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Cellular senescence, the stable cell cycle arrest elicited by various forms of stress, is an important facet of tumor
suppression. Although much is known about the key players in the implementation of senescence, including the pRb
and p53 axes and the cyclin dependent kinase inhibitors p16INK4a and p21CIP1, many details remain unresolved. In
studying conditional senescence in human fibroblasts that express a temperature sensitive SV40 large T-antigen (T-Ag),
we uncovered an unexpected role for CDK4. At the permissive temperature, where pRb and p53 are functionally
compromised by T-Ag, cyclin D-CDK4 complexes are disrupted by the high p16INK4a levels and reduced expression of
p21CIP1. In cells arrested at the non-permissive temperature, p21CIP1 promotes reassembly of cyclin D-CDK4 yet pRb is in
a hypo-phosphorylated state, consistent with cell cycle arrest. In exploring whether the reassembled cyclin D-CDK4-p21
complexes are functional, we found that shRNA-mediated knockdown or chemical inhibition of CDK4 prevented the
increase in cell size associated with the senescent phenotype by allowing the cells to arrest in G1 rather than G2/M. The
data point to a role for CDK4 kinase activity in a G2 checkpoint that contributes to senescence.

Introduction

Cellular senescence is a state of stable cell cycle arrest that is
induced by various types of stress, including telomere attrition,
oxidative damage and aberrant proliferative signaling.1-4 In phys-
iological contexts, senescence prevents the outgrowth of onco-
genically compromised cells, promotes a number of age-related
debilities and has a role in normal embryonic development.1-6

Many of the classical studies on senescence have been con-
ducted in primary human fibroblasts (HFs). In standard tissue
culture conditions, these cells undergo replicative senescence, pri-
marily as a consequence of telomere erosion, and display onco-
gene-induced senescence upon expression of a mutant
oncogene.7–9 A common factor is the triggering of a persistent
DNA damage response (DDR) that, unlike a classical cell cycle
checkpoint, appears to be effectively irreversible.1,2 The cells
remain metabolically viable and adopt a number of distinctive
features, the most obvious being an enlarged, irregular shape and
increased expression of lysosomal b-galactosidase, generally

referred to as senescence-associated b-galactosidase activity,10

although these phenotypic changes are not essential for cell cycle
arrest.11,12

Senescent cells also express elevated levels of the cyclin depen-
dent kinase inhibitors p21CIP1 and p16INK4a (refs13–17) and
ectopic expression of either of these proteins produces a senes-
cence-like phenotype in early passage HFs.18 This is consistent
with long standing evidence that senescence can be delayed or
avoided by interfering with the pRb and p53 tumor suppres-
sors.19 Loss of p53 results in a dramatic reduction in the levels of
p21CIP1 (ref20) and loss of pRb renders cells insensitive to the
effects of p16INK4a (refs 21–23). Whereas p21CIP1 associates with
multiple cyclin-CDK complexes at different stages of the cell
cycle, p16INK4a interacts specifically with CDK4 and CDK6 and
prevents their association with D-type cyclins.24,25 The binding
of p16INK4a to CDK4/6 also causes redistribution of p21CIP1

(and p27KIP1) from the cyclin D-CDK complexes onto cyclin E-
CDK2 complexes.17,26-31 As these kinases are responsible for
the sequential phosphorylation of pRb required for entry into
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S-phase and progression through the cell cycle,32–36 their inhibi-
tion causes cell cycle arrest that is dependent on pRb.

