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Telomere erosion and subsequent dysfunction limits
the proliferation of normal human cells by a process
termed replicative senescence. Replicative senescence
is thought to suppress tumorigenesis by establishing
an essentially irreversible growth arrest that requires
activities of the p53 and pRB tumor suppressor
proteins. We show that, depending on expression of
the pRB regulator p16, replicative senescence is not
necessarily irreversible. We used lentiviruses to
express specific viral and cellular proteins in senescent
human fibroblasts and mammary epithelial cells.
Expression of telomerase did not reverse the senes-
cence arrest. However, cells with low levels of p16 at
senescence resumed robust growth upon p53 inactiva-
tion, and limited growth upon expression of oncogenic
RAS. In contrast, cells with high levels of p16 at senes-
cence failed to proliferate upon p53 inactivation or
RAS expression, although they re-entered the cell
cycle without growth after pRB inactivation. Our
results indicate that the senescence response to telo-
mere dysfunction is reversible and is maintained
primarily by p53. However, p16 provides a dominant
second barrier to the unlimited growth of human
cells.
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Introduction

Normal cells do not divide indefinitely due to a process
termed replicative senescence. One important mechanism
responsible for the replicative senescence of human cells is
the erosion and eventual dysfunction of telomeres (Harley
et al., 1990; de Lange, 2001). Telomeres are the DNA
sequence and associated proteins that cap and stabilize the
ends of linear chromosomes, preventing their degradation
or fusion by DNA repair systems. Owing to the biochem-
istry of DNA replication, several dozen base pairs of
telomeric DNA are lost with each cell cycle. Thus,
proliferating cells experience progressive telomere short-
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ening, unless they express the enzyme telomerase, which
can add the telomeric sequence to chromosome ends de
novo. Most human cells do not express this enzyme, and
hence can acquire telomeres that are critically short and
dysfunctional. Dysfunctional telomeres signal normal
cells to cease proliferation with a characteristic senescent
phenotype (Blackburn, 2001; Shay and Wright, 2001; Kim
et al., 2002).

Replicative senescence is an example of a more general
process, herein termed cellular senescence, which arrests
the growth of cells in response to many stimuli. These
stimuli include dysfunctional telomeres, DNA damage,
disrupted chromatin organization, and certain oncogenes,
such as activated RAS (Campisi et al., 2001; Serrano and
Blasco, 2001). They have in common the potential to
initiate or promote neoplastic transformation. Cellular and
replicative senescence require activities of the p53 and
pRB tumor suppressor proteins, which regulate pathways
that suffer mutations in most, if not all, mammalian
cancers. Human cells that lose p53 and pRB function are
generally refractory to multiple senescence-inducing
stimuli (Serrano et al., 1997; Dimri et al., 2000). These
and other lines of evidence suggest that the senescence
response suppresses the development of cancer in mam-
mals (Reddel, 2000; Campisi et al., 2001; Wright and
Shay, 2001).

Although p53 and pRB are clearly critical for estab-
lishing the senescence growth arrest, their precise roles in
this process are incompletely understood. p53 is presumed
to sense dysfunctional telomeres as damaged DNA,
whereupon it elicits the senescence response at least in
part by increasing expression of the p21 cyclin-dependent
kinase inhibitor (CDKI); p21 in turn prevents the phos-
phorylation and inactivation of pRB (Sherr and Roberts,
1999). However, inactivation of either p53 or pRB (e.g. by
viral oncoproteins or anti-sense oligonucleotides) inde-
pendently extends the replicative lifespan of many human
cells, allowing them to proliferate despite short telomeres
(Hara et al., 1991; Shay et al., 1991). Thus, although the
pS3 and pRB pathways interact, they may also act
separately to establish the senescence arrest. Indeed,
senescent cells have been reported to upregulate another
CDKI, pl6, which also controls pRB activity (Alcorta
et al., 1996; Hara et al., 1996a; Stein et al., 1999). p16 may
limit cell proliferation by a mechanism distinct from that
utilized by p53, since some human epithelial cells (e.g.
initial outgrowths from mammary tissue explants) senesce
with relatively long telomeres and high pl6 expression
(Kiyono et al., 1998; Ramirez et al., 2001). Moreover,
ectopic expression of telomerase does not protect such
cells from replicative senescence, suggesting that pl6
expression and function are independent of telomere status
(Kiyono et al., 1998; Rheinwald et al., 2002).
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Fig. 1. hTERT does not reverse the senescent phenotype. (A) Lenti-hTERT confers telomerase activity. Senescent (S) or pre-senescent (P) WI-38 (WI)
cells were infected with lenti-hTERT, lenti-GFP or pBABE-hTERT, and telomerase activity was measured using the TRAP assay, as described in
Materials and methods. ‘+’ is a positive TRAP control, and ‘—" and ‘Heat inactivated’ are negative controls. (B) Lenti-hTERT alters telomere length in
pre-senescent, but not senescent cells. Terminal restriction fragment (TRF) lengths in P- or S-WI cells infected with lenti-GFP (GFP) or lenti-hTERT
(hTERT) were determined as described in Materials and methods. (C) Lenti-hTERT does not alter senescent morphology. S-WI cells were infected
with lenti-GFP (+GFP) or lenti-hTERT (+hTERT), and viewed and photographed 7 days later.

