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Introduction

Cellular senescence is a collective term that has been applied to 
several related but distinct processes. These have as their com-
mon endpoint the cessation of cell proliferation tied to character-
istic changes in cellular morphology, increase in lysosomal mass, 
secretion of inflammatory cytokines and increased expression of 
pro-senescence proteins.2-5

This report addresses two well-characterized types of senes-
cence: RAS-induced and replicative senescence. Proliferative 
arrest triggered by the overexpression of oncogenic RAS in pri-
mary cell culture is a well-studied example of oncogene-induced 
senescence.6,7 In primary human fibroblasts, RAS-induced 
senescence begins with a period of increased proliferation, fol-
lowed, after approximately six days, by proliferative arrest.6 This 
type of senescence depends on the activation of the p38MAPK 
(p38  Mitogen-Activated Protein Kinase) pathway, a pathway 
activated by stress stimuli, including inflammatory cytokines, 
UV irradiation and heat shock.8-11 Activation of p38MAPK, in turn, 
phosphorylates and activates the tumor suppressor p53, whose 
expression is necessary for induction of RAS-induced senes-
cence.6,12 Overexpression of oncogenic RAS also leads to activa-
tion of the DNA damage response.13,14

Unlike RAS-induced senescence, replicative senescence devel-
ops slowly and occurs after approximately 50 cell divisions ex 
vivo in human cells.15 Most normal somatic cells do not express 
hTERT (human Telomerase Reverse Transcriptase), which is 
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required for maintenance of telomeres and, as a result, gradu-
ally lose the ends of their telomeres with every duplication.16 
Critically short telomeres trigger a DNA damage response that 
is sufficient to maintain the senescence-associated proliferative 
arrest.17-19

Both replicative and RAS-induced senescence are character-
ized by a common set of senescence-associated markers: secre-
tion of cytokines, including IL8 (Interleukin 8), activation 
of the p38MAPK pathway, induction of SA-β-gal (Senescence-
Associated β-galactosidase) activity and increased expression 
of the pro-senescent proteins, tumor suppressor p53 and p21 
(cyclin-dependent kinase inhibitor 1A).19-24 Cellular senescence 
is multifaceted: on one hand, it is an important barrier to trans-
formation and cancer;5 on the other, it is implicated in inflam-
mation and could promote aging.2 Several mechanisms exist that 
can delay, or in some cases bypass, cellular senescence: deple-
tion of senescence-promoting proteins like the tumor suppressors 
p53 or RB (RetinoBlastoma protein) can reverse both replicative 
and RAS-induced senescence,25 and overexpression of hTERT 
in replicative senescent cells reverses the senescence and leads 
to immortalization.26 In addition, recent reports indicate that 
senescence induced by DNA damaging agents can be delayed by 
chemical inhibitors of TOR, implying that TOR contributes to 
the establishment of senescence.27 Attenuation of TOR signaling 
through serum withdrawal or through treatment with rapamy-
cin results in cellular quiescence: induction of DNA damage 
or p53 does not lead to senescence in these cells.28 Under these 
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levels of total 4E-BP1 were lower in both RAS-induced and rep-
licative senescent cells (Fig. 1A).

To determine whether rapamycin reverses the senescence-
associated phenotype in both replicative-senescent and RAS-
induced senescent cells, we treated BJ fibroblasts for three days 
with either 10 nM rapamycin or with 200 nM of the ATP-
competitive inhibitor of TORC1 and TORC2, PP242. In late 
passage fibroblasts, attenuation of TORC1 by rapamycin and, to 
a lesser extent, by PP242 resulted in a drop of IL8 levels, reducing 
the inflammatory signaling to pre-senescent levels (Fig. 1A). In 
RAS-induced senescent cells, a single treatment with rapamycin 
or PP242 did not result in significant reduction of IL8, nor in 
detectable dephosphorylation of p38. However, in both RAS-
induced and replicative senescent cells, treatment with rapamycin 
or PP242 resulted in a strong reduction in the total levels of p21 
and a significant reduction in the total levels of p53 (Fig. 1A). 
We did not see a significant upregulation of the total p53 levels 
in replicative senescent cells; this result is in accord with previous 
studies showing that total levels of p53 do not rise in late passage 
fibroblasts, but rather its affinity for DNA increases in senescent 
cells.60,61 RAS-induced senescence, on the other hand, is associ-
ated with accumulation of p53.6 In response to rapamycin, we 
observed a drop in total levels of p53 in both RAS-induced and 
replicative senescent cells (Fig. 1A). We further noticed a drop in 
total levels of AKT, Rictor, Raptor and Cyclin D1 after three days 
of treatment with rapamycin (Fig. S1). Expression of Cyclin D1 
is dependent on cellular levels of eIF4E;62 other proteins could 
be affected due to global decrease in translation related to 
S6-dependent ribosome biogenesis.