While pRb is in its active hypo-phosphorylated state in senes-
cent cells, and cyclin E-CDK2 activity is extinguished,37 we and
others have noted that senescent HFs retain a substantial amount
of the ternary complexes formed by D-type cyclins, CDK4 and
p21CIP1 (refs 17 and 38). It is not clear whether these complexes
are functional as the CIP/KIP family act as assembly factors as
well as inhibitors for cyclin D-CDK complexes39,40 (reviewed in
refs 24 and 25). There are differences of opinion whether the ter-
nary complexes are catalytically active in vivo or simply serve as a
buffering system that controls the availability of the CIP/KIP
proteins to inhibit CDK2.40-44

To try to gain insight into this question, we made use of 2
independently generated strains of HFs that undergo conditional
senescence following inactivation of a temperature sensitive (ts)
allele of simian virus 40 large tumor antigen (SV40 T-Ag). At the
permissive temperature (34�C), with both pRb and p53 inacti-
vated by T-Ag, the cells proliferate rapidly despite lacking detect-
able cyclin D-CDK complexes, recapitulating the original
observations of subunit rearrangement.26,45,46 When shifted to
the non-permissive temperature (39�C), at which T-Ag is inacti-
vated, the cells undergo a senescence-like arrest accompanied by
the reassembly of cyclin D1-CDK4-p21CIP1 complexes and inhi-
bition of CDK2-associated kinase activity. Knockdown of

p21CIP1 with shRNA allowed the cells to avoid arrest by restoring
CDK2 activity. Remarkably, shRNA-mediated knockdown or
chemical inhibition of CDK4 prevented the increase in cell size
associated with the senescent phenotype by allowing the cells to
evade a G2 checkpoint and arrest in the subsequent G1 phase.
The data imply that the reassembled cyclin D1-CDK4-p21CIP1

complexes are functionally contributing to the senescent pheno-
type, presumably by acting on a substrate(s) other than pRb.

Results

Conditional senescence following inactivation of SV40 T-Ag
SVts8 cells were originally derived by introducing a tempera-

ture-sensitive (ts) allele of SV40 T-Ag into the TIG3 strain of
human fibroblasts.47,48 They have endogenous telomerase activ-
ity that is not affected by the switch from permissive to non-per-
missive temperature (Supplementary Fig. S1). BJ-TERT-tsLT
cells were generated more recently by infecting BJ fibroblasts
with retroviral vectors encoding hTERT and ts T-Ag.49 In princi-
ple, the presence of telomerase should have enabled both of these
strains to avoid replicative senescence.8,9 However, when
switched to the restrictive temperature, 39�C, the cells arrested
with characteristics of senescent human fibroblasts.48-50 They
appeared considerably larger and more irregular than cells main-
tained at the permissive temperature, changes that could be read-

ily observed by microscopic comparisons
of stained cells (Fig. 1A) and docu-
mented by cell size measurements
(Fig. 1B). Although T-Ag is inactivated
within 12 h of the temperature shift,15

the physical differences developed over
several days, at which point the cells also
stained positively for SA-bgal activity
(Fig. 1A). FACS analyses, combining PI
staining and BrdU incorporation, sug-
gested that most of the cells were arrested
in G2, with a substantial proportion
showing a >4N DNA content (Fig. 1C
and Fig. S2A).

As both cell lines have telomerase
activity, we suspected that they might
have one or more irreparable telomeres
or some other form of persistent DNA
damage.51,52 In line with this idea, the
cells stained positively for gH2AX and
phosphorylated ATM at both the permis-
sive and the non-permissive temperatures
(Fig. 1A and data not shown) and both
p53 and Chk2 were phosphorylated on
residues characteristic of a DNA damage
response. At the permissive temperature,
T-Ag presumably renders the cells oblivi-
ous to the DNA damage checkpoint by
inactivating both pRb and p53.

Figure 1. Conditional senescence in SVts8 cells. (A) Representative images of SVts8 cells at the per-
missive (34�C) and non-permissive (39�C) temperatures, stained with DAPI or for SA-bgal activity,
CCND1, CDK4 and gH2AX as indicated. (B) Cell size measurements of SVts8 cells grown at 34�C or
switched to 39�C for 5 days. (C) Cell cycle profiles of SVts8 cells grown at 34�C or switched to 39�C
for 5 days. The percentage of cells in the G1, S, and G2/M phases and with a >4N DNA content are
indicated in each panel.
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Role of pRb, p53 and p21CIP1 in
conditional senescence

