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In human fibroblasts, growth arrest at the end of the normal proliferative life span (induction of senescence)
is dependent on the activity of the tumor suppressor protein p53. In contrast, once senescence has been
established, it is generally accepted that reinitiation of DNA synthesis requires loss of multiple suppressor
pathways, for example, by expression of Simian virus 40 (SV40) large T antigen, and that even this will not
induce complete cell cycle traverse. Here we have used microinjection of monoclonal antibodies to the N
terminus of p53, PAb1801 and DO-1, to reinvestigate the effect of blocking p53 function in senescent human
fibroblasts. Unexpectedly, we found that both antibodies induce senescent cells to reenter S phase almost as
efficiently as SV40, accompanied by a reversion to the “young” morphology. Furthermore, this is followed by
completion of the cell division cycle, as shown by the appearance of mitoses, and by a four- to fivefold increase
in cell number 9 days after injection. Immunofluorescence analysis showed that expression of the p53-inducible
cyclin/kinase inhibitor p21sdi1/WAF1 was greatly diminished by targeting p53 with either PAb1801 or DO-1 but
remained high and, moreover, still p53 dependent in cells expressing SV40 T antigen. As previously observed
for induction, the maintenance of fibroblast senescence therefore appears to be critically dependent on
functional p53. We suggest that the previous failure to observe this by using SV40 T-antigen mutants to target
p53 was most probably due to incomplete abrogation of p53 function.

Normal human fibroblasts are capable of only a finite num-
ber of cell divisions even under optimum culture conditions,
after which they enter a state of viable but permanent growth
arrest (29). This phenomenon of cellular senescence has been
observed in many other normal cell types (15, 23, 54) and
represents a natural obstacle to clonal expansion (14, 58) which
is thought to be an important restriction on the progression of
many (although probably not all) human cancers (19).

One currently popular model for senescence proposes that
an intrinsic cell division clock, possibly based on telomere
erosion (4), triggers one or more signal pathways which inhibit
key components of the cell cycle regulatory machinery. Two
candidate inhibitors whose levels increase with proliferative
life span are p16 (2, 25) and p21sdi1/WAF1 (46); these proteins
inhibit the cyclin-dependent kinases CDK4/6 and CDK2, which
are required for passage through and exit from the G1 phase of
the cell cycle (51). A related protein, p24 (40), may represent
a third inhibitor. One consequence (55) of this inhibition is the
failure of senescent cells to phosphorylate a major downstream
target of these enzymes—the product of the retinoblastoma
(Rb) sensitivity gene, pRb—which in its unphosphorylated
form sequesters transcription factors needed for G1-S progres-
sion (61). Not surprisingly, therefore, escape from senescence
is often associated with deregulation of the Rb pathway, either
directly through loss of Rb itself or indirectly by loss of p16,
which presumably thereby uncouples Rb from the senescence
“clock.” Furthermore, experimental abrogation of Rb func-
tion, for example, by expression of the viral oncoprotein hu-
man papillomavirus (HPV) E7, results in the extension of life
span in many (although not all) cell types; in the human fibro-

blast this amounts to around 15 to 25 population doublings
(p.d.) (50, 63, 65).

Escape from senescence is also strongly associated with loss
of another tumor suppressor gene product, p53 (37, 62, 64). A
major biological property of p53, its transcriptional transacti-
vation function, is activated as human fibroblasts approach
senescence (3, 9), possibly as a direct response to telomere
erosion, and activated p53 is a potent inducer of the CDK
inhibitor p21 (20), making p53 a potential link between the
aging clock and cell cycle inhibition. However, it has been
suggested that the induction of p21 in senescence is only par-
tially dependent on p53 (48, 57), and there is evidence that it
is not sufficient to account for growth arrest by p53 in senescent
cells (8), indicating the presence of other p53-activated growth
inhibitors (p16 does not appear to be a candidate, and its
upstream inducer is currently unknown). As with Rb, experi-
mental interference with p53 function, e.g., by expression of
HPV E6 protein or dominant-negative p53 mutants, can pre-
vent fibroblasts (and some other cell types [50, 60]) from en-
tering normal senescence, again conferring an extension in
human fibroblasts of around 15 to 25 p.d. (7, 65).

