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Senescence is generally defined as an irreversible
state of G1 cell cycle arrest in which cells are refractory
to growth factor stimulation. In mouse embryo fibro-
blasts (MEFs), induction of senescence requires the
presence of p19ARF and p53, as genetic ablation of either
of these genes allows escape from senescence and leads
to immortalization. We have developed a lentiviral vec-
tor that directs the synthesis of a p53-specific short hair-
pin transcript, which mediates stable suppression of p53
expression through RNA interference. We show that
suppression of p53 expression in senescent MEFs leads
to rapid cell cycle re-entry, is associated with loss of
expression of senescence-associated genes, and leads to
immortalization. These data indicate that senescence in
MEFs is reversible and demonstrate that both initiation
and maintenance of senescence is p53-dependent.

Most primary mammalian cells have a limited ability to
proliferate in tissue culture (1, 2). After a variable number of
cell divisions, primary cells will undergo what is believed to be
an irreversible form of growth arrest in the G1 phase of the cell
cycle and become refractory to further growth factor stimula-
tion (3–5). In this state of growth arrest, referred to as senes-
cence, cells adopt a typical large and flat morphology and
express a number of senescence-associated markers, including
senescence-associated �-galactosidase, plasminogen activator
inhibitor-1 (PAI-1),1 and p21cip1 (5).

The triggers for the induction of senescence differ between
mouse and human cells. In cultured rodent fibroblasts senes-
cence is thought to result from stress signals generated in
response to the inadequate tissue culture environment. This
includes supraphysiological oxygen tension, lack of proper ex-
tracellular matrix, and the liberal administration of bovine
growth factors (Refs. 6 and 7 and reviewed in Refs. 5 and 8).

Indeed, under more gentle and more defined culture conditions,
primary mouse cells can be convinced to proliferate for ex-
tended periods of time in vitro (9). Tissue culture stress signals
induce expression of a number of anti-proliferative genes, in-
cluding p16INK4A and p19ARF (10, 11). The induction of p19ARF

appears more relevant than the induction of p16INK4A, as
mouse embryo fibroblasts (MEFs) genetically deficient for
p19ARF are resistant to induction of senescence and readily
become immortal (12), whereas p16INK4A-deficient MEFs se-
nesce normally (13, 14). Likewise, MEFs lacking the down-
stream effector of p19ARF, p53, are immortal (15), whereas
MEFs lacking the downstream effector of p16INK4a, pRb, are
mortal (16). However, MEFs lacking all three pRb family mem-
bers, pRb, p107 and p130 are immortal (17, 18). These data
indicate that the Rb family proteins not only act upstream of
the p19ARF-p53 pathway, through regulation of p19ARF by E2F
(19), but also downstream by rendering cells insensitive to p53
signaling (20).

Expression of oncogenes, such as an activated RAS oncogene,
can further enhance tissue culture stress signals and induce
rapid onset of senescence, referred to as “premature senes-
cence” (21). Oncogenic RAS stimulates many of the same anti-
proliferative genes that are induced by spontaneous senes-
cence, including p19ARF and p16INK4A, and again only ablation
of the p19ARF-p53 pathway allows escape from oncogene-in-
duced premature senescence to cause oncogenic transformation
(12, 21). These observations have led to the suggestion that
premature senescence is part of a fail-safe mechanism that
protects cells from oncogenic transformation (22).

Senescence in human cells differs from senescence in rodent
cells in that most primary human cells lack the catalytic com-
ponent of telomerase, hTERT. As a consequence, in vitro prop-
agation of primary human cells is associated with erosion of the
chromosome ends, the telomeres, leading to DNA damage-like
anti-proliferative signals when telomeres become critically
short (23–25). Consequently, most human cells require expres-
sion of telomerase to overcome this barrier to immortality. How-
ever, similar to rodent cells, primary human cells (especially
those of epithelial origin) also suffer from “tissue culture stress”
and often arrest long before their telomeres are critically short (8,
26). This tissue culture stress response of primary human epi-
thelial cells appears to depend on p16INK4a rather than on
p14ARF (4, 27). However, several diploid human fibroblasts can
be immortalized by hTERT expression, suggesting differential
sensitivity of primary human cells to tissue culture stress.