We confirmed that in both RAS-induced and replicative 
senescent cells, treatment with rapamycin resulted in attenu-
ation of TORC1, as evidenced by reduced phosphorylation of 
the ribosomal subunit S6 and of 4E-BP1 S65. Treatment with 
rapamycin, and, to a lesser extent, with PP242 led to an over-
expression of the hypophosphorylated 4E-BP1, evidenced by 
more rapidly migrating bands on SDS-PAGE gel (Fig. 1A). We 
showed that the accumulated 4E-BP1 was dephosphorylated on 
both T70 and S65 and that the dephosphorylation at these sites 
was sustained for several days (Fig. 1B). We also conducted a 
time-course experiment in which rapamycin-treated cells were 
harvested at 2, 8, 48 and 200 h after addition of the drug. For 
the last time point, the medium was changed, and the inhibitor 
was replenished every 48 h. This experiment showed that total 
levels of 4E-BP1 were upregulated and peaked at 8 h of exposure 
to the drug. Phosphorylation of S6 remained low, even at later 
time points (Fig. 1B).

Senescent cells increase in size, become flattened and display 
elevated activity of SA-β-gal.2 To determine whether inhibi-
tion of TORC1 can reverse these senescence-associated changes, 
1 nM or 10 nM rapamycin was added to replicative senescent 
BJ cells at passage 55 and to control cells at passage 30 three 
days prior to staining for SA-β-gal. Treatment with rapamycin 
had no effect on cellular morphology or on β-gal-staining in the 
cells that already entered replicative senescence (Fig. 1C). The 
treatment also failed to relieve replicative arrest, as evidenced by 
lack of proliferation. These data imply that although short-term 

conditions, inhibition of TOR suppresses geroconversion, i.e., 
transition of quiescence into senescence.29

Signaling of several prominent oncogenes, including RAS, 
PI3K (Phosphoinositide-3-Kinase), AKT (v-Akt Thymoma viral 
oncogene homolog 1) and RHEB (RAS-Homolog Enriched in 
Brain), targets TOR and is deregulated in most cancers.30-35 As a 
result, TOR has become one of the most actively pursued drug 
targets.36-38 The effects of the TOR inhibitors are, however, com-
plex, because these compounds also interfere with important 
TOR-dependent negative feedback loops that affect the PI3K 
signaling pathway.39-43

TOR belongs to PIKK (Phosphatidylinositol-3-Kinase-related 
kinase) family of serine/threonine kinases that includes DNA-PK 
(DNA-dependent Protein Kinase catalytic subunit), ATM (Ataxia-
Telangiectasia Mutated) and ATR (Ataxia- and Rad3-related). 
The latter three kinases are activated in response to DNA damage 
and can stall cell cycle progression.44 TOR exists in two distinct 
multi-protein complexes: TORC1 and TORC2.45-47 TORC1 is a 
sensor of amino acids, oxygen and growth factors, controlling a 
variety of cellular processes that extend from cell growth and pro-
liferation to autophagy.48,49 TORC2 recently emerged as the AKT 
kinase; however, its functions are not well understood.50,51

TORC1 phosphorylates S6K1 and 4E-BP1 (eukaryotic trans-
lation initiation factor 4E-binding Protein 1).52,53 S6K1 phos-
phorylates ribosomal protein S6 and governs cell size and glucose 
homeostasis.54 Phosphorylation of 4E-BP1 releases and thereby 
activates eIF4E (eukaryotic translation Initiation Factor 4E) and 
allows translation of eIF4E-sensitive RNAs, many of which regu-
late cell proliferation.55,56 4E-BP1 also negatively regulates p53 
and fibroblasts lacking 4E-BP1 undergo premature senescence.57

In order to characterize the role of TOR in replicative and 
RAS-induced senescence, we attenuated TOR activity with 
small-molecule inhibitors and by biological intervention. We 
found that inhibition of TORC1 retards, and to some extent 
reverses, phenotypic indicators of cellular senescence. In contrast, 
selective downregulation of TORC2 has no detectable effect on 
the process of cellular senescence. These findings thus identify 
TORC1 as an important regulator of senescence.

Results

Inhibition of TORC1 by rapamycin partly reverses senescence-
associated signaling in BJ fibroblasts. Cellular senescence is 
marked by secretion of inflammatory cytokines, upregulation 
of pro-senescent protein p21 and phosphorylation of p38 kinase. 
Inflammatory cytokines including IL8 reinforce the senescence-
associated phenotype in an autocrine loop.58,59 We confirmed 
by western blot the induction of IL8 in late-passage BJ human 
primary fibroblasts and in BJ fibroblasts overexpressing the RAS 
oncogene, as compared with early passage controls and to cells 
transfected with empty vector, respectively. We also detected 
phosphorylated p38 and higher levels of senescence-associated 
p21 in both RAS-induced senescent cells and in late-passage 
BJ fibroblasts (Fig. 1A). Although no significant induction was 
observed in the phosphorylation of the TORC1 targets S6K1 and 
4E-BP1 in senescent cells as compared with pre-senescent cells, 
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despite sustained activity of the inhibitor. These data show that 
continuous exposure to ATP-competitive inhibitors suppresses 
specific functions of TORC1 but appears to have only a transi-
tory effect on the activity of TORC2. An alternative explanation 

attenuation of TORC1 can reduce 
senescence-associated inflammatory 
signaling and other molecular sig-
natures, it fails to completely reverse 
cellular senescence.