Evidence from gene transfer experiments using presenes-
cent cells therefore suggests that normal senescence can be
prevented by abrogating either Rb or p53. In both cases, how-
ever, escape is only temporary, with cells again arresting after
an extension of around 15 to 25 p.d. Escape from this backup
senescent state requires that both Rb and p53 function be lost,
e.g., by expression of Simian virus 40 (SV40) T antigen (T),
coexpression of E6 and E7, or mutation of p53 and p16 (50,
63). This shows that p53 and Rb do not form a simple linear
pathway and suggests a model in which a p53-dependent and a
p16-Rb-dependent pathway act cooperatively to bring about
normal senescence, even though either pathway can eventually
compensate for loss of the other to bring about a delayed
growth arrest.

These conclusions are based mostly on transfection or ret-
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roviral approaches which of necessity use dividing cells and
hence have addressed the prevention of senescence in prese-
nescent cultures. Interestingly, quite different results have
been reported from attempts to reverse senescence in cells
which have already undergone growth arrest. By using micro-
injection of expression vector plasmids, reinitiation of DNA
synthesis in senescent cells has consistently been found to
require abrogation of both Rb and p53 function, e.g., by SV40
T (15, 26). Use of HPV E7 or of T mutants defective in one or
the other function gave a much reduced or undetectable re-
sponse. This is particularly clear with the T(K1) mutant, which
lacks Rb binding, to the extent that this has been used as a
screen to uncover potentially novel inhibitors of the Rb path-
way (26).

Given its importance for genetic models of senescence, we
have readdressed this apparent discrepancy between the re-
quirements for prevention and reversal of senescence by mak-
ing use of microinjected antibodies, PAb1801 (5) and DO-1
(59), directed against the N-terminal transactivation domain of
p53, rather than expression of DNA viral oncogenes, to inhibit
p53 function. In contrast to previous reports, our data suggest
that loss of p53 function is sufficient by itself to efficiently
reinitiate DNA synthesis in senescent fibroblasts, raising the
possibility that previous manipulations may have failed to ab-
rogate p53 function completely.

MATERIALS AND METHODS

Cells and culture conditions. Normal human diploid neonatal foreskin fibro-
blasts (HCA2 cells, a gift from J. Smith, Houston, Tex.) were grown in Dulbec-
co’s modified Eagle medium (DMEM) supplemented with 10% fetal calf serum
(FCS). (All media and components were obtained from Gibco/BRL, Paisley,
United Kingdom). A subclone of HCA2 cells (LacZ21) expressing a p53 reporter
construct was generated by stable transfection of plasmid RGCDFos-LacZ (9).
Determination of in vitro life span and passage protocols were as described
previously (8).

To be consistent with other studies (26, 34), the following minimum criteria
were used for senescence: (i) failure to reach confluence up to 3 weeks after a
final 1:2 passage despite regular refeeding; (ii) over 90% of cells showing the
characteristic enlarged, flattened shape; and (iii) over 90% of cells failing to
incorporate bromodeoxyuridine (BrdU) after a 72-h labelling period, as detected
by immunofluorescence (see below). (In most experiments, however, the 72-h
BrdU labelling index [LI] was well below 10%, with a 1-h LI of less than 1%.)

Senescence occurred at estimated population doubling levels (PDL) of 64 to
65 for the parent HCA2 cells and 32 to 33 for LacZ21 cells (the latter being
counted from the origin of the subclone).

Microinjection. Microinjections were performed as described previously (9)
under a Zeiss (Axiovert 35M) phase-contrast inverted microscope equipped with
an Eppendorf microinjection system (Micromanipulator 5171 and Microinjector
5246; Carl Zeiss, Oberkochen, Germany).

Plasmid SVori2, containing an SV40 genome lacking a functional viral origin
of replication due to a 6-bp deletion (22, 53), or a control plasmid (vector only)
was injected at a concentration of 500 mg/ml in phosphate-buffered saline (PBS),
pH 7.2.