It has been proposed that the stress-induced replicative ar-
rest induced by tissue culture stress should be referred to as
“stasis” (for “stimulation and stress induced senescence”),
whereas the term “senescence” should be used for cells that
undergo replicative arrest as a result of DNA-damage signals
emanating from short telomeres. The different names for both
forms of senescence suggest that the mechanisms that underlie
both processes are distinct. However, the signaling pathways
involved and the phenotypic consequences of both forms of
replicative arrest are related. For this reason, the study of
rodent cell stasis is likely to be relevant for our understanding
of the signaling mechanisms that underlie replicative aging of
primary human cells in culture.

We describe here a novel vector system to study the genes
that are required to maintain senescence. We created a virus
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that can infect post-mitotic cells and direct the synthesis of
short hairpin transcripts that mediate post-transcriptional
gene silencing through RNA interference. We used this vector
system to ask if senescence is a reversible process.

EXPERIMENTAL PROCEDURES

Plasmid Construction—The murine p53-specific short hairpin oligo-
nucleotides were first cloned in pRETRO-SUPER (28). pRETRO-
SUPER vector was digested with BglII and HindIII, and the annealed
oligonucleotides targeting murine p53, 5�-gatccccGTACATGTGTAATA-
GCTCCttcaagagaGGAGCTATTACACATGTACtttttggaaa-3� and 5�-ag-
cttttccaaaaGTACATGTGTAATAGCTCCtctcttgaaGGAGCTATTACAC-
ATGTACggg-3�, were ligated with the vector, yielding pRETRO-
SUPER-p53. The 19-mer p53 targeting sequence in the oligonucleotide
is indicated in capital letters. The lentiviral transfer vector HIV-CS-CG
(29) was digested with EcoRI and XhoI to remove the CMV-GFP se-
quence. The cassette containing the H1 promoter and the p53 target
sequence was excised from pRETRO-SUPER-mp53 with EcoRI and
XhoI and ligated into HIV-CS to yield pLENTI-SUPER-p53.

Cell Culture, Lentiviral Production, and Infection—Wild type Friend
virus B-strand (FVB) MEFs, ST.HdhQ111 mouse striatum cells (30), and
293T cells were cultured in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal calf serum. For production of lentivirus, 293T
cells were transfected by the calcium-phosphate method using 10 �g
transfer vector HIV-CS-CG or pLENTI-SUPER-p53, 3.5 �g of VSVg
envelope vector pMD.G, 2.5 �g of RSV-Rev, and 6.5 �g of packaging
vector pCMVDR8.2 (29). Lentiviruses were harvested 24 and 48 h after
transfection and filtered through a 0.45-�M filter. ST.HdhQ111 cells were
shifted to 39 °C 14 days prior to lentiviral infection. WT MEFs were
cultured to passage 9–10 whereupon cells were counted every 3–4 days
14 days prior to lentiviral infection. The senescent phenotype was also
investigated by acidic �-galactosidase staining at the time of infection
(31). 1.8 � 105 senescent WT MEFs in 6 cm dishes were infected with
lentivirus for at least 12 h in the presence of 0.8 �g/ml polybrene and
were then allowed to recover for 48 h before reseeding for colony
formation assays and growth curves. 0.5 � 105 or 1 � 105 cells were
seeded in 10 cm dishes for colony formation assays. Cells were fixed and
stained with superstain (50% methanol, 10% acetic acid, 0.1% Coomas-
sie Blue) 16 days after seeding. For growth curves 1.5 � 103 cells were
seeded per 3.5-cm dish, at 3-day intervals cells were fixed with 0.5%
formaldehyde, stained with 0.1% crystal violet, followed by re-solubili-
zation in 10% acetic acid. The OD590 was quantified as a relative
measure of cell number.

