  (A).    4  days  after  serum  stimulation 
cells were microphotographed (B). 

 



proliferating and quiescent cells. Therefore, in order to 
link the morphology to the proliferative potential of 
arrested cells, we needed to selectively eliminate 
proliferating cells first. This task unexpectedly merged 
with our investigation of drug combinations that could 
protect cells with wt p53 from the toxicity of 
chemotherapy. Using this approach, we demonstrated 
that rapamycin converted nutlin-induced senescence 
into quiescence in MCF-7 cells (MS in preparation). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DISCUSSION 
 
In this study we tested the idea that while causing 
senescence in proliferating cells, DNA damaging drugs 
and induced p53 will not cause senescence in quiescent 
cells. To this point we 1) induced quiescence prior to 
p53 induction and 2) used p53-inducing agents that 
could be washed out to observe whether treated cells 
would retain proliferative potential. Etoposide, which 
causes DNA damage, was used for normal cells and 
nutlin-3a, which induces p53 without DNA damage, 
was used for cancer cells. Both agents could be washed 
out  to  check the reversibility  of  arrest.  We used these  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
drugs at concentrations that caused senescence in 
proliferating cells. When applied to serum-starved and 
rapamycin-treated cells, p53-inducing drugs did not 
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Figure  9.    Serum  stimulation  of  etoposide‐locked 
RPE cells results in mTOR‐dependent senescence. 
A‐B.  RPE cells were treated with 0.5 µg/ml etoposide in the 
absence of serum as shown  in Figure 6.   Then, 10% serum 
was added either with 10 nM rapamycin (+R) or alone.  No 
serum indicates that cells were continuously incubated with 
etoposide in serum free medium.  24 h after serum stimula‐
tion,  cells were  lysed and  subjected  to  immunoblotting as 
indicated  (A).    4  days  after  serum  stimulation  cells were 
microphotographed (B).  

Figure  8.    Serum  stimulation  converts  Dox‐locked 
quiescence into senescence in WI‐38t cells. 
WI38t cells were treated with 100 ng/ml doxorubicin (low‐
Dox) or left untreated in serum‐free medium (no serum) for 
3 days,  and  then 10%  serum was  added.   After 3 days of 
serum  stimulation  cells  were  stained  for  beta‐gal  and 
microphotographed. Bar – 50 micron. 

Figure  10.    Serum  stimulation  converts Dox‐locked 
quiescence into senescence in RPE cells. 
RPE cells were treated with 50 ng/ml doxorubicin (low‐Dox) 
or  left  untreated  in  serum‐free medium  (no  serum)  for  3 
days,  then 10%  serum was added.   After 3 days of  serum 
stimulation  cells  were  stained  for  beta‐Gal  and 
microphotographed. Bar – 50 micron. 



completely convert quiescence into senescence. Cells 
retained mostly quiescent morphology and some degree 
of proliferative potential, resuming proliferation in fresh 
(drug-free, serum-containing) medium. 
 
Although not causing senescence, induction of p53 in 
quiescent cells ‘locked’ the cell cycle. In quiescence 
caused by serum starvation, the cell cycle is inactive 
(due to low levels of cyclins) but not blocked.  In 
quiescent cells, induction of p53 blocks the cell cycle 
(in addition to its deactivation). Re-addition of serum to 
such blocked (locked) quiescent cells did not cause 
proliferation. Instead it caused senescence. This is in 
agreement with the notion that senescence is a form     
of growth, a continuation of growth,  when proliferation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

is impossible [18,39].  
 