p53 and pRB are also important for maintaining the
senescence growth arrest, which, in human cells, is
thought to be irreversible. Senescent human cells arrest
growth with a G; DNA content, and cannot be stimulated
to divide by physiological mitogens. Moreover, although
the potent viral oncoprotein SV-40 T-antigen stimulates
DNA replication in senescent human fibroblasts, it does
not stimulate cell proliferation (Ide et al., 1983; Gorman
and Cristofalo, 1985). T-antigen binds and inactivates both
p53 and pRB, and mutants defective in either p53 or pRB
binding fail to stimulate DNA synthesis in senescent cells
(Sakamoto et al., 1993; Hara et al., 1996b). One
interpretation of these findings is that p53 and pRB
cooperatively prevent senescent cells from initiating S
phase, but another activity prevents completion of the cell
cycle. On the other hand, p53 antibodies, when micro-
injected into senescent cells, were shown to stimulate
DNA synthesis and limited proliferation (Gire and
Wynford-Thomas, 1998). Thus, requirements for main-

taining the senescence arrest are less clear than the
requirements for establishing it.

We recently showed that human fibroblasts differ in
their sensitivity to BMI-1, an oncogene that extends the
replicative lifespan of fibroblasts by repressing pl6,
apparently because they differ in the level of pl6 they
express at senescence (Itahana et al., 2003). This finding
raises the possibility that human cell strains also differ in
the mechanisms that maintain the senescence state. To
explore this possibility, and understand the mechanisms
that maintain the senescence arrest, we used lentiviruses to
express viral and cellular proteins in replicatively senes-
cent human fibroblasts. Our results suggest that the
senescence arrest caused by telomere dysfunction is
reversible, being maintained primarily by p53 and
reversed by p53 inactivation. In some human cells,
however, pl6 provides a dominant, apparently irrevers-
ible, second barrier to cell proliferation, which cannot be
completely overcome by subsequent inactivation of pRB.
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Fig. 2. p53 inactivation reverses senescence of BJ, but not WI-38 fibroblasts. (A) S-WI cells synthesize DNA, but do not proliferate. S-WI cells were
infected with lentiviruses expressing GFP, hTERT, GSE, LgT, LgTK1 and CDK4m as indicated; 72 h later, DNA synthesis was determined by % LN,
and percentage growth monitored, as described in the text. (B) S-BJ cells synthesize DNA and proliferate. S-BJ cells were infected and monitored, as
described in (A). (C) Morphology of control and rescued S-BJ cells. S-BJ cells infected with GFP or GSE-expressing lentivirus were photographed 6
days later. (D) Lifespan assays. S-BJ cells were infected with lentiviruses expressing the indicated proteins, serially passaged, and cell number deter-

mined at each passage, as described in Materials and methods.

Results

Telomerase does not reverse the senescence
growth arrest

The first candidate we tested for ability to reverse the
senescence growth arrest was hTERT, the catalytic subunit
and rate-limiting component of telomerase (Bodnar ef al.,
1998; Vaziri and Benchimol, 1998). For these and
subsequent experiments, we used two human fibroblast
strains: WI-38 (WI) from fetal lung and BJ (from neonatal
foreskin). Neither strain expresses the endogenous TERT
gene, and both are devoid of detectable telomerase
activity, as determined by the telomere repeat amplifica-
tion protocol (TRAP) assay.

We passaged pre-senescent (early passage) cultures
(P-WI, P-BJ) until replicative senescence. Unless noted
otherwise, senescent cultures (S-WI, S-BJ) contained
>99.9% non-dividing cells, as determined by no increase
in cell number over >4 wks and <1% [*H]thymidine-
labeled nuclei after a 3-day labeling interval (% LN). To
express hTERT and other proteins, we used lentiviruses,
which efficiently infect and stably express genes in non-
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dividing cells (Bukrinsky et al., 1993). We verified the
infection efficiency by infecting parallel cultures with an
equivalent titer (see Materials and methods) of virus
expressing green fluorescent protein (GFP), and, where
possible, immunostaining for the virally expressed
proteins. At the titers employed, the lentiviruses trans-
duced >95% of cells in both pre-senescent and senescent
cultures.

The hTERT-expressing lentivirus (lenti-h'TERT) con-
ferred robust telomerase activity on S-WI cells, whereas
S-WI cells infected with lenti-GFP were devoid of
telomerase activity (Figure 1A). By contrast, pBabe-
hTERT, which requires cell proliferation for integration
and expression, failed to confer telomerase activity on
S-WI cells, although it conferred robust activity on P-WI
cells (Figure 1A).

S-WI cells infected with lenti-hTERT did not proliferate
(Figure 2A), despite expressing high levels of telomerase.
Moreover, they did not lose the senescent morphology
(Figure 1C) or senescence-associated -galactosidase
(SA-Bgal) expression (Dimri et al., 1995) (not shown).
Identical results were obtained when S-BJ cells were



infected with lenti-hTERT (Figure 2B, and results not
shown). Lenti-hTERT did not alter average telomere
length in S-WI cells, even when tested up to 6 weeks after
infection; however, the same virus elongated telomeres in
P-WI cells (Figure 1B), indicating that the virus expressed
a functional hTERT protein.