Affinity-purified mouse monoclonal anti-p53 antibody PAb1801 (5, 59) (On-
cogene Science Ab-2), DO-1 (59) (Oncogene Science Ab-6), or PAb421 (Onco-
gene Science Ab-1), or control mouse immunoglobulin (IgG) (Sigma), was in-
jected at 2 mg/ml. Affinity-purified rat IgG (Sigma) was coinjected (10 mg/ml) in
each case to facilitate subsequent immunodetection of the injected cells. All
antibodies were prepared similarly by resuspension of lyophilized preparations in
PBS (pH 7.2). Plasmids and antibodies were injected into the nuclei of target
cells.

At 72 h before microinjection, HCA2 cells were trypsinized and plated into
60-mm-diameter culture dishes in DMEM–10% FCS. Just before microinjection,
the medium was replaced with Leibovitz’s L-15 medium containing 10% FCS to
provide control of pH in air. Following microinjection, cells were returned to
DMEM–10% FCS.

UV irradiation. LacZ21 cells were washed twice in serum-free medium. The
medium was then removed, and dishes, without lids, were placed under a
UVG-11 Mineralight lamp (U.V. Products, San Gabriel, Calif.) and exposed to
10 J of UVC per m2 over a period of 25 s. Fresh complete medium was then
added, and the cells were analyzed 24 h later.

Detection of b-gal activity. b-Galactosidase (b-gal) expression from the
RGCDfosLacZ reporter in LacZ21 cells was assessed histochemically as previ-
ously described (9). Briefly, cells were fixed in 0.5% glutaraldehyde, permeabil-
ized in 0.02% Nonidet P-40–0.01% sodium deoxycholate, and stained with 1 mg

of 5-bromo-4-chloro-3-indolyl-b-D-galactoside (X-Gal substrate) per ml in 5 mM
potassium ferricyanide–5 mM potassium ferrocyanide–2 mM magnesium chlo-
ride for 16 h at 37°C, using an alkaline pH (7.8) to prevent interference by
endogenous senescence-associated mammalian b-galactosidase (SAb-gal) (18).
Microinjected cells were identified by immunoperoxidase staining with a mixture
of horseradish peroxidase-conjugated anti-rat and anti-mouse antibodies (South-
ern Biotechnology) as described previously (6).

Endogenous SAb-gal was assessed in HCA2 cells by carrying out the above-
described histochemical reaction at an acidic pH (6.0) as described by Dimri et
al. (18).

Immunofluorescence. Monolayers were fixed in 3.7% formaldehyde, washed in
PBS, and permeabilized in 0.2% Triton X-100 in PBS. Samples were then
quenched in 100 mM glycine, and nonspecific binding was blocked with 10% FCS
in PBS. The samples were then treated with the following primary antibodies as
appropriate for 1 h at a 1:500 dilution in PBS-bovine serum albumin: (i) rabbit
polyclonal anti-p53 antibody CM1 (kindly provided by D. Lane) (43), (ii) rabbit
polyclonal anti-p21 antibody (Santa-Cruz Biotechnology); and (iii) mouse mono-
clonal antibody PAb419 recognizing SV40 T (27).

After being washed, cells were incubated as appropriate in secondary antibody
(rhodamine-conjugated goat anti-rabbit IgG or anti-mouse IgG [Southern Bio-
technology]) at 1:100 in PBS-bovine serum albumin for 1 h. Fluorescein isothio-
cyanate (FITC)-conjugated goat anti-rat IgG (Southern Biotechnology) was also
added simultaneously to detect microinjected rat IgG and hence permit inde-
pendent identification of microinjected cells. Dishes were mounted in Fluoro-
mount G (Southern Biotechnology) and viewed with an Olympus IMT-2 fluo-
rescence microscope.

BrdU incorporation. Cells were incubated with BrdU (10 mM) for 1 or 72 h,
following which they were washed, fixed, and permeabilized for immunofluores-
cence as described above. BrdU incorporation into DNA was detected by incu-
bating the fixed cells with a mouse monoclonal anti-BrdU antibody (Boehringer
Mannheim) at a 1:100 dilution in the presence of 10 U of DNase I per ml for 1 h
at 37°C, followed by FITC-conjugated goat anti-mouse IgG. Microinjected cells
were identified as described above by immunostaining the injected rat IgG, in
this case with rhodamine-conjugated anti-rat IgG. The BrdU LI was expressed as
the percentage of microinjected cells labelled. Similar data (not shown) were also
obtained with a rat anti-BrdU antibody (SeraLabs).