Inhibition of TORC1 leads to 
the activation of TORC2 and phos-
phorylation of its downstream tar-
get, AKT S473.50 Treatment of BJ 
fibroblasts with rapamycin over 
24 h led to dephosphorylation of 
S6 and concomitant phosphoryla-
tion of AKT  S473. Even at high 
doses of rapamycin, AKT S473 
remained phosphorylated, suggest-
ing that rapamycin had no effect 
on the TORC2 kinase (Fig. S2). 
Activation of negative feedback 
loops resulting from inhibition of 
TORC1 has been previously charac-
terized and includes both activation 
of the AKT and the MAPK path-
ways.43 We detected increased phos-
phorylation on both AKT S473 and 
ERK (Extracellular signal-Regu-
lated Kinase) T202/ Y204 in response 
to 10 nM rapamycin treatment, last-
ing three days in both pre-senescent 
and senescent fibroblasts (Fig. 1A). 
To avoid off-target effects due to high 
concentration of ATP-competitive 
inhibitors on related kinases63 and to 
determine whether they can specifi-
cally confer long-term inhibition of 
TORC2, we used low concentrations 
of Torin1 and INK128 (Fig. S2). 
Short-term exposure (5 h) to 5 nM 
Torin1 or to 10 nM INK128 resulted 
in dephosphorylation of S6 and of 
AKT S473. However, cells treated 
for 24 h with single dose of 5 nM 
Torin1 showed rephosphorylation of 
both S6 and AKT S473 (Fig. S2). To 
determine whether this rephosphory-
lation was due to the short half-life 
of the inhibitor or activation of nega-
tive feedback loops, we replenished 
media and inhibitor every 5 h over 
a 24 h period. Surprisingly, such 
replenishment of Torin1 or INK128 
did not prevent rephosphorylation 
of AKT at S473 but blocked rephos-
phorylation of S6 (Fig. S2). Phosphorylation of S6 reflects the 
activity of its upstream kinase, S6K, whose isoforms p70S6K1 
and p85S6K1 are directly phosphorylated by TORC1. In con-
trast, the TORC2 target AKT S473 became rephosphorylated 

Figure 1. Attenuation of TORC1 reverses senescence-associated signaling. (A) SDS-PAGE western blot of 
BJ fibroblasts treated once over three days with either rapamycin (10 nM) or PP242 (200 nM). Left part: 
early passage (senescent-) or late passage (senescent+) during replicative senescence examined for 
levels of senescence-associated proteins and for levels of the downstream targets of TORC1 and TORC2. 
Right part: RAS-induced senescent cells (senescent+) or control cells with empty vector WH (senes-
cent-) examined for levels of senescence-associated proteins and for levels of the downstream targets 
of TORC1 and TORC2. (B) SDS-PAGE western blot of a time course of cells passaged in the presence of 
rapamycin (10 nM) for 2, 8, 48 and 200 h (8 d), examined for levels of the downstream targets of TORC1. 
(C) Staining for senescence-associated β-galactosidase (SA-β-gal) of replicative senescent cells treated 
with rapamycin (10 nM) or PP242 (200 nM) for 72 h.
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treated with DNA damaging agents.28 We therefore cultured BJ 
primary human skin fibroblasts starting with the pre-senescent 
passage 30 in the presence of 1 nM and 10 nM rapamycin. After 
an additional 30 passages, the untreated fibroblasts assumed the 
senescence-associated phenotype: flat morphology and prolifera-
tive arrest (Fig. 2A–C). In contrast, cells treated with rapamycin 
continued to divide past passage 60, despite the initial drop in 
their rate of duplication (Fig. 2A). At passage 60, the treated cells 
not only displayed a higher duplication rate, but also a higher 
cumulative number of duplications. These rapamycin-treated 
fibroblasts showed a significant dose-dependent drop in SA-β-
gal staining, and only 71% and 42% of cells treated with 1 nM 
and 10 nM rapamycin, respectively, retained either senescent 
morphology or staining at passage 60, whereas about 90% of 
untreated cells showed strong staining and senescence-associated 
morphology (Fig. 2B). Rapamycin-treated cells also displayed 
pre-senescent levels of p21, lower levels of p53 and significantly 
lower levels of IL8 (Fig. 2C). Even with continuous treatment 
with rapamycin at 10 nM for over two months, phosphorylation 
of S6 remained low. These observations show that attenuation of 
TORC1 in pre-senescent fibroblasts delays the onset of replicative 
senescence.

Unlike replicative senescence, RAS-induced senescence pro-
ceeds more rapidly and leads to proliferative arrest within a few 
days.6 We treated early passage BJ primary fibroblasts with 2 nM 
or 5 nM rapamycin at day 2 post-transduction with either onco-
genic H-RASV12 (RAS) or empty vector (WH). Overexpression 
of RAS resulted in transition to senescence within 10 days in 
untreated cells. These cells stained strongly for SA-β-gal and 
displayed the morphological markers of senescence. Fibroblasts 
treated with rapamycin, in contrast, continued proliferating and 
showed a significant reduction in SA-β-gal staining from near 
100% to 50% at higher concentrations of the inhibitor (Fig. 3A 
and B). These results support the conclusion that both RAS-
induced senescence and replicative senescence can be disrupted 
by attenuation of TORC1.