To pursue this idea, we assessed the
status of the pRb and p53 pathways by
immunoblotting. In the cells proliferat-
ing at 34�C, pRb was hyper-phosphory-
lated on a number of the key residues (e.
g Ser807, Ser 811 and Thr826) that are
thought to influence its ability to repress
transcription (Fig. 2A). These modifica-
tions appeared to be independent of
CDK4/6 activity as they were refractory
to PD033291, a specific CDK4/6 inhib-
itor, at concentrations that cause G1
arrest in normal HFs.53 Upon shifting
to 39�C, pRb became hypo-phosphory-
lated and there was a marked decline in
the level of cyclin A, consistent with a
shutdown of E2F-dependent transcrip-
tion and cell cycle arrest (Fig. 2B).

As binding to T-Ag results in the sta-
bilization of p53 (ref 54), the levels of
p53 were generally higher in the cells
growing at 34�C, albeit to variable
extents in different experiments (Figs. 2B
and 2C). However, inactivation of T-Ag
at 39�C resulted in a dramatic increase in
p21CIP1 expression, consistent with resto-
ration of the transcriptional activity of
p53 (Figs. 2B and 2C). In contrast,
p16INK4a was highly expressed at both
temperatures. At 34�C, p16INK4a expres-
sion is de-repressed by the functional
inactivation of pRb15 but, as an inher-
ently stable protein,46 its levels barely
changed when pRb activity was restored
at 39�C (Fig. 2C).

Taken together, therefore, the data
suggested that p21CIP1 is likely to play a
critical role in the senescence-like arrest
by impeding the phosphorylation of
pRb. To substantiate this idea, we
infected proliferating SVts8 cells with a
retrovirus encoding a previously vali-
dated shRNA against p21CIP1 (ref 38).
When the cells were shifted to 39�C, we
observed a substantial reduction in the
level of p21CIP1 in the shRNA-trans-
duced cells compared to the empty vec-
tor controls (Fig. 2D). As predicted,
knockdown of p21CIP1 caused a partial
reactivation of CDK2 kinase activity, as
measured using the C-terminal domain
of pRb as a substrate (Fig. 2D). It also
partially restored phosphorylation of

Figure 2. Status of cell cycle regulatory components at the permissive and non-permissive tempera-
tures. (A) SVts8 cells cultured in the presence and absence of PD0332991 were switched from 34�C to
39�C for 6 d and cell lysates were fractionated by SDS-PAGE and immunoblotted with antibodies that
detect specific phosphorylation events on pRb. MEK was used as a loading control. (B) Similar analysis
of BJ-TERT-tsLT cells 6 d after temperature shift with antibodies against cyclin A (CCNA), p53, p21CIP1

and CDK4. (C) Effects of temperature shift on p21CIP1 and p16INK4a levels in SVts8 cells. (D) SVts8 cells
at 34�C were infected with a retrovirus encoding shRNA against p21CIP1 (C) or an empty vector control
(¡). After antibiotic selection, cells were replated and grown at 34�C or 39�C for 48 h. Equivalent
amounts of cell lysate were either analyzed directly by immunoblotting for p21CIP1, p16INK4a and MEK
or immunoprecipitated with an antibody against CDK2 and assayed for their ability to phosphory-
late GST-pRb in the presence of [g-32P]ATP. (E) Phosphorylation status of pRb in SVts8 cells trans-
duced with p21CIP1 or control shRNA. Equivalent amounts of cell lysate were analyzed directly by
immunoblotting with the indicated antibodies. (F) SVts8 cells transduced with p21CIP1-specific
shRNA continue to grow at 39�C for at least 7 d The plots record cell numbers relative to those
before the temperature shift.
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Ser807/811 and Thr826 (Fig. 2E). Importantly, knockdown of
p21CIP1 allowed some of the cells to avoid the senescence-like
arrest at 39�C, as judged by increasing cell numbers, FACS anal-
yses and cell size measurements (Fig. 2F and data not shown).
The results are consistent with previous reports that the arrest of
BJ-TERT-tsLT cells can be alleviated by shRNA against p53
(ref 49).