Thus, induction of p53 by different agents (including 
DNA damaging drugs) did not cause senescence in 
serum-starved and rapamycin-treated cells.  It is less 
clear whether DNA damaging agents induced identical 
DNA damage in all conditions. One potential problem 
is that DNA damaging drugs may induce a lesser DNA 
damage in quiescent cells. However, first, we utilized 
etoposide, which was reported to induce damage in all 
phases of the cell cycle [40-45]. Second, etoposide 
induced the same levels of p53 in proliferating, serum-
starved and rapamycin-treated cells. (Note: Although 
p53 could be induced independently from DNA 
damage, this has not been described for etoposide. DNA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11.  Serum stimulation is required for senescent morphology in nutlin‐treated MEL‐10 cells. 
A. MEL‐10 cells treated with 2.5 µM nutlin‐3a in the presence (Nutlin) or absence (No serum+Nutlin) of serum for 3 days were stained 
for  beta‐Gal  and microphotographed  (left  panels).    In  parallel,  10%  serum was  added  to  a  replicate well.    After  3  days  of  serum 
stimulation cells were stained for beta‐Gal and microphotographed (right lower panel).  Bars – 50 micron. 
B. MEL‐10  cells  treated with 2.5 µM Nutlin‐3a  (N)  in  the absence or presence of 10%  serum  for 24 hr were  lysed and  subjected  to 
immunoblotting, as indicated.  Treatment with 10 nM rapamycin (R) is used as a control for mTOR inhibition.  
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damage response such as gamma-H2AX is also not 
absolutely reliable marker because it may occur in the 
absence of DNA damage in senescent cells [46,47]). 
Therefore, direct measurement of DNA damage by 
comet assay is warranted. 0.5 µg/ml etoposide did not 
induce obvious comets both in control and serum-free 
conditions. 10 µg/ml etoposide induced comets in 
serum-starved cells (Supplemental Figure 1). We 
conclude that, in agreement with literature data, 
etoposide induces DNA damage in serum-starved cells 
(some of which may still cycling at the moment of 
etoposide treatment) but more detailed measurements 
are needed for quantitative results. Third, simultaneous 
serum-withdrawal and addition of doxorubicin also 
suppressed senescence and this effect cannot be 
explained by cell cycle arrest caused by serum withdra- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
wal. Fourth, DNA damaging drugs were even more 
cytotoxic in serum free-medium, indicating damage. 
Thus, it is not that etoposide is less cytotoxic in serum-
free medium but rather that cells retain lean morphology 
and prolifertative potential (the ability to proliferate in 
fresh medium). At high concentrations, damaging 
agents and p53 can induce cell death rather than 
senescence in serum-starved cells. Yet, according to our 
preliminary data, if drugs are removed before death 
occurs, serum-restimulated survived cells can become 
senescent. TOR-independent latent senescence caused 
by high levels of DNA damage is an intriguing topic for 
further investigations. 
 
In conclusion, quiescence is characterized by inactive 
mTOR both in cell culture [18,19] and in the organism 

Figure 12.  Rapamycin and serum starvation prevents nutlin‐induced senescence in MCF‐7 cells. 
A‐B.  MCF7 cells were plated at 5000 or 10000/well in 12 well plates, allowed to attach and then were either pretreated with 500 nM 
rapamycin (R), placed in serum free medium or left untreated in complete medium (control).  The next day, 5µM nutlin‐3a was added.  
After 5 days, cells were stained for beta‐Gal and microphotographed (bars ‐50 micron) (A).  (B) In replicate plate, cells were counted. 
C.  MCF7 cells were treated as indicated for 24 hr, and immunoblot was performed. 
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[48,49]. The inability of p53 to cause senescence in 
quiescent cells has important physiological applications. 
Most cells of an adult organism are resting and there-
fore induction of p53 and DNA damage cannot cause 
senescence. In contrast, stimulation of GF-sensing 
mTOR-centric pathways can. ‘Locked’ quiescent cells 
represent post-mitotic cells in the organism, including 
muscle cells, adipocytes and neurons. While not trigger-
ing proliferation of such ‘locked’ cells, stimulation with 
growth factors, hormones and nutrients may cause their 
senescence. Conversion of quiescence to senescence is a 
model of physiological senescence. Locked (non-senes-
cent) cells undergo chronic over-stimulation and event-
ually senesce. At least in some in vitro cellular models, 
conversion of quiescence to senescence (physiological 
senescence) can be suppressed by rapamycin. 
 
MATERIALS AND METHODS 
 
Cell lines and reagents.  WI-38-Tert, WI-38 fibroblasts 
immortalized, and RPE, retinal pigment epithelial cells 
were described previously [18]. RPE cells were cultured 
in MEM with 10% FBS, WI-38-tert cells were cultured 
in low glucose DMEM with 10%FBS.  MEL-10, melan-
oma cell line, and MCF-7, breast cancer cell line, were 
cultured in DMEM (plus pyruvate) with 10% FBS.  
Rapamycin was obtained from LC Laboratories, MA, 
USA.  Nutlin-3a, etoposide and doxorubicin were from 
Sigma-Aldrich. 
 
Immunoblot analysis.  Whole cell lysates were prepared 
using boiling lysis buffer (1%SDS, 10 mM Tris.HCl, 
pH 74.).  Equal amounts of proteins were separated on 
10% or gradient polyacrylamide gels and transferred to 
nitrocellulose membranes.  The following antibodies 
were used: mouse anti-p53 (Ab-6) from Oncogene, 
mouse anti-p21 from BD Biosciences; rabbit anti-actin 
from Sigma-Aldrich; rabbit anti-phospho-S6 (Ser235/ 
236), mouse anti-S6, rabbit anti-phospho AKT, rabbit 
anti-LC3B, anti-phospho ERK from Cell Signaling; 
anti-cyclins D1 and E from Santa Cruz Biotechnology. 
Secondary goat anti-rabbit and goat anti-mouse HRP 
conjugated antibodies were from Chemicon and Bio-
Rad, respectively.  Signals were visualized using ECL 
chemilumenescence kit from Pierce. 
 