Determination of cell number after microinjection. Zones of 200 to 300 cells
in replicate sets of dishes were microinjected with rat carrier IgG (10 mg/ml)
together with either PAb1801, DO-1, or control mouse IgG (2 mg/ml).

To determine the efficiency of microinjection, three parallel dishes injected
with rat IgG were fixed 8 h later, and the number of cells containing IgG was
determined by immunofluorescence. This number, divided by the number of cells
actually injected, provided a correction factor for efficiency of microinjection,
which was applied to all other dishes in the same experiment in order to estimate,
for each dish, the number of cells which had been successfully injected.

Dishes from each treatment group were subsequently immunostained after 3,
7, and 9 days, and the number of cells positive for rat IgG was determined by
immunofluorescence. This number was then expressed as a percentage of the
number of cells estimated (as described above) to have been successfully injected
at day 0. (The use of a high concentration of carrier IgG allowed immunodetec-
tion even after 9 days of subsequent cell division.)

Statistics. At least 100 to 200 cells were injected in each microinjection
experiment. Results are expressed as the means from at least three independent
experiments, together with standard errors (SE) and total numbers of cells
injected.

RESULTS

Microinjection of antibody PAb1801 or DO-1 blocks activa-
tion of the transcriptional function of p53. To validate directly
the ability of PAb1801 and DO-1 to effectively block the tran-
scriptional transactivation activity of p53 in our experimental
system, we microinjected these antibodies into our previously
described subclone of human fibroblasts, LacZ21 (9), which
stably expresses a p53-dependent b-gal reporter. We made use
of two well-characterized stimuli to activate p53 in these cells,
UV irradiation and microinjection of antibody PAb421 (9, 33);
the latter is thought to act by relieving inhibition from a C-
terminal regulatory domain of p53 (32).

As expected (9), irradiation of early-passage LacZ21 cells
with the optimum dose of UV (10 J z m22) induced expression
of the b-gal reporter in the majority of control (IgG-injected)
cells (Fig. 1A), with approximately 75% being positive when
analyzed 24 h after irradiation (compared to ,3% under un-
treated basal conditions). Nuclear microinjection of PAb1801
or DO-1, 24 h prior to irradiation, almost completely blocked
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this response, with the percentage of b-gal-positive cells de-
creasing to 5 and 7%, respectively (Fig. 1B and C).

Microinjection of PAb421 at 2 mg/ml also induced b-gal
expression but less dramatically, with 30 to 40% of cells being
positive 24 h after injection (Fig. 1D). Coinjection of equal
amounts of PAb1801 or DO-1 with PAb421 completely abol-

ished this response, reducing the percentage of positive cells to
1.5% in both cases (Fig. 1E and F).

Microinjection of antibody PAb1801 or DO-1 reinitiates
DNA synthesis in senescent fibroblasts and induces a rever-
sion to the “young” morphology. At an estimated PDL of 65,
HCA2 cultures demonstrated the characteristic morphology of

FIG. 1. Inhibition of p53-dependent transactivation by anti-p53 antibodies. p53 transactivation activity was stimulated in early-passage LacZ21 fibroblasts either by
irradiation with 10 of UV J z m22 (A to C) or by microinjection of the activating antibody PAb421 (D to F). Expression of the p53-dependent reporter was assessed
24 h later by b-gal histochemistry (punctate and/or diffuse blue staining). Microinjected cells were identified by immunoperoxidase detection of injected IgG (brown
staining). Injection of either DO-1 (B) or PAb1801 (C) 24 h prior to UV treatment greatly reduced reporter expression compared to that with mouse IgG controls (A).
Similarly, the response to PAb421 (D) was inhibited by coinjection of DO-1 (E) or PAb1801 (F). (Note that the b-gal-positive [blue] cells in panels B and C [arrows]
were not microinjected.) Magnification, 3140.
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senescence in over 95% of the population and gave an overall
1-h BrdU LI of 0.5 to 1.0%. Cultures were first used at this
stage, but as a further assurance against partial senescence,
experiments were repeated (with similar results) with cul-
tures which had been maintained (with regular refeeding)
for up to a further 19 days (Table 1). Also, in all cases,

microinjection was targeted specifically at morphologically
senescent cells.