Status of Cyclin D-CDK complexes at the permissive
and non-permissive temperatures

As p21CIP1 acts as both an assembly factor and inhibitor of
cyclin D–CDK complexes,39,40 we compared the status of these
complexes at the permissive and non-permissive temperatures.
Consistent with the original reports of subunit rearrange-
ment,26,45,46 we were unable to detect either cyclin D1 or
p21CIP1 in CDK4 immunoprecipitates from cells grown at
34�C, whereas p16INK4a was clearly co-precipitated (Fig. 3A).
However, when the cells were shifted to 39�C, the levels of
p21CIP1 were restored and both cyclin D1 and p21CIP1 were
found to co-precipitate with CDK4 (Fig. 3A). Similar results
were obtained with SVts8 and BJ-TERT-tsLT cells and with the
other D-cyclins (not shown). Reciprocal immunoprecipitation
with cyclin D1 and p21CIP1 antibodies confirmed the restoration
of the cyclin D1-CDK4-p21CIP1 complexes at 39�C (Fig. 3B),
with a concomitant reduction in the amount of CDK4 that co-
precipitates with p16INK4a. Gel filtration analyses confirmed that
cyclin D1, CDK4 and p21CIP1 assembled in high molecular
weight (150–200 kDa) complexes at 39�C but not at 34�C,
whereas p16INK4a was invariably either monomeric or in binary
complexes with CDK4 or CDK6 (not shown). Note that CDK6
is much less abundant than CDK4 in HFs, as judged by RNA
sequencing data55 and we have previously shown that most of the
CDK6 in HFs is associated with either p18INKc or p16INK4a (ref
56).

We also noted a change in the localization of cyclin D1 when
the cells were shifted between the different temperatures. In nor-
mal fibroblasts, cyclin D1 is predominantly nuclear40,57,58 but in
SVts8 cells grown at the permissive temperature, cyclin D1
appeared to be distributed throughout the cell, with a substantial
proportion in the cytoplasm (see Fig. 1A). When the cells were
shifted to the non-permissive temperature, the nuclear localiza-
tion of cyclin D1 was restored. This would be consistent with the
idea that the nuclear localization of cyclin D1 is promoted by
association with CIP/KIP proteins.39,40,59

Taken together, the results implied the rather paradoxical
situation that in cells proliferating at 34�C, pRb is hyper-
phosphorylated in the absence of cyclin D-CDK complexes
whereas, in cells arresting at 39�C, pRb becomes hypo-phos-
phorylated despite the reassembly of cyclin D-CDK com-
plexes. Moreover, in the cells treated with p21CIP1 shRNA,
there was less CDK4 associated with cyclin D1 despite release
from the arrest (Fig. 3C).

A role for CDK4 in conditional senescence
As the reassembly of the cyclin D1-CDK4-p21CIP1 complexes

at 39�C did not lead to phosphorylation of pRb, even on residues

reputed to be specific targets of D-cyclins,32-36 we were interested
to know whether the complexes were contributing in any way to
the observed phenotype. To address this question, we used
shRNAs to specifically knock down the levels of CDK4 and
CDK6. As documented in Figures S3A and S3B, we were able to
achieve �90 % reduction in the levels of CDK4 and CDK6 and
the shRNAs were specific for the respective kinases. Knockdown

Figure 3. Comparison of cyclin-CDK-CKI interactions at the permissive
and non-permissive temperatures. (A) Cell lysates were prepared from
SVts8 (SV) or BJ-TERT-tsLT (BJ) cells grown at 34�C or 6 d after shifting to
39�C. Equal amounts of protein were either analyzed directly by SDS-
PAGE and immunoblotting (left panel) or after immunoprecipitation
with an antibody against CDK4 (right panel). (B) Equal amounts of cell
lysate (300 mg of total protein) from SVts8 cells grown at 34�C and 39�C
were immunoprecipitated with antisera against CCND1, CDK4, p21CIP1