SA-β-Gal staining.  Beta-Gal staining was performed 
using Senescence-galactosidase staining kit (Cell 
Signaling Technology) according to manufacturer’s 
protocol.  Cells were incubated at 37oC until beta-gal 
staining becomes visible.  Development of color was 
detected under light microscope.  
 
Neutral comet assay was performed according to 
manufacturer’s protocol. 

Proliferative potential was determined as described in 
detail in Figure legends. 
 
ACKNOWLEDGEMENTS 
 
We thank Dr. Zoya N Demidenko for help with comet 
assay and suggestions on the manuscript. 
 
REFERENCES 
 
1.  Schmelzle T, Hall MN. TOR, a central controller of cell growth. 
Cell. 2000; 103:253‐262. 
2.    Sarbassov  DD,  Ali  SM,  Sabatini  DM. Growing  roles  for  the 
mTOR pathway. Curr Opin Cell Biol. 2005; 17:596‐603. 
3.   Wullschleger S, Loewith R, Hall MN. TOR signaling  in growth 
and metabolism. Cell. 2006; 124:471‐484. 
4.   Hands SL, Proud CG, Wyttenbach A. mTOR's  role  in ageing: 
protein synthesis or autophagy? Aging. 2009:586‐597. 
5.  Edinger AL, Thompson CB. Akt maintains cell size and survival 
by  increasing mTOR‐dependent  nutrient  uptake. Mol  Biol  Cell. 
2002; 13:2276‐2288. 
6.  Itahana K, Campisi J, Dimri GP. Methods to detect biomarkers 
of  cellular  senescence:  the  senescence‐associated  beta‐
galactosidase assay. Methods Mol Biol. 2007; 371:21‐31. 
7.   CoppŽ  JP, Patil CK, Rodier F, Sun Y, Mu–oz DP, Goldstein  J, 
Nelson  PS,  Desprez  PY,  Campisi  J.  Senescence‐associated 
secretory  phenotypes  reveal  cell‐nonautonomous  functions  of 
oncogenic RAS and  the p53  tumor suppressor. PLoS Biol. 2008; 
6:2853‐2868. 
8.    Freund  A,  Orjalo  AV,  Desprez  PY,  Campisi  J.  Inflammatory 
networks during cellular senescence: causes and consequences. 
Trends Mol Med. 2010:238‐246. 
9.    Serrano M,  Lim  AW, McCurrach ME,  Beach  D,  Lowe  SW. 
Oncogenic  ras  provokes  premature  cell  senescence  associated 
with accumulation of p53 and p16INK1A. Cell. 1997; 88:593‐602. 
10.  Lin AW, Barradas M, Stone JC, van Aelst L, Serrano M, Lowe 
SW. Premature senescence involving p53 and p16 is activated in 
response to constitutive MEK/MAPK mitogenic signaling. Genes 
Dev. 1998; 12:3008‐3019. 
11.   Zhu  JY, Woods D, McMahon M, Bishop  JM. Senescence of 
human  fibroblasts  induced by oncogenic Raf. Genes Dev. 1998; 
12:2997‐3007. 
12.   Sherr CJ, DePinho RA. Cellular senescence: mitotic clock or 
culture shock ? Cell. 2000; 102:407‐410. 
13.  Itahana  K,  Dimri  G,  Campisi  J.  Regulation  of  cellular 
senescence by p53. Eur J Biochem. 2001; 268:2784‐2791. 
14.    Serrano M,  Blasco MA.  Putting  the  stress  on  senescence. 
Curr Opin Cell Biol. 2001; 13:748‐753. 
15.   Baus  F, Gire V,  Fisher D, Piette  J, Dulic V. Permanent  cell 
cycle  exit  in  G2  phase  after  DNA  damage  in  normal  human 
fibroblasts. Embo J. 2003; 22:3992‐4002. 
16.  Blagosklonny  MV.  Cell  senescence  and  hypermitogenic 
arrest. EMBO Rep. 2003; 4:358‐362. 
17.  Blagosklonny  MV.  Cell  senescence:  hypertrophic  arrest 
beyond restriction point. J Cell Physiol. 2006; 209:592‐7 
18.  Demidenko ZN, Blagosklonny MV. Growth stimulation leads 
to cellular senescence when the cell cycle  is blocked. Cell Cycle. 
2008; 7:3355‐3361. 
19.  Demidenko  ZN,  Zubova  SG,  Bukreeva  EI,  Pospelov  VA, 

  
www.impactaging.com               933                       AGING, December 2010, Vol.2 No.12