At 72 h following injection with control IgG, less than 1% of
injected cells (identified by immunocytochemical staining of
coinjected rat IgG) incorporated BrdU after a 1-h labelling
period, and nearly all retained a senescent morphology (Table
1; Fig. 2B). In sharp contrast, microinjection with anti-p53
antibody PAb1801 (or DO-1 [data not shown]) resulted (within
48 h) in a reversion to a much more compact, fusiform mor-
phology resembling that of young cultures (compare Fig. 2A
with C), which was sustained for at least 7 days. This was
accompanied by a marked reduction in the expression of SAb-
gal activity, with the proportion of cells with undetectable
activity increasing from 1 to 40%.

Furthermore, the BrdU LI 72 h after injection increased
markedly, to between 14 and 17% depending on the age of the
culture (Table 1). Averaging of results from all ages analyzed
in Table 1 shows that PAb1801 stimulated a 21-fold increase in
the BrdU LI (15.9%, compared to 0.76% in controls) (Fig. 2E
to H). Closely similar results were obtained with DO-1, which
induced a 24-fold increase in the BrdU LI (Table 1).

FIG. 2. Morphological reversion and reinitiation of DNA synthesis in senescent human fibroblasts induced by anti-p53 antibody PAb1801. Senescent HCA2 cells
(corresponding to PDL65 plus 19 days in Table 1) were microinjected with control mouse IgG (B, E, and F), PAb1801 (C, G, and H), or plasmid SVori2 (D) and
analyzed 72 h later (all cells in the fields shown were injected). (B to D) Effects on morphology determined by phase-contrast microscopy compared to untreated young
cultures (A). (E to H) Effects on DNA synthesis as revealed by BrdU labelling. Injected cells are identified by immunofluorescence of coinjected rat IgG with a
rhodamine label (red) (E and G); nuclear BrdU incorporation (examples are indicated by arrows) is shown by immunofluorescence with FITC (green) (F and H). (Note
that the weak cytoplasmic FITC fluorescence visible in panels F and H is due to detection of the injected mouse IgGs by the rabbit anti-mouse–FITC used to detect
the BrdU.) Magnification, 3160.

TABLE 1. Stimulation of DNA synthesis (BrdU nuclear labelling
index) by antibody PAb1801 or plasmid pSVori2

in senescent human fibroblasts

Injection
LIa at the following culture ageb

PDL65 PDL65 1 5 days PLD65 1 19 days

IgG (control) 0.9 6 0.2 (645) 1.0 6 0.02 (727) 0.8 6 0.2 (686)
PAb1801 17.4 6 0.4 (531) 15.0 6 1.6 (774) 14.0 6 0.5 (458)
Vector (control) 1.2 6 0.2 (607) 0.8 6 0.1 (304) 0.6 6 0.3 (610)
pSVori2 25.9 6 1.9 (680) 20.8 6 4.2 (395) 28.4 6 2.2 (747)

a One-hour LI; mean of at least three experiments 6 SE. The total number of
cells injected is given in parentheses.

b See text for explanation.
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As a further control against any artifactual, nonspecific stim-
ulatory effect of antibody microinjection, we also microinjected
PAb421, which, as shown above, activates (rather than inhibits)
p53 transcriptional activity. This antibody failed to induce ei-
ther a morphological or proliferative response in senescent
HCA2 cells.

As a positive control, and to permit comparison with earlier
work, senescent HCA2 cells were also injected with plasmid
SVori2 (encoding origin-defective SV40). At 72 h after micro-
injection, injected cells stained positively for SV40 T and
showed elevated levels of nuclear p53 by immunofluorescence
(data not shown). As expected, this was accompanied by a
stimulation of BrdU incorporation, with the 1-h LI increasing
from 0.9% 6 0.1% (average 6 SE for all three sets of exper-
iments in Table 1) in vector-only controls to 25.0% 6 1.8% in
cells injected with SVori2. Interestingly, though, the morpho-
logical change induced by SVori2 was much less marked than
that with PAb1801 or DO-1 (compare Fig. 2D with C).