and p16INK4a as indicated. After fractionation by SDS-PAGE, the precipi-
tated proteins were immunoblotted for CCND1, CDK4, p21CIP1 and
p16INK4a as indicated. The total amounts of CCND1, CDK4, p21CIP1 and
p16INK4a were monitored by direct immunoblotting of 30 mg of each
protein sample (Total). (C) Similar analysis of CCND1 immunoprecipitates
from SVts8 cells transduced with an shRNA against p21CIP1 or non-spe-
cific shRNA.
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of either of the CDKs had little if any effect on the cells growing
at 34�C, in line with the fact that the kinases are not associated
with their regulatory cyclins. However, when shifted to 39�C,
the cells transduced with CDK4 shRNA were visibly smaller and
more uniform in size than the control cells transduced with a
non-specific shRNA (Fig. 4A). Cell size measurements confirmed
these impressions and suggested that, when measured 5–6 d after
temperature shift, the mean cell diameter was only marginally
larger than that of actively proliferating cells maintained at 34�C
(Figs. 4B, S3C and S3D). However, the cells were not growing
exponentially and the cell numbers only increased by approxi-
mately 2-fold (not shown). The effects of CDK4 shRNA were
therefore distinct from those of p21CIP1 shRNA.

The FACS profiles confirmed that the cells treated with
CDK4 shRNA were not cycling. In contrast to the control cells,
which at 39�C arrested primarily with a G2 cell cycle profile and
a substantial proportion of >4 N cells, the cells transduced with
CDK4 shRNA were mostly in G1 (Figs. 4C and S2B). These
findings suggested that CDK4 knockdown enabled the cells to
avoid the G2 arrest and to stop at the subsequent G1 phase,
hence their smaller size. In line with this idea, CDK4 knockdown

did not restore the phosphorylation of
pRb that was observed following p21CIP1

knockdown.
Note that the effects on cell size and

FACS profiles were reproduced with at
least 2 independent shRNAs against
CDK4 (Figs. S3C, S3D and S3E) but
not with an shRNA against CDK6,
despite very effective and specific knock-
down (Fig. S3F). However, as noted
above, the expression of CDK6 in human
fibroblasts is an order of magnitude lower
than that of CDK4.

Role of CDK4 kinase activity
in conditional senescence

These findings suggested that the
cyclin D-CDK4 complexes that were re-
assembled in cells shifted to the non-per-
missive temperature were contributing to
the senescence phenotype. One possibil-
ity is that they could act by sequestering
p21CIP and other members of the CIP/
KIP family of inhibitors but, in principle,
this should promote rather than retard
cell cycle progression. Conversely, knock-
ing down CDK4 would be expected to
release p21CIP1 and enforce rather than
undermine senescence. We therefore sur-
mised that the assembled complexes
might regain kinase activity and act by
phosphorylating an as yet unidentified
substrate involved in the G2 arrest.

To explore this possibility, we treated
the cells with PD0332991, a specific

CDK4/6 inhibitor.53 In line with expectations, concentrations of
PD0332991 that caused complete arrest of normal HFs had no
effect on the proliferation of SVts8 or BJ-TERT-tsLT at the per-
missive temperature. However, when the cells were shifted to
39�C, there was a noticeable difference between the treated and
untreated cells. The characteristic size increase associated with
senescence was largely attenuated in the cultures treated with
PD0332991 (Figs. 5A and 5B) and their FACS profile was more
indicative of G1 arrest (Fig. 5C). The effects were less striking
than those observed following CDK4 knockdown, perhaps
reflecting incomplete inhibition of the kinase activity, but toxic-
ity associated with higher doses of the drug precluded further
investigation.

In the FACS analyses, one of most obvious changes elicited by
CDK4 shRNA was the loss of cells with a >4N DNA content.
This suggested that CDK4 might be contributing to a block in
cytokinesis, reminiscent of the effects of serum concentration
reported in an earlier study.50 Interestingly, SVts8 cells held in
0.2% serum did not increase in size when shifted to 39�C
(Fig. 5D) and FACS analyses suggested that they were largely
arrested in G1, recapitulating the effects of CDK4 knockdown.