Pospelova TV, Blagosklonny MV. Rapamycin decelerates cellular 
senescence. Cell Cycle. 2009; 8:1888‐95 
20.  Demidenko  ZN,  Blagosklonny  MV.  Quantifying  pharma‐
cologic suppression of cellular senescence: prevention of cellular 
hypertrophy  versus  preservation  of  proliferative  potential. 
Aging. 2009; 1:1008‐1016. 
21.   Stambolic V, MacPherson D, Sas D,  Lin Y,  Snow B,  Jang Y, 
Benchimol S, Mak TW. Regulation of PTEN transcription by p53. 
Mol Cell. 2001; 8:317‐325. 
22.  Feng Z, Zhang H, Levine AJ, Jin S. The coordinate regulation 
of the p53 and mTOR pathways in cells. Proc Natl Acad Sci U S A. 
2005; 102:8204‐8209. 
23.  Budanov AV, Karin M. p53 target genes sestrin1 and sestrin2 
connect  genotoxic  stress  and  mTOR  signaling.  Cell.  2008; 
134:451‐460. 
24.   Matthew EM, Hart  LS, Astrinidis A, Navaraj A, Dolloff NG, 
Dicker DT, Henske EP, El‐Deiry WS. The p53 target Plk2 interacts 
with TSC proteins  impacting mTOR signaling, tumor growth and 
chemosensitivity  under  hypoxic  conditions.  Cell  Cycle.  2009; 
8:4168‐75 
25.  Constantinou  C,  Clemens  MJ.  Regulation  of  the 
phosphorylation  and  integrity  of  protein  synthesis  initiation 
factor  eIF4GI  and  the  translational  repressor  4E‐BP1  by  p53. 
Oncogene. 2005; 24:4839‐4850. 
26.    Constantinou  C,  Elia  A,  Clemens  MJ.  Activation  of  p53 
stimulates  proteasome‐dependent  truncation  of  eIF4E‐binding 
protein 1 (4E‐BP1). Biol Cell. 2008; 100:279‐289. 
27.   Demidenko  ZN, Korotchkina  LG, Gudkov AV, Blagosklonny 
MV. Paradoxical suppression of cellular senescence by p53. Proc 
Natl Acad Sci U S A. 2010; 107:9660‐9664. 
28.  Maiuri MC, Malik SA, Morselli E, Kepp O, Criollo A, Mouchel 
PL, Carnuccio R, Kroemer G. Stimulation of autophagy by the p53 
target gene Sestrin2. Cell Cycle. 2009; 8:1571‐1576. 
29.    O'Prey  J,  Skommer  J, Wilkinson  S,  Ryan  KM.  Analysis  of 
DRAM‐related  proteins  reveals  evolutionarily  conserved  and 
divergent  roles  in  the  control  of  autophagy.  Cell  Cycle.  2009; 
8:2260‐2265. 
30.   Vousden KH, Ryan KM. p53 and metabolism. Nat Rev Can‐
cer. 2009; 9:691‐700. 
31.  Feng Z, Levine AJ. The regulation of energy metabolism and 
the  IGF‐1/mTOR pathways by  the p53 protein. Trends Cell Biol. 
in press 
32.  Hu W, Zhang C, Wu R, Sun Y, Levine A, Feng Z. Glutaminase 
2,  a  novel  p53  target  gene  regulating  energy metabolism  and 
antioxidant function. Proc Natl Acad Sci U S A. 107:7455‐7460. 
33.   Suzuki S, Tanaka T, Poyurovsky MV, Nagano H, Mayama T, 
Ohkubo  S,  Lokshin  M,  Hosokawa  H,  Nakayama  T,  Suzuki  Y, 
Sugano  S,  Sato  E,  Nagao  T,  Yokote  K,  Tatsuno  I,  Prives  C. 
Phosphate‐activated  glutaminase  (GLS2),  a  p53‐inducible 
regulator of glutamine metabolism and reactive oxygen species. 
Proc Natl Acad Sci U S A. 107:7461‐7466. 
34.  Ashur‐Fabian O, Har‐Zahav  A,  Shaish  A,  Amram HW, Mar‐
galit O, Weizer‐Stern O, Dominissini D, Harats D,  Amariglio N, 
Rechavi  G.  apoB  and  apobec1,  two  genes  key  to  lipid 
metabolism,  are  transcriptionally  regulated  by  p53.  Cell  Cycle. 
9:3761‐3770. 
35.    Ide  T,  Chu  K,  Aaronson  SA,  Lee  SW. GAMT  joins  the  p53 
network: branching into metabolism. Cell Cycle. 9:1706‐1710. 
36.  Blagosklonny MV. Increasing healthy lifespan by suppressing 
aging  in  our  lifetime:  Preliminary  proposal.  Cell  Cycle.  2010; 