PAb1801 and DO-1, as well as SV40, induce full cell cycle
traverse in senescent human diploid fibroblasts. Contrary to
expectations (15, 24), mitotic figures were clearly evident in
senescent cells (including those of the oldest cultures) at 6 days
following injection with PAb1801 or DO-1 but not control IgG
(data not shown). Mitotic activity was also induced by plasmid
SVori2 but not by the vector control.

This evidence for full cell cycle traverse by PAb1801 was
supported by demonstration of cell proliferation. This was
visualized directly by photographing predefined zones before
(Fig. 3A and C) and after (Fig. 3B and D) microinjection. This
clearly revealed both the switch from the senescent to young
morphology and a striking increase in cell density following
injection of PAb1801 (Fig. 3A and C).

To exclude any contribution from migration of noninjected
cells, serial counts were also performed following coinjection
of sufficient rat IgG to permit immunofluorescence detection
at least 9 days later, thereby providing an objective marker of
injected cells and their progeny. PAb1801 and DO-1 (but not
control IgG) stimulated a progressive increase in the number
of immunopositive cells, reaching ;4- and ;5.6-fold, respec-
tively, by day 9 (Fig. 3E).

PAb1801 blocks senescence-induced transactivation by p53.
Using LacZ21 fibroblasts, we previously showed that growth
arrest in senescent fibroblasts is closely associated with induc-
tion of p53 transactivation activity (9). To investigate the effect
of PAb1801 on p53 function in senescent cells, LacZ21 cells
were grown to senescence prior to microinjection. At 72 h after
injection, expression of b-gal from the reporter construct was
assessed by staining with the chromogenic substrate X-Gal.

Approximately 82% 6 6% (mean for three experiments 6
SE) of cells injected with control IgG (Fig. 4A) expressed

FIG. 2—Continued.
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b-gal, consistent with previous findings for uninjected cells (9).
This was dramatically reduced, to 11% 6 2%, by injection of
PAb1801 (Fig. 4B).

In contrast to the increase in p53 activity at senescence, but
in agreement with our own and most other previous reports (3,
9), amounts of nuclear p53 protein remained close to or below
the detection limit of our immunocytochemical analysis in se-
nescent HCA2 cells, whether untreated or injected with con-
trol IgG (Fig. 4C). Interestingly, PAb1801 (or DO-1) led to a
marked increase in immunodetectable endogenous p53, with
more than 90% of nuclei immunostained to various degrees by
polyclonal antibody CM1, 72 h after injection (Fig. 4D). This
heterogeneous pattern was maintained for at least 6 days and
probably represents stabilization of the protein, although di-

FIG. 3. Stimulation of cell proliferation in senescent fibroblasts by microin-
jection of antibody PAb1801 or DO-1. (A to D) Photomicrographs of senescent
fibroblasts in zones predefined by reference to an underlying grid, before (A and
C) and 7 days after (B and D) microinjection with either control IgG (A and B)
or PAb1801 (C and D). (Note the increase in cell density in panel D and
reversion of most cells to a young morphology.) Magnification, 3200. (E) His-
togram showing increasing cell number with time after microinjection of DO-1
(solid bars) or PAb1801 (hatched bars) compared to control IgG (open bars).
Injected cells and their progeny were identified by immunostaining of coinjected
rat IgG, and their numbers are expressed as a percentage of the day 0 value.
Values are means from at least three independent experiments 6 SE.
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rect assessment of the half-life was of course not possible with
the cell numbers available.

Recent work (28, 35) suggests that the rapid turnover of p53
is dependent on binding of its N terminus to mdm-2 protein.
Interruption of this interaction by the N-terminally directed
antibodies used here, resulting in stabilization of p53, is there-
fore a plausible explanation for the observed increase in nu-
clear content of the protein after microinjection.

PAb1801 or DO-1, but not SV40, reduces expression of
p21WAF1 in senescent cells. We next investigated whether the
abrogation of p53 transactivation revealed by our reporter
construct would be similarly reflected in a reversal of the se-
nescence-associated increase in expression of the p53-induc-
ible CDK inhibitor p21sdi1/WAF1.