Western Blot Analysis—Whole cell extracts were separated on 12%
SDS-PAGE gels and transferred to polyvinylene diflouride membranes
(Millipore). Visualization was done using enhanced chemiluminescence
(Amersham Biosciences, Inc.) Antibodies used were M-156 (Santa Cruz)

against p16INK4a, ab80-50 (Abcam) against 19ARF, F-5 (Santa Cruz)
against p21, Ab-7 (Oncogene) against p53, and P30620 (Transduction
Laboratories) against PAI-1.

Time-lapse Microscopy—5 � 104 senescent MEFs were seeded in
3.5-cm dishes and infected with lentivirus. Time-lapse microscopy was
initiated 34 h after infection in a temperature and CO2-controlled
chamber using 10� phase contrast. Frames were taken every 20 min
over a period of 38 h.

RESULTS

We have recently described a vector, pSUPER, which medi-
ates highly specific and persistent RNA interference through
stable expression of short hairpin RNAs (28). We generated a
lentiviral derivative of this vector by cloning the H1 RNA short
hairpin gene expression cassette targeting murine p53 from
pRETRO-SUPER (32) into the self-inactivating lentiviral vec-
tor pHIV-CS (29). We named this vector pLENTI-SUPER-p53
(Fig. 1A). As a control, we used a lentiviral vector that ex-
presses GFP (HIV-CS-CG (29)).

Loss of p53 in primary mouse embryo fibroblasts is associ-
ated with acquisition of an immortal phenotype (15). To test
whether the lentiviral p53 knockdown vector was capable of
inducing a functional inactivation of p53 in MEFs, we infected
early-passage primary MEFs with LENTI-SUPER-p53 virus or
with control GFP lentivirus and asked whether p53 knockdown
caused immortalization. Some 30–40% of control lentivirus-
infected cells were GFP-positive, indicating that the primary
MEFs were efficiently infected by the lentiviral vectors (data
not shown). Fig. 1, B and C, show that infection with LENTI-
SUPER-p53, but not with control GFP lentiviral vector, caused
efficient immortalization of the infected primary MEFs, indi-
cating that the LENTI-SUPER-p53 virus mediates functional
inactivation of p53 expression (see also Fig. 3A).

We next asked whether suppression of p53 expression by
lentiviral gene transfer in senescent cells would allow re-entry
into the cell cycle. We employed two cell systems to address this
question. First, we used conditionally immortalized STHdhQ111

neuronal cells derived from mouse embryonic striatum. These
cells are conditionally immortalized due to the presence of a
temperature-sensitive allele of SV40 T antigen (30). STH-
dhQ111 cells proliferate indefinitely at the permissive temper-
ature (32 °C), but rapidly and synchronously become post-mi-

FIG. 1. A lentiviral vector that mediates RNA interference. A, a schematic overview of the lentiviral RNA interference vector pLENTI-
SUPER-p53 (pLS-p53). A DNA fragment containing the H1 promoter and an oligonucleotide insert targeting murine p53 were transferred from
pRETRO-SUPER (32) to HIV-SC (29) by digestion of both vectors with EcoRI and XhoI, followed by ligation of the H1-p53 DNA fragment into
HIV-CS. This vector contains a deletion in the U3 region indicated by a triangle that silences the enhancer of the LTR, efficiently shutting off
LTR-driven transcription after proviral integration. The predicted short hairpin RNA targeting murine p53 is shown. B, passage 3 FVB wild type
MEFs were infected with either HIV-CS-CG (CMV-GFP) lentivirus or LENTI-SUPER-p53 virus, respectively. Fortyeight hours after infection 5 �
104 cells were seeded in 10-cm dishes for colony formation assays and stained after 14 days. C, 48 h after infection 1.5 � 103 cells were seeded per
well in six-well dishes. At varying time intervals cells were fixed and stained with crystal violet, which was then solubilized with 10% acetic acid
and quantified at OD590 as a relative measure of cell number. CMV-GFP and pLS-p53 curves are marked in gray and black, respectively.
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totic and adopt a senescent morphology when shifted to the
non-permissive temperature (39.5 °C) at which T antigen is
inactive (33). We used STHdhQ111 cells that had been main-
tained at 39.5 °C for 2 weeks to assure that the entire popula-
tion was senescent and then infected the senescent cells with
the LENTI-SUPER-p53 virus or control GFP lentivirus and
maintained the infected cells at 39.5 °C for 2 weeks. Fig. 2A
shows that knockdown of p53 led to re-entry into the cell cycle