9:4788‐4794. 
37.  Korotchkina LG, Leontieva OV, Bukreeva EI, Demidenko ZN, 
Gudkov AV, Blagosklonny MV. The choice between p53‐induced 
senescence and quiescence  is determined  in part by  the mTOR 
pathway. Aging. 2010; 2:344‐352. 
38.  Leontieva O, Gudkov A, Blagosklonny M. Weak p53 permits 
senescence  during  cell  cycle  arrest.  Cell  Cycle.  2010;  9:4323‐
4327. 
39.   Blagosklonny MV, Hall MN. Growth and Aging: a  common 
molecular mechanism. Aging. 2009; 1:357‐362. 
40.  Sato  Y,  Kurose  A,  Ogawa  A,  Ogasawara  K,  Traganos  F, 
Darzynkiewicz Z, Sawai T. Diversity of DNA damage response of 
astrocytes and glioblastoma cell lines with various p53 status to 
treatment with etoposide and  temozolomide. Cancer Biol Ther. 
2009; 8:452‐457. 
41.  de  Campos‐Nebel  M,  Larripa  I,  Gonzalez‐Cid  M. 
Topoisomerase  II‐mediated DNA damage  is differently  repaired 
during  the  cell  cycle  by  non‐homologous  end  joining  and 
homologous recombination. PLoS One. 2010; 5(9). pii: e12541. 
42.  Rojas  E,  Mussali  P,  Tovar  E,  Valverde  M.  DNA‐AP  sites 
generation by etoposide in whole blood cells. BMC Cancer. 2009; 
9:398. 
43.   Robison  JG, Dixon K, Bissler  JJ. Cell cycle‐and proteasome‐
dependent formation of etoposide‐induced replication protein A 
(RPA)  or  Mre11/Rad50/Nbs1  (MRN)  complex  repair  foci.  Cell 
Cycle. 2007; 6:2399‐2407. 
44.  Tanaka T, Halicka HD, Traganos F, Seiter K, Darzynkiewicz Z. 
Induction of ATM activation, histone H2AX phosphorylation and 
apoptosis by etoposide:  relation  to  cell  cycle phase. Cell Cycle. 
2007; 6:371‐376. 
45.  Smart DJ, Halicka HD, Schmuck G, Traganos F, Darzynkiewicz 
Z, Williams GM. Assessment of DNA double‐strand breaks  and 
gammaH2AX induced by the topoisomerase II poisons etoposide 
and mitoxantrone. Mutat Res. 2008; 641:43‐47. 
46.    Pospelova  TV,  Demidenko  ZN,  Bukreeva  EI,  Pospelov  VA, 
Gudkov AV, Blagosklonny MV. Pseudo‐DNA damage response in 
senescent cells. Cell Cycle. 2009; 8:4112‐4118. 
47.    Romanov  VS,  Abramova  MV,  Svetlikova  SB,  Bykova  TV, 
Zubova SG, Aksenov ND, Fornace AJ, Jr., Pospelova TV, Pospelov 
VA. p21(Waf1) is required for cellular senescence but not for cell 
cycle arrest induced by the HDAC inhibitor sodium butyrate. Cell 
Cycle. 9:3945‐3955. 
48.  Gan  B,  DePinho  RA.  mTORC1  signaling  governs 
hematopoietic  stem  cell  quiescence.  Cell  Cycle.  2009;  8:1003‐
1006. 
49.   Chen C,  Liu  Y,  Zheng P. mTOR  regulation  and  therapeutic 
rejuvenation of aging hematopoietic stem cells. Sci Signal. 2009; 
2:ra75.Am J Physiol Lung Cell Mol Physiol. 2006; 290: L661‐L73. 
 
 
 
 
 
 
 
 
 
 
 
 

  
www.impactaging.com               934                      AGING, December 2010, Vol.2 No.12



 

 
  Supplementary Figure 1. Comet assay.  RPE cells were seeded at 25,000 per well in 12‐well plates. The next day, the medium was 

changed to 0% serum for 24 hours and then the cells were treated with 10 µg/ml etoposide for 1 hour and neutral comet assay was 
performed. 
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