Disruption of TORC1 but not TORC2 disrupts onco-
genic RAS-induced senescence. The categorical protein of the 
TORC1 complex is Raptor (Regulatory Associated Protein of 
TOR), a protein whose interaction with TOR is sensitive to 
rapamycin.64,65 The TORC2 complex contains Rictor (Raptor-
Independent Companion of the TOR, complex) as the distinctive 
component.46,47,66 Unlike TORC1, TORC2 is mostly insensitive 
to rapamycin, although long-term treatment has a negative effect 
on TORC2 integrity.67 The rapamycin-induced delay in cel-
lular senescence could, therefore, be caused by a disruption of 
TORC1, TORC2 or both complexes. In order to address this 
question, we depleted components of the TOR complexes with 
shRNA against TOR, Raptor or Rictor in cells and examined 
RAS-induced senescence. Two independent shRNAs were con-
structed that effectively reduced expression of TOR, Raptor 
or Rictor (Fig. 4A). Knockdown of either TOR or Raptor dis-
rupted RAS-induced senescence in BJ cells. Whereas the control 
cells entered senescence upon expression of activated RAS, cells 
expressing TOR or Raptor shRNAs continued to proliferate and 
displayed a drop in SA-β-gal staining (Fig. 4B, C and  E). In 

for these observations is to ascribe the rephosphorylation of AKT 
S473 to a different kinase. Because of this uncertainty about the 
effect of ATP-competitive inhibitors on the long-term functions 
of TORC2, we used rapamycin for all future experiments.

Continuous attenuation of TORC1 postpones the onset of 
replicative and disrupts RAS-induced senescence. Commitment 
to cellular senescence includes remodeling of the cytoskeleton 
and expression of senescence-associated proteins as well as of 
cytokines that reinforce the phenotype.22 Since rapamycin can 
interfere with the expression of some of these parameters, we con-
sidered it possible that continuous attenuation of TORC1 could 
postpone the process of senescence. Pre-treatment with rapamy-
cin was shown to prevent the loss of proliferative potential in cells 

Figure 2. Attenuation of TORC1 signaling in early-passage fibroblasts 
delays replicative senescence. (A) Cells treated over 70 d with either 
1 nM or 10 nM rapamycin, and duplication rate measured every 5 d 
in triplicate. Cumulative duplications displayed on the Y-axis. Rate of 
duplications is displayed as the slope of the curve. (B) SA-β-gal staining 
of cells passaged in the presence of rapamycin (1 nM or 10 nM) for 70 d 
(high passage) or control, unpassaged (low passage). (C) Western blot of 
high passage and low passage cells cultured in the presence of rapamy-
cin (1 nM or 10 nM).
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(Fig. 6). However, total levels of both p53 and p21 decreased in 
response to overexpression of 4E-BP1.

In addition we observed decreased levels of Cyclin D1, a 
marker frequently associated with senescent cells,73 due to 4E-BP1 
overexpression. This is in accord with the observation that cells 
undergoing eIF4E-induced senescence display higher levels of 
Cyclin D1, and that expression of Cyclin D1 can be downregu-
lated by inhibiting TORC1 signaling. These results demonstrate 
that overexpression of 4E-BP1 alone can regulate key players in 
cellular senescence, p53 and p21.

Discussion

In this report, we demonstrate that both oncogene-induced senes-
cence and replicative senescence can be disrupted by attenuating 
TORC1 signaling. Our results show that inhibition of TORC1 
with the selective inhibitor rapamycin or by depletion of Raptor 

contrast, depletion of Rictor in these cells did not affect the pro-
cess of RAS-induced cellular senescence (Fig. 4D and E). These 
results suggest that TORC1 is essential for oncogenic RAS-
induced senescence, while inactivation of TORC2 has no effect 
on senescence induction. Based on this finding, we reason that 
the anti-senescence activity of rapamycin relies on its ability to 
inhibit the TORC1 rather than the TORC2 complex.

Overexpression of the negative regulator of TOR, REDD1, 
delays the onset of replicative senescence. Because REDD1 
(Regulated in DNA Damage response and Development1) nega-
tively regulates TOR in response to DNA damage, hypoxia, glu-
cose deprivation and glucocorticoids,68-70 we investigated its role 
in cellular senescence. Overexpression of REDD1 in BJ fibroblasts 
via lentiviral transduction led to dephosphorylation of S6 S235 
(Fig. 5A). This is consistent with earlier reports showing that 
overexpression of REDD1 inhibits the TORC1 axis.68,71 In addi-
tion, we observed increased levels of hypophosphorylated 4E-BP1 
and increased phosphorylation of AKT S473. These results 
indicate that REDD1 preferentially downregulates TORC1 in 
BJ fibroblasts. We observed a decrease in cell size and weaker 
SA-β-gal staining at passage 55+ in cells expressing REDD1 
as compared with the wild-type control cells (Fig. 5B and C). 
Moreover, unlike wild-type cells that entered proliferative arrest 
at passage 55 and beyond, REDD1-overexpressing cells contin-
ued to proliferate at a rate similar to the pre-senescent fibroblasts 
(Fig. 5B and data not shown). These results demonstrate that 
inhibition of TORC1 by REDD1 leads to attenuation of cel-
lular senescence. As a positive control, we overexpressed eIF4E. 
eIF4E overexpression results in accelerated senescence in mouse 
embryonic fibroblasts and B cells.72 eIF4E regulates expression of 
Cyclin D1,62 a protein that is elevated in senescent cells and that 
is downregulated in response to attenuation of TORC1 (Fig. S1). 
We observed an increase in levels of Cyclin D1 in response to 
eIF4E overexpression (Fig. 5A). BJ primary fibroblasts reached 
senescence within one week of stable overexpression of eIF4E, 
and over 70% stained strongly with SA-β-gal (Fig. 5B and C).