and allowed continued proliferation, indicating that the senes-
cence-like growth arrest of STHdhQ111 cells at the non-permis-
sive temperature can be reversed by suppression of p53.

Next we asked whether p53 knockdown would allow cell
cycle re-entry in senescent primary MEFs. We cultured pri-
mary MEFs of FVB genotype until the cells no longer prolifer-
ated (Fig. 2D) and expressed high levels of the senescence-
associated markers acidic �-galactosidase, PAI-1, p21cip1,
p19ARF and p16INK4a (Figs. 2E and 3A). All cells in the culture
showed a flat senescent morphology and stained intensely for
acidic �-galactosidase (Fig. 2E), indicating that these cells were
quantitatively senescent. This notion is also supported by the
growth curves of these late-passage MEFs, which showed a
constant decline in cell number over time (Fig. 2D), indicative
of the absence of spontaneously immortalized cells in the cul-
ture. Fig. 2, B and C, show that lentiviral knockdown of p53 in
these senescent primary MEF cultures triggered a marked
degree of proliferation. Importantly, cell cycle re-entry was
associated with loss of expression of several of the senescence-
associated markers, including PAI-1, p21cip1, and acidic �-ga-
lactosidase (Fig. 3, A and B) and senescence-reverted cells
continued to proliferate for several weeks without any signs of
senescence, suggesting that they had become immortal (Fig. 2B
and data not shown).

In principle, the observed proliferation following lentiviral
knockdown of p53 could originate from cells that were not truly
senescent in the culture. It was therefore important to follow
the cultures of senescent MEFs in time after lentiviral infec-
tion. Fig. 4 shows a series of time-lapse photomicrographs of
senescent MEFs after lentiviral knockdown of p53, which to-
gether indicate that cells with a completely flat and senescent
morphology round up and divide within 48 h after infection
with the p53 knockdown virus (Fig. 4, cells marked by black
arrows). However, not all cell divisions are productive as many
cells divide initially, but die by apoptosis during division or just
after completion of cell division (Fig. 4, cells marked by white
arrows). Assessed by time-lapse photography and colony for-
mation efficiencies (Fig. 2B), �0.5–1% of infected cells divide
successfully. A complete movie of the senescent MEFs after
infection with the p53 knockdown vector is provided as supple-
mentary material. No division or apoptosis could be observed

FIG. 2. Lentivirus-mediated p53 suppression reverses senes-
cence. A, STHdhQ111 cells were shifted to the non-permissive temper-
ature of 39.5 °C at which T antigen is inactive and were kept for 14 days
to assure that all cells were senescent prior to infection with CMV-GFP
or pLS-p53 lentivirus. 5 � 104 cells were seeded for colony formation
assays, and dishes were stained 2 weeks later. B, senescent MEFs
infected with CMV-GFP or pLS-p53 lentivirus were seeded at 1 � 105

cells per 10-cm dish, and dishes were stained 16 days after seeding. C,
48 h after infection with CMV-GFP (gray) or pLS-p53 (black), 1.5 � 103

cells were seeded per well in six-well dishes. At 3-day intervals cells
were fixed and stained with crystal violet and quantified by determin-
ing OD590 as a relative measure of cell number. D, WT MEFs were
cultured to passage 9. Fourteen days prior to lentiviral infection cells
were counted, and equal numbers of cells were replated every 3 days. E,
immediately prior to lentiviral infection, passage 5 and senescent WT
MEFs were subjected to acidic �-galactosidase staining (31). Cells were
fixed with 0.5% gluteraldehyde and incubated with staining solution
overnight at 37 °C.