These results lead to two important conclusions. First,
human telomeres cannot be modified by telomerase in the
absence of cell proliferation. Secondly, telomerase cannot
reverse the growth arrest or senescent phenotype of
replicatively senescent cells.

p53 inactivation reverses senescence of BJ, but
not WI-38, cells

Inactivation of either the p5S3 or pRB pathway is known to
postpone, but not prevent, the replicative senescence of
human fibroblasts (Wright and Shay, 2001). Inactivation
of both pathways, for example by SV-40 T-antigen (LgT),
causes crisis, a state characterized by genomic instability,
cell death, and the eventual emergence of rare replicatively
immortal variants (Shay et al., 1993; Wei and Sedivy,
1999).

To explore the roles of p53 and pRB in maintaining the
senescence arrest, we used lentiviruses to express the
following proteins in human cells: (i) LgT, which binds
and inactivates both p53 and pRb (Fanning, 1992); (ii)
LgT-K1, a LgT mutant that binds p53 but not pRB or pRB
family members (DeCaprio et al., 1988); (iii) GSE-22, a
peptide that inactivates p53 function in a dominant
negative fashion (Gudkov et al, 1993); and (iv)
CDK4m, a cyclin-dependent kinase 4 mutant that cannot
bind pl6, and hence constitutively inactivates pRB
(Wolfel et al., 1995), although it may also have other
modes of action.

Consistent with results from SV-40 infection and
plasmid microinjection experiments (Gorman and
Cristofalo, 1985; Sakamoto et al., 1993; Hara et al.,
1996b) (Figure 2A), LgT stimulated a substantial fraction
(60-70%) of S-WI cells to synthesize DNA. CDK4m also
stimulated DNA synthesis in S-WI, albeit to a lesser extent
(35-40%). By contrast, GSE-22 and LgT-K1 were essen-
tially inactive (<5%). These data suggest that S-WI cells
can re-enter the cell cycle upon inactivation of the pRB
pathway (by LgT or CDK4m), but inactivation of the p53
pathway alone (by LgT-K1 or GSE) has no effect in these
cells. However, regardless of ability to stimulate DNA
synthesis, none of the lentiviruses, alone or in combin-
ation, efficiently stimulated S-WI cells to proliferate
(Figure 2A). We conclude that although S-WI cells enter
S-phase upon inactivation of the pRB pathway, they
cannot complete the cell cycle and proliferate.

In contrast, a substantial fraction of S-BJ cells initiated
DNA synthesis in response to each of the four lenti-
expressed proteins (LgT, LgT-K1, GSE-22 and CDK4m)
(Figure 2B). Moreover, GSE and LgT-K1 were as
effective as LgT, each stimulating 70-90% of the cells
(Figure 2B). CDK4m was less effective (25-30%)
(Figure 2B). Most striking, all four lentiviruses each
stimulated S-BJ cells to complete the cell cycle and
proliferate. The extent of proliferation was approximately
equal to the extent of DNA synthesis. Proliferation was
assessed by the formation of colonies (>50 cells)
(Figure 2B) and loss of senescent morphology

p53 and p16 maintain human cell senescence

(Figure 2C). Thus, in contrast to S-WI cells, the growth
arrest of replicatively senescent BJ fibroblasts was com-
pletely reversible, and p53 inactivation was sufficient to
induce both DNA synthesis and proliferation.

With regard to efficacy, GSE-22 was more efficient than
LgT or LgT-K1 at reversing the senescence arrest of S-BJ
cells (Figure 2B), consistent with reports that LgT and
LgT-K1 do not completely inactivate pS3 (Deppert et al.,
1987). Moreover, failure of GSE-22 to stimulate S-WI
cells was not due to an inability to inactivate p53 in these
cells. GSE-22 increased p53 levels in both S-BJ and S-WI
cells, as expected from its ability to enhance p53
stabilization (Gudkov et al., 1993); moreover, GSE-22
markedly reduced p2l1 levels in both cell strains, as
expected for loss of p53 function (Supplementary figure 1,
available at The EMBO Journal Online). Interestingly,
CDK4m stimulated DNA synthesis in both S-WI and S-BJ
cells (25-35%), despite their different requirements for
cell cycle re-entry after senescence. CDK4m may also act
indirectly on the p53 block by sequestering p21 (Sherr and
Roberts, 1999). Consistent with p2l1 sequestration
accounting for the ability of CDK4m to stimulate S-BJ
cells, most of the p21 in S-BJ cells co-immunoprecipitated
with CDK4 after infection with lenti-CDK4m
(Supplementary figure 2).

To determine the extent to which GSE, LgT, LgT-K1
and CDK4m stimulated S-BJ cell proliferation, we deter-
mined the growth of mass cultures after infection. GSE
stimulated >20 additional population doublings (PDs)
(Figure 2D). Towards the end of this extended growth, the
fraction of cells that synthesized DNA (% LN) gradually
declined (not shown). However, the % LN did not decline
below 20-25%, even after there was no net increase in cell
number. This phenotype (high labeling index without net
proliferation) is characteristic of cultures in crisis (Wei and
Sedivy, 1999). LgT and LgT-K1 each stimulated 10-11
additional PDs (Figure 2D), also culminating in crisis.
Cultures driven to crisis by GSE-22 showed fewer
apoptotic cells than cultures driven by LgT or LgT-Kl1
(not shown), which likely explains why GSE-22-express-
ing cultures completed more PDs than LgT- or LgT-KI1-
expressing cultures. In contrast to the other proteins,
CDK4m stimulated very limited proliferation of S-BJ cells
(2-3 PDs) (Figure 2D). This finding suggests that although
p21 binding by CDK4m may partially relieve the p53
block (Figure 2B and Supplementary figure 2), it is not
equivalent to p53 inactivation.