Overexpression of 4E-BP1 leads to depletion of p53 and p21. 
4E-BP1 negatively regulates eIF4E. We demonstrated that total 
levels of 4E-BP1 are upregulated in response to both treatment 
with rapamycin and overexpression of REDD1. We therefore 
asked whether overexpression of 4E-BP1 in primary fibroblasts 
would reverse some markers of senescence.

Senescence-associated proteins p53 and p21 are central to both 
induction and maintenance of senescence.57 Fibroblasts lacking 
4E-BP1 undergo premature senescence, and 4E-BP1 plays an 
important role in senescence by negatively regulating pro-senes-
cent protein p53.57 We therefore transiently overexpressed 4E-BP1 
in BJ fibroblasts and studied the effect of this overexpression on 
TOR targets and on markers of senescence. We confirmed over-
expression of 4E-BP1 by western blot (Fig. 6). Most 4E-BP1 was 
present in the dephosphorylated form. The level of phosphory-
lated 4E-BP1 S65 did not change in response to the overexpres-
sion of 4E-BP1; this indicates that most 4E-BP1 was present in 
the inhibitory, active form. We detected no significant change 
in the level of phosphorylated S6, suggesting that TORC1-S6K1 
axis was not inhibited in response to overexpression of 4E-BP1 

Figure 3. Attenuation of TORC1 signaling in RAS-induced cells disrupts 
RAS-induced senescence. (A) Growth curve of HRAS-V12-transduced 
cells or empty vector control (WH) in the presence and absence of 
rapamycin. Cells treated with rapamycin 2 nM or 5 nM, day 2 post-infec-
tion. (B) SA-β-gal staining of cells transduced with either HRAS-V12 or 
empty vector control after passaging with 0.5, 2, 8 or 20 nM rapamycin 
from day 2 of infection.
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that compensates some rapamycin-induced 
changes in TORC1 signaling.

Treatment with rapamycin led to decrease 
in key regulators of senescence, p21 and p53. 
Overexpression of p21 alone is sufficient to 
drive cells to senescence.74 Similarly, fibro-
blasts lacking p53 escape from oncogene-
induced senescence.6,57 p53, however, can 
also inhibit the TOR pathway and suppress 
p21 senescence by promoting quiescence.75 
We demonstrated that attenuation of 
TORC1 results in downregulation of both 
proteins, and low levels of p21 are sustained 
over several weeks of treatment.

In addition to a decrease in p21 and p53 
levels, both types of senescent cells displayed 
increased levels of 4E-BP1, present in the 
hypophosphorylated form. Transient over-
expression of 4E-BP1 alone led to a drop 
in both p21 and p53 levels. It is therefore 
possible that inhibition of TORC1 delays 
senescence through upregulation of hypo-
phosphorylated 4E-BP1. Further experi-
ments with inducible expression of 4E-BP1 
in RAS-induced cells answer this question.

We were not able to document sustained 
inhibition of TORC2 with small-molecule 
inhibitors. Although ATP-competitive inhib-
itors led to dephosphorylation of AKT S473 
within 5 h, treatment lasting longer than 
5 hours using inhibitor concentrations that 
do not affect DNA-PK resulted in rephos-
phorylation of this site. Phosphorylation of 
Akt S473 is the most commonly used indi-
cator of TORC2 activity, yet this site could 
conceivably also be phosphorylated by other 
kinases, which would explain the observed 
rephosphorylation in the presence of TOR 
inhibitors. We are currently investigating 
this possibility.

Previous studies by Demidenko et al. 
demonstrated that senescence induced by 
expression of p21 is attenuated in a similar 
manner by either rapamycin or LY294002 
(inhibitor of PI3K). The authors reasoned 
that the attenuation is therefore due to inhi-
bition of TORC1 rather than TORC2.76 

Our knockdown experiments with shRNA allowed us to dis-
criminate between the functions of TORC1 and TORC2 in 
senescence. Depletion of TOR or of Raptor disrupted the course 
of senescence, whereas the depletion of Rictor was without effect. 
Assuming that the knockdowns affected the senescence-relevant 
activities of TORC1 and TORC2, these observations suggest 
that TORC1 is an essential mediator of senescence, but TORC2 
is dispensable. However, these data do not rule out the possibility 
that the extent of Rictor depletion via shRNA was insufficient 

or TOR proteins allow cells to duplicate past the point of pro-
liferative arrest. Both proliferation arrest and senescence-associ-
ated signaling are delayed in response to rapamycin treatment: 
fibroblasts passaged in the presence of rapamycin maintain low 
inflammatory signaling, including IL8 and phosphorylated p38. 
However, in RAS-dependent senescence, we did not detect a sig-
nificant decrease in p38 phosphorylation or IL8 after treatment 
with rapamycin. This difference between replicative and RAS-
induced senescence could be due to strong signaling from RAS 