Figure 4. Effects of CDK4 knockdown on the senescence phenotype. (A) Representative images of
SVts8 cells transduced with CDK4 or control shRNA at the permissive (34�C) and non-permissive
(39�C) temperatures. Cells were stained with DAPI or for CDK4 as indicated. (B) Cell size measure-
ments of SVts8 cells transduced with CDK4 or control shRNA at 34�C or switched to 39�C for 6 days.
(C) Cell cycle profiles of SVts8 cells transduced with CDK4 shRNA or control shRNA at 34�C, or
switched to 39�C for 5 days.
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Discussion

Although there are many experimental contexts in which cel-
lular senescence can be studied, both in whole animals and cul-
tured cells, there are relatively few models in which to investigate
reversibility. The tumor-suppressor effects of oncogene-induced
senescence, for example, must presumably be overcome when
benign lesions progress to malignancy yet experiments with cul-
tured cells suggest that senescence represents a permanent exit
from the cell cycle. Once senescence is established, disabling the
pRb and p53 axes, either with virally encoded agents or RNA
interference, can restore DNA synthesis but not cell prolifera-
tion.60-62 However, the arrest remains reversible if cells are
deprived of serum or if signaling via the mTOR pathway is
blocked.50,63,64 These observations imply that the classical senes-
cence phenotype develops as a 2-stage process in which an ini-
tially reversible cell cycle arrest is rendered irreversible as a
consequence of growth promoting stimuli.65

A potential explanation for irreversibility would be the altered
state of chromatin organization that develops in senescent cells
within the first few days of the initial arrest.66 However, there is a
growing awareness of Rb- and p53-independent processes that
reinforce the arrest in the G2/M phase of the cell cycle, in part by

impeding cytokinesis.50,67,68 Here we
present evidence that in cells undergoing
conditional senescence, CDK4, a cyclin
D-dependent kinase generally associated
with pro-proliferative events in the G1
phase of the cell cycle, contributes to a
G2/M blockade.

Both of the independently derived
cell models that we used in the study,
SVts8 and BJ-TERT-tsLT, revealed an
apparently paradoxical situation in
which the cyclin D-CDK complexes
that are deemed to be essential for initi-
ating the phosphorylation of pRb in G1
are undetectable in cells proliferating at
34�C but are re-established when cells
arrest at 39�C. Indeed, one of the main
components of these complexes, cyclin
D1, is mainly cytoplasmic in the prolif-
erating cells and moves to the nucleus in
the senescent cells. The findings are
entirely consistent with the original
reports of subunit rearrangement26,45,46

but raise a number of questions about
some widely held assumptions. For
example, despite the absence of cyclin
D-CDK complexes, pRb is clearly
hyper-phosphorylated at 34�C, includ-
ing modifications on residues that are
reputed to be preferred/specific targets
for the D-type cyclins.32-36 While it is
conceivable that there was a minor pop-
ulation of active cyclin D-CDK4/6

complexes in the proliferating cells that evaded detection by
immunoprecipitation or gel filtration, the phosphorylation of
pRb persisted in cells treated with the CDK4/6 inhibitor
PD0332991. As the pRb-protein in these cells is already compro-
mised by T-Ag, their proliferation was unaffected by the inhibi-
tor at concentrations that arrest the growth of normal HFs.

The converse situation applied at the non-permissive tempera-
ture where the cells arrest with pRb in its hypo-phosphorylated
state despite the reassembly of cyclin D-CDK-p21CIP1 com-
plexes. An obvious explanation would be that the reassembled
complexes are catalytically inert; however, treatment with
PD0332991 or shRNA-mediated knockdown of CDK4 had a
marked effect on the phenotype of the arrested cells. Whereas the
untreated cells had a predominantly G2/M DNA content, with a
substantial proportion of >4 N cells, ablation of CDK4 resulted
in a predominantly G1 population of considerably smaller cells.
An obvious interpretation would be that CDK4 is functionally
contributing to the G2/M arrest and that depletion of CDK4 is
allowing cells to proceed to and arrest at the subsequent G1
phase. pRb remains hypo-phosphorylated in this situation, in
contrast to the situation following the knock down of p21CIP1.