Together, the results indicate that p53 maintains the
senescence growth arrest of S-BJ cells, and that inactiva-
tion of p53 alone is sufficient to reset their replicative
lifespan. A third human fibroblast strain (82-6, from skin)
displayed an intermediate response to p53 inactivation:
20-25% of senescent 82-6 cells initiated DNA synthesis in
response to GSE-22 (not shown). Thus, some human
fibroblast strains have phenotypes intermediate between
WI-38 and BJ with respect to reversibility of the senes-
cence growth arrest by p53 inactivation.

p16 prevents reversal of senescence by p53
inactivation

Why do S-BJ cells resume growth upon p53 inactivation,
without pRB inactivation, whereas S-WI cells fail to
proliferate (despite undergoing DNA synthesis) even when
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Fig. 3. Senescence reversal correlates inversely with p16 expression. (A) pl6 expression. pl6 and actin (control) protein levels were assessed in pre-
senescent (P) and senescent (S) BJ and WI-38 (WI) cells by western blotting (WB). The labeling index of the cultures is shown below the blot (%
LN). (B) p16 immunostaining. Pre-senescent (P) and senescent (S) BJ and WI-38 cells were immunostained for p16, and nuclei stained with DAPI, as
described in Materials and methods. HeLa cells served as a positive control. (C) pl6 and p21 levels after rescue from senescence by GSE-22. S-BJ
cells were infected with control (GFP) or GSE-22-expressing (rescued GSE) lentivirus. Rescued cells were harvested while proliferating (16 PDs) or
after proliferation ceased (23 PDs), and analyzed for p21, pl6 and actin (control) by western blotting. (D) Senescence reversal in HMECs. Post-selec-
tion HMECs were infected with lentiviruses expressing the indicated proteins, and monitored for growth, as described in Materials and methods.

Shown are cells 72 h following infection.

both pRB and p53 are inactivated? One possibility might
be intrinsic differences in the ability to induce pl6 at
senescence. WI-38, like several human epithelial cells,
appear to undergo replicative senescence prior to critical
telomere shortening owing to induction of p16 by as yet
unidentified factors (Wright and Shay, 2001; Itahana et al.,
2003). Thus, pl6 may impose a proliferative block that
cannot be overcome by p53 inactivation. Consistent with
this idea, WI-38 cells consistently expressed higher levels
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of p16 than BJ cells, whether pre-senescent or senescent
(Figure 3A and B). Moreover, S-BJ cells that were rescued
from senescence by GSE-22 ceased proliferation (after
>20 additional PDs; Figure 2D) with low but significant
pl6 expression (Figure 3C), and could not be rescued from
this second growth arrest by LgT (not shown). Finally,
senescent 82-6 fibroblasts expressed pl6 at levels inter-
mediate between S-WI and S-BJ cells; immediately after
rescue by GSE-22, the cells had substantially less p16 than



the starting population (not shown), suggesting that GSE
rescued only those cells that expressed little or no pl6.
Thus, p16 may prevent reversal of the senescence arrest by
p53 inactivation.

Results with human mammary epithelial cells
(HMECsS), a culture system in which pl6 expression is
well characterized, support this idea. HMECs that prolif-
erate from tissue explants generally do so for only 10-25
PDs before undergoing a senescence arrest with relatively
long telomeres and high pl6 expression. However, vari-
ants that spontaneously silence pl6 by methylation can
emerge (self selection) (Hammond et al., 1984). Post-
selection HMECs proliferate for an additional 50-75 PDs
before senescing with short telomeres and genomic
instability, a crisis-like state termed agonescence
(Romanov et al., 2001). Agonescent HMECs resumed
proliferation upon expression of LgT or GSE, but not
hTERT (Figure 3D), and thus resembled S-BJ fibroblasts.
However, pre-selection HMECs that ceased growth with
high p16 levels were not rescued from the growth arrest by
LgT (not shown), suggesting that the senescence arrest is
reversible only in p16-negative cells.

Suppression of p16 confers sensitivity to
senescence reversal by p53 inactivation
To evaluate more critically the role of pl6 in the
senescence arrest, we manipulated pl6 expression in
human fibroblasts. First, we used RNA interference
(Paddison et al., 2002) to stably suppress pl6 expression
in WI38 cells. A short hairpin RNA (shRNA) capable of
suppressing pl6 expression (Narita et al., 2003) was
introduced into proliferating (P-WTI) cells using a retroviral
vector. The p16 shRNA modestly extended the replicative
lifespan of P-WI cells (3—4 PDs) (Supplementary figure 3),
and the cells senesced with significantly reduced pl6
levels (Figure 4A). S-WI cells with suppressed pl6
senesced with elevated levels of p21 (Figure 4A), sug-
gesting that they now senesced primarily due to activation
of the p53 pathway, similar to the phenotype of BJ
fibroblasts. Indeed, subsequent infection with lenti-GSE-
22 completely reversed the senescence arrest of pl6-
suppressed S-WI cells (Figure 4B), stimulating both DNA
synthesis and cell proliferation (>70%). Thus, GSE-22
acted similarly in S-BJ and p16-suppressed S-WI cells, in
contrast to its effects in S-WI cells that express high p16
(compare Figure 2A and B with Figure 4B). Next, we
ectopically expressed p16 in P-WI cells using a lentivirus
(lenti-p16). Western blotting (Figure 4C) and immuno-
fluorescence (Supplementary figure 4) showed that lenti-
pl6 markedly elevated pl6 expression in P-WI cells. As
expected (McConnell er al., 1998), lenti-pl6 infected
P-WI cells arrested growth with a senescent morphology
and SA-Bgal expression (not shown). Subsequent infec-
tion with lenti-GSE-22 failed to stimulate DNA synthesis
or cell proliferation (Supplementary figure 5), similar to its
effect in S-WI cells.