Figure 4. Depletion of TORC1, but not TORC2 subunits disrupts RAS-induced senescence. 
(A) BJ fibroblasts transduced with shRNA against TOR, Raptor, Rictor or with scrambled (shSC) 
shRNA. Relative mRNA levels determined by qRT-PCR. (C and D) TOR-depleted, Rictor-depleted 
or Raptor-depleted cells infected with either HRAS-V12 or empty vector control (WH) and pas-
saged for 12 d. Total population doublings displayed on the Y-axis. Slope of the curve indicates 
growth rate. Left part: staining of SA-β-gal of RAS-induced or control cells. (E) SA-β-gal of Ric-
tor, Raptor, TOR-depleted cells.
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to interfere with a putative function of TORC2 in RAS-induced 
senescence.

Cellular senescence is an important barrier to oncogenic 
transformation. Recent studies demonstrate the presence of 
oncogene-induced senescence in vivo; abrogation of the senes-
cence response leads to development of hepatocellular carci-
noma in mice.1 Mechanisms that disrupt senescence in either 
damaged cells or pre-malignant cells could lead to oncogenic 
transformation. TORC1 positively regulates cell growth and 
proliferation. However, its attenuation activates several nega-
tive feedback loops, ultimately resulting in the phosphorylation 
and activation of AKT, with a possible positive effect on cell 
proliferation.41,43,77 AKT is activated in response to rapamycin 
and in response to long-term treatment with ATP-competitive 
inhibitors. In addition to activation of AKT, both rapamycin 
and ATP-competitive inhibitors lead to an increased phos-
phorylation of ERK, a protein whose activation protects the cell 
against apoptosis.78 Activated AKT and ERK have been demon-
strated to occur in vivo in solid tumors from patients undergo-
ing treatment with rapalogs.39,43 Attenuation of TORC1 could 
be the driving mechanism that leads to escape from senescence 
in these cells.

Potent inducers of senescence, p53 and p21, are downregulated 
in response to inhibition of TORC1. It is possible that inactiva-
tion of TORC1 postpones senescence via at least two different 
mechanisms: downregulation of p53 and p21 and upregulation of 
AKT phosphorylation at S473. Activated AKT promotes survival 
by multiple means: it phosphorylates MDM2, leading to nuclear 
translocation and degradation of p53. It also induces degradation 
of the cyclin-dependent kinase inhibitor p27Kip1, facilitating cell 
cycle progression, and inhibits apoptosis through inactivation of 
pro-apoptotic factors, including caspase-9, the BH3-only protein 
Bad and pro-apoptotic FOXO (forkhead box O) transcription 
factors.79-86

Three of the PIKK family members have been impli-
cated in phosphorylating AKT S473: DNA-PK,87 ATM88 and 
TORC2.50,51,89 DNA-PK and ATM are activated in response 
to DNA damage. TORC1 is attenuated when growth condi-
tions are suboptimal: in response to lack of nutrients, osmotic 
stress, hypoxia and low energy signals. Negative feedback loops 
resulting from inhibition of TORC1 lead to AKT S473 phos-
phorylation via activation of TORC2. It is therefore intriguing to 
speculate that phosphorylation of this site by the abovementioned 
PIKK family members serves to stall apoptosis and allow cells to 
recover. Supporting this notion, a recent study demonstrated that 
suppression of AKT S473 phosphorylation sensitizes cancer cells 
to apoptosis induced by TORC1 inhibition. Likewise, insulin-
induced phosphorylation of AKT at S473 leads to avoidance of 
apoptosis in cancer cells with inhibited TORC1.90

We observed an increase in AKT S473 phosphorylation in 
both replicative and RAS-induced senescent cells and a further 
increase in phosphorylation of this site with rapamycin treatment 
and prolonged treatment with ATP-competitive inhibitors. It is 
possible that AKT S473 allows senescent cells to evade apoptosis 
despite accumulated DNA damage signaling and promotes pro-
liferation in cells with inhibited TORC1. TBK1 (TANK-Binding 

Figure 5. Stable expression of negative regulator of TOR, REDD1, delays 
the onset of replicative senescence and stable overexpression of eIF4E 
accelerates it. (A) Cells expressing REDD1, GFP or eIF4E were assayed 
by SDS-PAGE western blot (right part). SDS-PAGE western blot of cells 
transduced with either REDD1 lentivector (left part) or eIF4E vector 
(right part). (B) b-gal staining and passage number of REDD1, eIF4E or 
control (low passage and high passage) cells. (C) SA-β-gal quantitation 
of high passage REDD1 cells, eIF4E and low passage control cells.