Our findings are consistent with the observation that the over-
expression of Cdk4 in mouse astrocytes results in tetraploidy,

Figure 5. Effects of CDK4 inhibition on the senescence phenotype. (A) Representative images of SVts8
cells at the permissive temperature (34�C) or after shifting to the non-permissive temperature (39�C)
in the presence or absence of the CDK4 inhibitor PD0332991 (4mM). The cells were stained with DAPI.
(B) Mean cell size comparisons of SVts8 at the non-permissive temperature in the presence or
absence of the CDK4 inhibitor PD0332991. (C) Cell cycle profiles of SVts8 cells at 34�C or 39�C in the
presence or absence of the CDK4 inhibitor PD0332991. (D) Mean cell size comparisons of SVts8 at
34�C or after shifting to 39�C in either 0.2% or 10% serum.
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presumably preceded by endoreduplication and an aberrant G2
arrest.69 They are also in line with previous reports that cyclin D-
dependent CDKs act at different phases of the cell cycle70-72 and
can target substrates other than the pRb family of pocket pro-
teins.73-76 It is therefore tempting to speculate that in the context
of cells undergoing senescence, the phosphorylation of an as yet
unknown substrate by CDK4 can impede cytokinesis and pro-
mote chromosomal instability. On the one hand, the G2/M
blockade could represent an additional safeguard against the prop-
agation of oncogenically compromised cells but as the D-cyclins
and their CDK partners are often over-expressed in cancer cells, it
has the potential to drive the emergence of aneuploidy. Identifying
the relevant substrate(s) could greatly enhance our understanding
of the molecular mechanisms that underlie senescence and malig-
nant conversion, but poses a formidable technical challenge.75

Materials and Methods

Cell culture and retroviral infection
SVts8 and BJ-TERT-tsLT cells were cultured in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum at either 34oC, the permissive temperature, or
39�C, the non-permissive temperature for T-antigen function.
Other cell strains were cultured under the same conditions at
37�C. To permit uptake of ecotropic retroviruses, cells were
infected with an amphotropic retrovirus (pWXL-Neo-Eco)
encoding the mouse basic amino acid transporter as described.18

Ecotropic retroviral supernatants were produced by transfect-
ing the BOSC-23 packaging cell line with the relevant plasmid
DNAs, using calcium phosphate precipitation. Viral supernatants
were filtered through a 0.45 mm filter, and infections were per-
formed in the presence of 4 mg/ml polybrene (Sigma). Drug
selection was performed with 2.5 mg/ml puromycin or 100 mg/
ml hygromycin. Staining for senescence-associated b-galactosi-
dase activity was as described.10

Immunofluorescence
Cells seeded in chamber slides (Lab Tek) were washed 3 times

for 1 min in phosphate-buffered saline (PBSA) and fixed in
warm 3.7% formaldehyde in PBSA for 15 min at room tempera-
ture. After three additional washes in PBSA, the cells were per-
meabilized in 0.1% Triton X-100 in PBSA for 15 min at room
temperature and washed again. Four drops of Image-iT FX Sig-
nal Enhancer (Molecular Probes) were added to each well fol-
lowed by incubation for 30 min at room temperature in a humid
atmosphere and further washes. The cells were then blocked in
3% BSA in PBSA for 1 h and incubated with primary antibody
(previously diluted in 3% BSA in PBSA) overnight at 4�C or for
1 h at room temperature. After washing, the relevant fluores-
cently conjugated secondary antibody (Alexa Fluor 488, 555 or
595 from Molecular Probes) was applied and incubated for 30–
60 min at room temperature in the dark. Slides were washed and
sealed with coverslips mounted using ProLong Gold Antifade
reagent with DAPI (Molecular Probes).

Cell size measurements
Cell diameters were measured using a Z2 Beckman Coulter

counter, following the manufacturer’s recommended protocols.
Briefly, cells were recovered by trypsinization and approximately
5£104 cells were analyzed in a sample volume of 0.5 ml using a
100 mm aperture and calibration constant of 60. Data were proc-
essed using AccuCom software.