Taken together, these results support the idea that p16
imposes a senescence-associated block to cell proliferation
that cannot be reversed by p53 inactivation.

Sequential action of p16
p16 is known to exert its effects through pRB, specifically
by inhibiting CDKs and thus preventing pRB inactivation

p53 and p16 maintain human cell senescence

S-Wi
-+  shRNAp16

- WB: p21

= WB: p16
——  WB: actin
B S-wi

100 I = —li

U! o —
shRNA p16 - +
GSE + =
S-wi
100
80
L
1; 1]
=)
5 o
® 20 |
u. — —
shRNA p16 - + +
GSE + - +
P-WI
- + lenti p16

duly WB: p16

< WS WB: actin

Fig. 4. pl6 suppression allows senescence reversal in WI-38 cells.
(A) shRNA-p16 suppresses pl6 expression in WI-38 cells. P-WI cells
were mock infected () or infected with shRNA-pl6 expressing
pMSCYV retroviruses, and passaged until replicatively senescent (S-WI;
% LN <1%). p16, p21 and actin (control) levels were assessed by west-
ern blotting (WB). (B) % LN. P-WI were mock infected (—) or infected
with shRNA-p16 expressing retrovirus (+) and cultured until senescent
(S-WI). Cells were then monitored for ability to synthesize DNA (%
LN) upon p53 inactivation by subsequent infection with lenti-GSE-22
(GSE). Parallel cultures were monitored for proliferation (% growth),
as described in Materials and methods. (C) Ectopic pl6 expression.
P-WI cells were mock infected (-) or infected (+) with lenti-p16; pl6
and actin (control) were assessed by western blotting (WB). At the
exposure shown, endogenous pl6 in mock-infected P-WI cells is
undetectable.

by phosphorylation. However, LgT, which inactivates
pRB by direct binding, stimulated DNA synthesis but not
proliferation in pl6-expressing cells (S-WI or pre-selec-
tion HMECs). This finding raises the possibility that the
block to cell proliferation imposed by pl6 can be
independent of continual pRB activity. To explore the

4217



C.M.Beauséjour et al.

P-WI P-WI
100; —— 100
| I
80 80
£
z 60 % 60
- | e |
R 40 : © a0
B
201 20
0**"*' 0—— ———
p16 + + p16 + +
LgT - + LgT - +
B ~Pw P-WI
b 100
80"
§ |
=z
Z 3 60
ES © 40
$ i
20
ol
LgT +
p16
C S-wi
100
80 80/
_‘g 1
Z 60 601
3 e
R a0 o 401
i ES i
20 20 !
|
0 - - 0 — ——
shRNA p16 + shRNAp16 + +
GSE - + GSE - +

Fig. 5. Sequential inactivation of pl6/Rb determines senescence revers-
ibility. (A) p16 followed by LgT. P-WI cells were infected with lenti-
pl6, and then mock infected (—) or infected with lenti LgT (+). Cells
were monitored for ability to synthesize DNA (% LN) and proliferate
(% growth), as described in Materials and methods. (B) LgT followed
by pl6. P-WI cells were infected with lenti-LgT, followed by mock
infection () or lenti-p16 infection (+). The infected cells were moni-
tored for DNA synthesis (% LN) and proliferation (% growth).
(C) Silencing pl6 after senescence. S-WI cells were infected with
lenti-shRNA-p16, and then mock infected () or infected with lenti-
GSE-22 (+). The infected cells were monitored for DNA synthesis (%
LN) and proliferation (% growth).

nature of the p16 block, we infected P-WI cells with lenti-
pl6, and superinfected with lenti-LgT. LgT stimulated
DNA synthesis in ~40% of the p16-expressing P-WI cells
(Figure 5A), but cell proliferation did not occur
(Figure 5A). By contrast, P-WI cells that were first
infected with lenti-LgT and then superinfected with lenti-
pl6 continued to synthesize DNA and proliferate
(Figure 5B) despite high p16 expression. The presence
or absence of LgT did not affect the level of p16 expressed
by lenti-pl6 (not shown). Similar results were obtained
using HMECs. LgT prevents pre-selected HMECs from
senescing when introduced prior to upregulation of pl6
(Huschtscha et al., 2001). However, LgT did not stimulate
cell proliferation when introduced after HMECs had
undergone the pl6-induced senescence arrest (not
shown). Finally, although 70-75% of P-WI cells express-
ing shRNA pl6 and cultured until senescence resumed
growth upon p53 inactivation by GSE-22 (Figure 4B), this
was not the case when p16 was downregulated in cells that
had already undergone senescence with high p16 expres-
sion. We constructed a lentivirus to express the shRNA-
pl6 and used it to downregulate pl16 in S-WI cells. We
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then superinfected the cells with lenti-GSE-22. Although
GSE-22 stimulated DNA synthesis, very few cells (~1—
2%) resumed proliferation (Figure 5C). Therefore, once
the pl6/pRB pathway is engaged, its downregulation is
insufficient for DNA synthesis unless p53 is also targeted.
Moreover, once the pl6/pRB pathway engaged, neither
p53 nor pRB inactivation is sufficient to allow cell
proliferation.