Kinase 1) has been implicated in AKT activation91,92 and may 
contribute to S473 phosphorylation in the presence of Torin1.

A recent study by Kennedy et al. demonstrated that pancreatic 
cancer cells bearing activated RAS and inactivated tumor sup-
pressor PTEN (phosphatase and tensin homolog) reenter senes-
cence upon rapamycin treatment as judged by decreased BrdU 
staining and drop in immunohistochemical staining for p21 and 
p53.93 These observations are in contrast to our data and to the 
findings of Astle et al., with BJ primary human fibroblasts doc-
umenting downregulation of p53 and p21 as a consequence of 
inhibiting the AKT/TORC1 pathway.94 This discrepancy could 
be due to inactivation of PTEN in the pancreatic cancer cells.

In addition to phosphorylation and activation of AKT, treat-
ment with rapamycin leads to an increase in hypophosphorylated 
4E-BP1. We saw lower levels of 4E-BP1 in senescent fibroblasts 
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plates, and cell numbers were counted with Beckman Coulter 
Z1 Particle Counter. At each split, 104 cells were reseeded to 
each well in fresh plates and allowed to grow until the next split. 
Population doublings (PD) were calculated with the formula PD 
= log(N2/N1)/log2, where N1 is the number of cells seeded and 
N2 is the number of cells recovered. Cellular senescence was con-
firmed by SA-b-gal staining. Cells were washed with 1x PBS, 
fixed with 0.5% gluteraldehyde solution in 1x PBS for 15 min 
at room temperature, washed again with 1x PBS containing 1 
mM magnesium chloride, incubated in X-Gal staining solution 
(35 mM potassium ferricyanide, 35 mM potassium ferrocyanide 
trihydrate, 2 mM magnesium chloride in 1x PBS and 1 mg/ml 
X-Gal) overnight and washed with H

2
O. At least 200 cells were 

counted under the microscope in randomly chosen fields from 
each culture well.

Short-term inhibition of TORC1. Rapamycin (10 nM) or 
PP242 (200 nM) was added once and cells harvested after 72 h 
for SDS-PAGE western blot.

Long-term inhibition of TORC1: Rapamycin (1 nM or 
10 nM) was added every three days with change of media and 
cells harvested after passage 60 for SDS-PAGE western blot.

Transfections. Cells were grown to 95% confluence and trans-
fected with Lipofectamine 2000 reagent (Invitrogen) according 
to the manufacturer’s protocol.

For lentiviral infections, cDNA of REDD1 (OriGene) was 
cloned into pLV-EF1alpha-MCS-IRES-Puro (Biosettia Inc.) 
between BamHI and EcoRI restriction sites. The PCR primers 
used to amplify REDD1 cDNA were REDD1-F: GCC CGG 
GTT GGA TCC GCC ACC ATG CCT AGC CTT TGG GAC 
CGC TTC T and REDD1-R: GGG AGA GGG GCT AGC 
TCA ACA CTC CTC AAT GAG CAG CTG T.

4E-BP1 cDNA (Origene) was cloned into pEN_tmcs 
(Invitrogen) vector between SpeI and XhoI sites. The PCR 
primers used to amplify 4E-BP1 cDNA were FORspeI4ebp1: 
GTT ATA CTA GTG CCA CCA TGT CCG GGG GCA GC 
and REVxhoI4ebp1: CGT AGC TCG AGC TAA GGA AGG 
GGT GGT TGC. Recombination reaction was performed with 
pSLIK-hygro vector (Invitrogen) according to the manufacturer’s 
Gateway cloning protocol. Recombinant lentiviruses were pro-
duced by transfection into HEK293T cells in the presence of 
packaging plasmids (pMDL-G, pRSV-REV and pVSV-G) using 
Lipofectamine 2000 as described in ViraPowerTM Lentiviral 
Expression System protocol (Invitrogen).

shRNA. shRNAs for TOR, Raptor and Rictor were designed 
and cloned into pLV-H1-E2F1-puro based on the single-oligo-
nucleotide RNA interference technology (Biosettia) using oligo-
nucleotides with the following sequences:

sh-mTOR-2627-AAA AGC TAT GTA GTA GAG CCC TAT 
TGG ATC CAA TAG GGC TCT ACT ACA TAG C,

sh-mTOR-3097-AAA AGG TCA TGC CCA CGT TCC 
TTT TGG ATC CAA AAG GAA CGT GGG CAT GAC C, 
sh-RAPTOR-2116-AAA AGC AGG TGC TGT TAA GCC 
AAT TGG ATC CAA TTG GCT TAA CAG CAC CTG C, 
sh-RAPTOR-2400-AAA AGG ACC ATG ACG GCT TTC 
ATT TGG ATC CAA ATG AAA GCC GTC ATG GTC C, 
sh-RICTOR-3439-AAA AGG AAC AAC TCT GTA ATG AAT 