FIG. 3. Senescence markers in reverted WT MEFs. A, Western
blots of senescence markers in passage 3 (lane 1), senescent (lane 2),
and WT MEFs reverted from senescence by knockdown of p53 that were
harvested 4 weeks after lentiviral infection (lane 3). B, acidic �-galac-
tosidase staining performed on senescent and reverted WT MEFs
(as described in the legend to Fig. 2).

FIG. 4. Time-lapse microscopy of senescent MEFs following
knockdown of p53. Selected frames from a 38-h recording period of
senescent WT MEFs infected with LENTI-SUPER-p53 are shown. Time
points are indicated in the lower right corner of the individual frames.
A cell undergoing successful division is indicated with a black ring and
black arrows, while a division immediately followed by apoptosis is
indicated with white arrows.
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following infection with control lentivirus encoding GFP (data
not shown). We conclude that cells with all the hallmarks of
fully senescent cells rapidly re-enter the cell cycle after p53
knockdown. We conclude that p53 is not only required to ini-
tiate senescence, but is also required, at least in MEFs, to
maintain senescence.

DISCUSSION

Using a lentiviral vector system that silences gene expres-
sion, we provide evidence that suppression of p53 expression in
senescent MEFs leads to a reversion of the senescent state and
causes immortalization. Several lines of evidence support the
notion that the MEFs were fully senescent at the time of
infection with the lentiviral p53 knockdown vector. First, the
cells had stopped proliferating in the presence of growth fac-
tors, indicating that they were senescent and refractory to
growth factor stimulation, rather than quiescent and still re-
sponsive to growth factors (Fig. 1D). Second, they uniformly
manifested a senescent morphology and expressed the senes-
cence-associated markers acidic �-galactosidase, PAI-1,
p21cip1, p19ARF and p16INK4a (Figs. 2E and 3A). When cells
emerged from senescence as a result of p53 knockdown, the
cells behaved phenotypically as p53 null MEFs in that they
were immortal and had low levels of p21cip1 and high levels of
p19ARF (10, 12, 15). Importantly, the cells that emerged from
senescence by p53 knockdown maintained high levels of
p16INK4a (Fig. 3A). As p16INK4a expression is induced during
senescence in a p53-independent fashion (10), these data indi-
cate that the signaling pathways that led to the induction of
senescence are still operational in senescence-reverted MEFs.
This provides further evidence that the cells that re-entered
cell cycle by p53 knockdown were indeed fully senescent at the
time of infection with the p53 knockdown virus.

Our data are in agreement with earlier experiments per-
formed in senescent human diploid fibroblasts. Thus, ablation
of p53 function by microinjection of p53 antibody in primary
human fibroblasts allowed at least temporary reversal of se-
nescence and re-entry into the cell cycle (34). However, inacti-
vation of p53 in human fibroblasts delays, but does not abro-
gate, replicative senescence, indicating that p53 inactivation
alone is not sufficient to mediate stable reversion of senescence
in primary human fibroblasts and requires also induction of
hTERT expression (35, 36). An essential feature of the lentivi-
ral vector system described here is that suppression of gene
expression is persistent, allowing the study of long term con-
sequences of gene inactivation in post-mitotic cells. The
LENTI-SUPER vector should therefore be a useful tool to in-
vestigate which genes are continuously required to maintain a
post-mitotic state in cells that have exited the cell cycle.
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