p16 suppresses the response to oncogenic RAS
Oncogenic RAS (Ha-RASY!?) (Shih and Weinberg, 1982)
delivers a strong mitogenic signal that transforms immor-
tal cells (Land et al., 1983). However, normal human
fibroblasts respond to oncogenic RAS by a senescence
growth arrest accompanied by upregulation of pl6
(Serrano et al., 1997). Because cells differ in their ability
to upregulate p16 upon replicative senescence, we asked
whether ability to upregulate pl6 also influences the
senescence response to mitogenic signals, such as those
delivered by Ha-RASY!2,

We infected S-WI and S-BJ cells with a lentivirus
expressing Ha-RASY!? (lenti-RAS). Lenti-RAS did not
stimulate S-WI cells to initiate DNA synthesis (Figure 6A),
in agreement with reports using a different fibroblast strain
and plasmid microinjection (Lumpkin et al., 1986). In
contrast, lenti-RAS induced >20% of S-BJ cells to
synthesize DNA (Figure 6B). Thus, oncogenic RAS did
not stimulate DNA synthesis in senescent cells that
express high pl6, but modestly stimulated senescent
cells that express low levels of p16.

Regardless of the p16 level, oncogenic RAS synergized
with CDK4m to stimulate senescent cells to synthesize
DNA (Figure 6A and B). CDK4m alone induced only 20—
35% of S-WI and S-BJ cells to synthesize DNA. However,
CDK4m plus RAS induced DNA synthesis in 85-90% of
the cells (Figure 6A and B). Nonetheless, neither
oncogenic RAS nor CDK4m, either alone or in combin-
ation, stimulated appreciable cell proliferation (Figure 6A).
In S-BJ, RAS or CDK4m each induced ~20%, and the
combination induced >90% of cells to undergo a few
divisions. However, proliferation was limited to 2-3 PDs
(see Figure 2D). Interestingly, these cells arrested growth
with low pl6 levels, but they were significantly higher
than control p16 levels (Figure 6E), indicating that RAS
can induce pl6 even in cells such as BJ, which do not
express pl6 upon replicative senescence. Together, these
results suggest that oncogenic RAS cannot sustain the
growth of senescent cells, even when pl6 expression is
initially low.

The ability of RAS to stimulate DNA synthesis
depended on the level at which it was expressed, and
was abrogated by pl6. We infected S-BJ cells with lenti-
RAS at a 3-fold higher titer than routinely used (high
RAS). High RAS did not increase the fraction of infected
cells (>90% infectivity for both high and low RAS;
Figure 6D), but increased the % LN of S-BJ cells from 20
to 55% (Figure 6C). This DNA synthesis was markedly
suppressed by superinfection with lenti-16 (Figure 6C).
Taken together, these data indicate that p16 provides a
formidable barrier to reversal of the senescence growth
arrest by p53 inactivation, as well as by the strong
mitogenic signal delivered by oncogenic RAS.
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Fig. 6. Oncogenic Ras partially reverses pl6-independent senescence. (A) S-WI cells do not synthesize DNA in response to oncogenic Ras. S-WI cells
were infected with the indicated lentiviruses, and 72 h later assessed for ability to synthesize DNA (% LN) and proliferate (% growth), as described in
Materials and methods. (B) S-BJ cells synthesize DNA and undergo limited proliferation in response to oncogenic Ras. S-BJ cells were infected with
the indicated lentiviruses, and assessed for % LN and % growth. The asterisk indicates that the cells underwent limited proliferation, amounting to 3
PDs or less. (C) Mitogenic effects of Ras are concentration- and pl16-dependent. S-BJ cells were infected with 1X (low Ras) or 3X (high Ras) lenti-
Ras virus concentrations (determined by p24 levels, as described in Materials and methods) and % LN was measured. Where indicated, S-BJ cells
were infected with lenti-pl6 5 days prior to subsequent infection with high lenti-Ras. (D) Ras immunostaining. S-BJ cells were mock infected or
infected with lenti-Ras at 1X or 3X virus concentrations, and immunostained for Ras. Nuclei were identified by DAPI staining.

Discussion

It is well established that the p53 and pRB pathways are
critical for establishing the replicative senescence of
human cells. Much less is known about the requirements
for maintaining the senescence growth arrest. Our results
support a model in which human fibroblasts establish and
maintain the senescence growth arrest by either of two
mechanisms, depending on whether p16 is expressed. Both
mechanisms impose a growth arrest that cannot be
reversed by known physiological signals. However, in
the absence of p16 expression, the senescence arrest can be
reversed by inactivation of p53. Thus, the replicative
senescence of human cells is not necessarily irreversible

once established, and p16 plays a critical role in preventing
its reversal by p53 inactivation (Figure 7).