and an increase in the total levels of the protein in response to 
rapamycin treatment. Therefore, in addition to negatively regu-
lating translation via dephosphorylation of the S6 and dephos-
phorylation and activation of 4E-BP1, rapamycin also leads to 
accumulation of inhibitory 4E-BP1, further repressing eIF4E-
dependent translation. Although only a subpopulation of mRNAs 
are eIF4E-dependent,95 long-term inhibition of TORC1 would 
have global effect on translation and lead to a drop in protein lev-
els. We noticed this pattern with several proteins after long-term 
treatment with rapamycin (Fig. S1). If downregulation of protein 
translation delays senescence by reducing the amount of total pro-
tein in the cell, then inhibition of protein-degrading machinery 
should have the opposite outcome and lead to accelerated senes-
cence. It has been shown by Kang et al. that disruption of autoph-
agy leads to premature senescence in primary fibroblasts.96 Our 
data imply that translation via TORC1 contributes to cellular 
senescence, and attenuation of translation postpones it. Inhibition 
of TORC1 relieves the translational load in the cells and activates 
pro-proliferative AKT, allowing cells to postpone senescence.

Rapamycin and its derivatives had limited success in cancer 
therapy.97 Inhibition of senescence may at least in part explain 
this lack of effectiveness, as it involves downregulation of the 
potent tumor suppressors p53 and p21. Inhibition of TORC1 
also leads to phosphorylation of AKT S473, which has been 
linked to pro-proliferative functions of AKT.51,90,98 Senescence 
serves as a barrier to oncogenic transformation; disruption of 
oncogene-induced senescence by inhibition of TORC1 could lift 
this important barrier.

Materials and Methods

Cell culture. BJ cells (human foreskin fibroblasts) were cultured 
in MEM (Minimum Essential Medium Eagle), supplemented 
with 10% FBS (fetal bovine serum), 100 units/ml penicillin and 
100 μg/ml streptomycin, 2 mM L-glutamine, 1% non-essential 
amino acids. Cell culture medium was changed every three days 
during passaging.

Cellular senescence was analyzed as described previously.9 For 
growth curves, 104 cells were plated into each well in 12-well 
plates in triplicates. Every 3–5 d, cells were trypsinized from 

Figure 6. Overexpression of 4E-BP1 results in downregulation of p53, 
p21 and Cyclin D1. SDS-PAGE western blot of BJ cells at passage 35, 
transiently transfected with GFP or 4E-BP1.
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was converted to cDNA with oligo(dT) primer and iScriptTM 
Reverse Transcription Supermix (Bio-rad). Quantitative real-time 
PCR was performed in triplicates with gene-specific primers and 
SsoAdvancedTM SYBR® Green Supermix (Bio-rad) in a BioRad 
CFX96 REAL TIME SYSTEM following manufecturer’s proto-
cols. Primer sequences for RT-PCR:

mTOR-rt-F4 CAG GGT TCG AGA TAA GCT CAC
mTOR-rt-R4 TTA CCA GAA AGG GCA CCA G
Raptor-rt-F2 TGA GCG TCA ATG GAG ATG TG
Raptor-rt-R2 AGA TGG CGG TGA ACT GAT TG
Rictor-rt-F3 ACT AAA TGT CAT GAG ACT GGG C
Rictor-rt-R3 TTG TAT GAA CCT CCG ACA CG
The mRNA level for each gene was normalized to that of 

GAPDH.
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TGG ATC CAA TTC ATT ACA GAG TTG TTC C, sh-RIC-
TOR-333-AAA AGC TAC GAG CGC TTC GAT ATT TGG 
ATC CAA ATA TCG AAG CGC TCG TAG C, sh-RICTOR-
1201-AAA AGC ACT GAT ACT CTC TGC ATT TGG ATC 
CAA ATG CAG AGA GTA TCA GTG C.

BJ cells were grown to 70% confluence in a 90 mm plate and 
infected with the shRNA-encoding lentiviruses in fresh medium 
containing 8 μg/mL polybrene. Transduced cells were selected 
with 1.2 μg/mL of puromycin or 120 μg/mL hygromycin two 
days post-transduction.

Western blot analysis. Cells were harvested in RIPA buffer 
(50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 
0.5% sodium deoxycholate and 0.1% SDS) supplemented with 
complete protease inhibitor cocktail mix (Roche), 1 mM sodium 
orthovanadate and 200 nM PMSF. Cell lysates were centrifuged 
at 13,000 rpm at 4°C for 10 minutes and supernatants were col-
lected. Protein concentration was determined using BCA protein 
assay reagent (Bio-RAD) according to manufacturer’s protocol. 
Twenty μg of protein was separated by SDS-PAGE western blot 
and transferred to a PVDV membrane (Millipore). The blots 
were incubated with antibodies in 5% BSA and 1x TBST (Tris-
Buffered Saline and Tween 20) and secondary antibodies in 5% 
milk and 1x TBST. Primary antibodies for IL8 and p53 were 
purchased from Santa Cruz Biotechnology and all the remaining 
primary antibodies and the secondary antibodies were from Cell 
Signaling Technology. The proteins bands were visualized using 
West Pico substrate (Thermo Scientific Pierce) using Bio-RAD 
Chemi-DOC XRS (Bio-RAD) according to the manufacturer’s 
protocol.

Real-time RT-PCR. RNA was isolated from cells using Trizol 
(Invitrogen) according to manufacturer’s protocol. 200 ng of RNA 
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