Immunoprecipitation and immunoblotting
The procedures used for immunoprecipitation and immuno-

blotting were as described elsewhere.38

Antisera
The gH2AX antibody was from Upstate (07–164) and the fol-

lowing antibodies were obtained from Santa Cruz: CDK2 (sc-163
and sc-6248), CDK4 (sc-601), p21CIP1 (sc-397), CHK2 (sc-
9064), cyclin E (sc-248), cyclin A (sc-596) and pRb (sc-050).
The MEK1/2 antibody (#9122) and polyclonal antibodies specific
for CHK2 phosphorylated at Thr68 (#2661S), p53 phosphory-
lated at Ser15 (#9284S), and pRb phosphorylated at Ser780
(#9307), Ser795 (#9301) and Ser807/811 (#9308) were obtained
from Cell Signaling Technology. The phosphor-Thr826 pRb
antibody (OPA1–0302) was from Thermo Scientific. Immuno-
precipitation and immunoblotting of cyclin D1, CDK6 and
p16INK4a was performed using the 287.3, LB01 and DPAR12
polyclonal antibodies, respectively, as described.46,77 We also used
the monoclonal antibody JC8 to detect p16INK4a (kindly provided
by J. Koh and E. Harlow) and the DCS6, DCS28 and DCS31
antibodies respectively against cyclin D1, cyclin D3 and CDK4
(from J. Bartek and Novus Biochemicals NB120–6315).

Kinase assays
Cells were lysed by freeze-thawing in Tween lysis buffer (50

mM HEPES, pH8.0, 1 mM EDTA, 2.5 mM EGTA, 150 mM
NaCl, 1 mM dithiothreitol, 0.1% Tween 20, 1mM sodium fluo-
ride, 0.1 mM sodium orthovanadate, 2 mg/ml aprotinin and 100
mg/ml phenylmethylsulfonylfluoride) and the lysates were clari-
fied by centrifugation. Following immunoprecipitation with
antiserum to CDK2 (sc-163) or normal rabbit IgG from Santa
Cruz (sc-2027), immune complexes were washed 3 times in
Tween lysis buffer and twice with kinase reaction buffer (50 mM
HEPES, pH 8.0, 10 mM MgCl2, 2.5 mM EGTA, 1 mM
dithiothreitol). The complexes were then suspended in 25 ml of
kinase reaction buffer containing 2 mg of GST-Rb (C-terminal
domain), 25 mM ATP and 10 mCi of [g-32P]ATP. After incuba-
tion at 30�C for 30 min, reactions were stopped by adding 25 ml
of 2x sample buffer. Samples were boiled for 5 min and resolved
by SDS-PAGE in a 12% gel. The phosphorylated substrate was
detected by autoradiography.

Telomerase assay
Telomerase activity was analyzed using the PCR-based TRAP

assay.78 Each sample contained 103 cells. Negative control samples
were inactivated by heating to 85oC for 5 min prior to the TRAP
assay. Samples (5 ml) of each reaction were analyzed by electro-
phoresis in an 18% acrylamide gel in the presence of 7M urea.
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Short hairpin RNA vectors
The shRNA vectors targeting human CDK4, CDK6 and

p21CIP1 were generated using the following 19-nucleotide
sequences:

CDK4sh-1: 50-GAGAATGGCTACCTCTCGA-30

CDK4sh-2: 50-AGGCCTAGATTTCCTTCAT-30

CDK6sh-1: 50-GTTCAGATGTTGATCAACT-30

p21CIP1: 50-CTTCGACTTTGTCACCGAG-30.
These sequences were used as the basis for complementary 59-

mer oligonucleotides capable of forming a hairpin and flanked
by sites for the BglII and HindIII restriction enzymes. The
annealed oligonucleotides were cloned into pRetroSuper vec-
tors79 that confer either puromycin or hygromycin resistance.
(kindly provided by R. Agami and R. Bernards).
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