In agreement with previously proposed models, our
results support the idea that telomere-dependent replica-
tive senescence depends primarily on the p53 pathway
(Atadja et al., 1995; Gire and Wynford-Thomas, 1998). In
some human cell strains, such as BJ, this p53-dependent
growth arrest is the predominant mechanism that limits
replicative lifespan, and is reversible upon inactivation of
pS3. Thus, we found that the replicative senescence of
S-BJ cells was completely reversed by GSE-22, which
inactivates p53 (Gudkov et al., 1993). The arrest of these
cells was also reversed by LgT and LgT-K1, which, among
other activities, also inactivate p53. This reversal resulted
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Fig. 7. Pathways leading to reversible and essentially irreversible senes-
cence growth arrests in human cells. Proliferating cells (Presenescent)
arrest growth with a senescent phenotype in response to telomere
erosion, which is p53 dependent, or a combination of telomere erosion
and an as yet unidentified stimulus that induces p16. The p53-dependent
arrest increases p21 expression, and is reversed by p53 inactivation or
oncogenic Ras. p53 inactivation results in extensive proliferation
(growth) culminating in crisis, whereas Ras causes limited proliferation.
Cells that senesce with high pl16 can be stimulated to synthesize DNA
(S-phase) upon inactivation of p53 and pRb, or pRb inactivation plus
oncogenic Ras, but do not proliferate (no growth).

in extensive (>20 PDs) cell proliferation, and, eventually,
the reversed S-BJ cultures ceased proliferation with
characteristics of crisis.

BJ fibroblasts expressed very low levels of pl6
throughout their replicative lifespan. WI-38 cells, in
contrast, expressed pl6 even when pre-senescent, and
showed a progressive increase in expression throughout
their lifespan. We suggest that BJ and WI-38 cells
represent extremes in a spectrum of pl6 expression in
human cells, since a third fibroblast strain, 82-6, showed
intermediate pl6 expression. However, it remains to be
seen whether the cell strains we studied here are
representative among the many dozens available for
study. Nonetheless, our data support the idea that the
ability to induce pl6 provides a second mechanism for
establishing and maintaining the replicative senescence of
human fibroblasts. In contrast to the block established by
pS53, we were unable to reverse the arrest established by
pl6. Direct inactivation of pRB (by LgT) or suppression of
pl6 expression by shRNA allowed cells with high p16 (S-
WI cells, P-WI + lenti-p16) to enter the S-phase of the cell
cycle upon p53 inactivation. However, these cells failed to
proliferate, indicating that the p16/pRB pathway, which is
known to regulate entry into S-phase, must also act
subsequent to the initiation of S-phase to prevent cell
division.
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Of particular interest, the ability of p16 to prevent LgT-
stimulated cell proliferation depended on the order of
expression. Thus, LgT failed to stimulate the growth of
pl6-expressing cells, but ectopic pl6 expression did not
inhibit the proliferation of LgT-expressing cells. Similarly,
inactivation of both p16 and p53 (by ShRNA and GSE-22)
failed to stimulate the growth of S-WI, but the same
combination was very effective at reversing the growth
arrest if the ShARNA-p16 was expressed before WI38 cells
reached replicative senescence. These findings suggest
that irreversible, presumably epigenetic, changes can
determine the extent to which cells are susceptible to
growth stimulation by p53 inactivation. We hypothesize
that once pl6 is expressed, unphosphorylated pRB estab-
lishes an essentially irreversible repressive chromatin
state. This repressive chromatin may then persist, even if
pRB is subsequently inactivated (e.g. by LgT binding) or
even if p16 itself is subsequently suppressed (for example,
by shRNA) (Brehm and Kouzarides, 1999; Narita et al.,
2003). This model is supported by the recent finding that
some senescent cells acquire heterochromatic domains
that depend on pRB activity (Narita et al., 2003).

In contrast to p53 inactivation, hTERT expression had
no effect on the proliferation of replicatively senescent
cells, regardless of pl6 expression. This result indicates
that cell proliferation is required for telomerase to extend
the replicative lifespan or to immortalize human cells.
Consistent with this idea, hTERT immortalized S-BJ cells
only after they had been stimulated to proliferate by LgT
or GSE-22 (data not shown). Moreover, hTERT did not
alter telomere length in senescent cells, suggesting that
DNA synthesis is needed for telomerase to extend the
telomeres of human cells. Studies in yeast similarly
suggested that an S-phase is required for telomerase to
act at the telomeres (Wellinger ef al., 1993).

Interestingly, Ras'!? stimulated limited proliferation in
S-BJ, but was completely inactive in S-WI, or S-BJ cells
that ectopically expressed pl6. Earlier microinjection
studies indicated that oncogenic RAS was incapable of
stimulating senescent human fibroblasts to synthesize
DNA (Lumpkin et al., 1986). Presumably, the cells used in
this study expressed high levels of p16. Our results suggest
that oncogenic RAS can overcome the growth-inhibitory
effects of p53 and p21, but not p16. However, oncogenic
RAS did not induce robust proliferation even in cells that
express low pl6, presumably because RAS itself eventu-
ally induces a senescent-like arrest (Serrano et al., 1997),
and, at least in BJ cells, eventually increased pl6
expression. RAS also synergized with CDK4m to induce
cell cycle progression, although its mechanism in this
regard is not clear, given that CDK4m probably acts on
both the pl6/pRB and p53 pathways. Nonetheless, our
results suggest that transformation by oncogenic RAS may
require complete or partial inactivation of the INK4a
locus.

Our results raise several important questions regarding
how cells respond to senescence-inducing stimuli and the
role of pl6 in this response. Little is known about what
determines whether, and to what extent, cells express p16.
Fibroblast strains clearly differ in their propensity to
upregulate pl6. However, it is not clear whether this
difference reflects individual-to-individual variation, or
selection for spontaneous silencing of pl6 in some cell



strains, as appears to be the case for HMEC. In addition,
little is known about the signals that increase pl6
expression. pl6 induction has been proposed to be a
response to the stress of standard culture conditions (Sherr
and DePinho, 2000; Wright and Shay, 2000), although the
nature of the culture stress is not known. One possibility is
that DNA replication puts cells at risk for inaccurate re-
establishment of repressive chromatin, which can result in
p16 expression, and cells may differ in the efficiency with
which they maintain chromatin organization.

Cellular senescence is thought to be important for
preventing unregulated growth and malignant transform-
ation in mammalian cells (Reddel, 2000; Campisi et al.,
2001). Moreover, the ability to undergo a senescence
response may determine the efficacy of cancer therapy
(Schmitt et al., 2002; te Poele et al., 2002). Our data
indicate that p16 is crucial for ensuring the irreversibility
of the senescence arrest, consistent with its important role
in tumor suppression.

Materials and methods

Cells and cell culture

Human WI-38 lung, BJ foreskin and 82-6 skin fibroblasts were obtained
and grown as described previously (Dimri et al., 2000; Itahana et al.,
2001). Subconfluent cells were passaged in 20% oxygen until senescence,
as determined by % LN, as described previously (Dimri et al., 2000).
Cultures with >75% LN were considered pre-senescent, while those with
<1% LN were considered senescent. To achieve <1% LN, it was critical
to maintain cultures at subconfluent densities. Senescence reversibility
assays were performed on cultures that had ceased proliferation (<1%
LN) for 1-3 months. Where indicated, a fixed titer (see below) of
lentivirus was added simultaneously with [*H]thymidine. PDs were
calculated from the cumulative cell number at each passage. When
senescent cells proliferated >5-6 PDs, percentage growth was determined
by clonogenic assays. When growth comprised <5-6 PDs, percentage
growth was determined by counting the total number of cells per culture,
and, where the senescent morphology was reversed, by counting the
fraction of cells with senescent versus pre-senescent morphology per
field. Clonogenic assays were performed by seeding 0.5—1 X 103 cells per
35 mm dish and counting the number of colonies with >50 cells 14-18
days later. HMECs (M.Stampfer, Lawrence Berkeley National
Laboratory) were grown as described previously (Stampfer and Bartley,
1985). In our hands, the cell strains used in this study never spontaneously
gave rise to replicatively immortal variants.

Vectors and viral infections

pBABE-hTERT (Kim et al., 1999) was used to produce infectious
retrovirus using PT67 packaging cells (Clontech). The following DNA
fragments were obtained by restriction digestion or PCR: GSE-22 (from
pBabe-GSE, encoding an interfering p53 fragment) (Gudkov et al., 1993),
LgT and LgTKI [from pCMV(T) and pCMV (TK1), neither of which
encodes small t-antigen] (Hara ef al., 1996b), p16 (cDNA from E.Hara,
University of Manchester), CDK4R*C (CDK4m; ¢cDNA from W.Hahn,
Dana-Farber Cancer Institute), EGFP ¢cDNA (Clontech), hTERT cDNA
(Counter et al., 1998), Ha-RAS"'2 ¢cDNA (from pBABE-RAS) (Serrano
et al., 1997), and a p16 short-hairpin RNA (shRNA) expressed from the
U6 promoter in MSCV-shp16 as described by Narita et al. (2003). DNA
fragments were subcloned into the pRRL.SIN-18 lentivector, which
places inserted DNA under the control of the CMV promoter (Dull et al.,
1998). Infectious virus was produced by transiently transfecting
lentivector and packaging vectors into 293T cells as described previously
(Naldini et al., 1996). Viral supernatants were concentrated by
ultracentrifugation, and titers determined by ELISA for p24 (viral capsid
protein) using a commercial kit (Perkin-Elmer). Cells were infected with
a minimum of 40 (up to 100) ng/ml p24 equivalents (1-2 ng/1000 cells) in
the presence of 6 g/ml polybrene. Test infections using lenti-GFP
showed the infection efficiency was >95% using 30 ng/ml p24
equivalents. Infection efficiencies were confirmed by immunofluores-
cence, except for hTERT, for which antibodies suitable for immuno-
fluorescence were not available.

p53 and p16 maintain human cell senescence

Telomerase activity and telomere length determinations
Telomerase activity was determined by TRAP, using a commercial kit
(Intergen, Purchase, NY), and telomere length was assessed by Southern
blot analysis, as described previously (Kim et al., 1999).

Western blotting and immunofluorescence

Western analysis was performed as described previously (Dimri ef al.,
2000). Primary antibodies were p21 (BD Biosciences 556430), Ras (BD
Biosciences 610001), LgT (Santa Cruz 147), p53 (Santa Cruz 6243), actin
(Chemicon MAB1501), p16 (JC8, gift of J.Koh, University of Vermont)
and CDK4 (NeoMarker MS-864-P1). For immunofluorescence, we
seeded cells in four-well chamber slides, fixed them with 3.7%
formaldehyde, permeabilized them with 0.1% Triton X-100 in phos-
phate-buffered saline (5 min), treated them with ice-cold methanol (20
min) and blocked with 5% goat serum (1 h). Cells were incubated with
primary antibodies (2—16 h) and secondary antibodies plus DAPI (1 h) in
blocking solution.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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