Consistent with previous results for senescent HCA2 cells
(8), 82% 6 5% of senescent cells injected with control IgG or
noninjected cells displayed readily detectable nuclear p21 pro-
tein by immunofluorescence analysis, with marked heteroge-
neity in intensity among cells (Fig. 5A and B). At 72 h after
microinjection with PAb1801, this percentage had fallen to
7.0% 6 2.5% (mean 6 SE, n 5 3) (Fig. 5C and D), and the
overall level of immunofluorescence was comparable to that
observed in actively growing young cells (data not shown).
Similar results were obtained following microinjection of DO-1
(but not PAb421).

In contrast, injection of SVori2 produced no significant re-
duction in the proportion of nuclei containing detectable p21
(72% 6 4.5%, compared to 82% 6 5% in controls) or any
obvious reduction in intensity (Fig. 5E and F). However, coin-
jection of PAb1801 with SVori2 led to a striking loss of detect-
able p21, similar to that observed with PAb1801 alone (Fig. 5G
and H).

It should be noted that these results were obtained with
HCA2 cells at PDL65 plus 19 days (Table 1), in which parallel
dishes showed a marked stimulation of DNA synthesis by
SVori2, with a 1-h BrdU LI of nearly 30%.

DISCUSSION

Our data show that microinjection into senescent fibroblasts
of monoclonal antibodies directed at the N-terminal transac-
tivation region of p53 results in a 20-fold increase in the pro-
portion of cells synthesizing DNA at 3 days after injection.
Since, as in most other studies, no attempts were made here to
first remove residual cycling cells, we cannot formally distin-
guish true reentry of arrested cells into the cycle from the
alternative of a contraction of G1 phase duration in a very
slowly cycling compartment (39). However, the vast majority of
cells which synthesized DNA as a result of PAb1801 and DO-1
(or SVori2) injection were derived from cells which, prior to

FIG. 4. Inhibition of p53 transactivating activity and increased nuclear content of p53 protein induced by PAb1801 in senescent fibroblasts. Senescent LacZ21 cells
were microinjected with control IgG (A and C) or PAb1801 (B and D) and analyzed 72 h later. (A and B) b-gal expression assessed by X-Gal histochemistry (blue
product); injected cells are identifiable by immunoperoxidase detection of coinjected rat IgG (brown). In panel A injected (solid arrows) and uninjected (open arrow)
cells have similar b-gal activities. In panel B most injected cells have reverted to a young morphology and have undetectable b-gal activity (examples are shown by solid
arrows). An uninjected b-gal-positive cell is also shown (open arrow). Magnification, 3130. (C and D) Nuclear p53 analyzed by immunofluorescence with antibody CM1
and a rhodamine label (red). Nearly all of the cells in these fields were injected. Note the heterogeneous nuclear p53 content in cells injected with PAb1801 (D), in
contrast to the absence of detectable p53 in the control cells (C). Magnification, 3160.
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injection, displayed the conventional criteria of terminal senes-
cence observed in cultures from which cycling cells have been
selectively depleted (12, 24, 52), i.e., large, flattened shape and
absence of labelling by BrdU. Indeed the switch from this
phenotype to one resembling that of young fibroblasts was
readily observable by phase-contrast microscopy of predefined
zones before and after microinjection and was accompanied by
loss of the senescence marker, SAb-gal (18).

In contrast to the accepted consensus (15, 24), we also ob-
served mitotic activity induced not only by SVori2 but also by
PAb1801 and DO-1, supported by direct evidence of increasing
cell number. It is widely believed that even the most potent
viral oncogenes are not capable of inducing cell cycle progres-
sion beyond G2 phase in senescent fibroblasts (15, 24). In the
earliest studies this may have related to the use of origin-
containing SV40 sequences (even whole virus [24]). This would
enable a viral DNA replication cycle to occur in semipermis-
sive human cells, thereby potentially activating a G2/M cell
cycle checkpoint, which may not be overcome even by the
effects of T. Such a potential artifact would not occur with our
SVori2 plasmid or, of course, with the anti-p53 antibody. How-

ever, this argument does not account for later failures to ob-
serve mitoses by using plasmids expressing SV40 early-region
genes from a heterologous promoter which also lack a repli-
cation origin, and we currently have no satisfactory explanation
for this discrepancy.

Several lines of evidence support the conclusion that the
effects of PAb1801 and DO-1 observed here are due to specific
abrogation of p53 function.

The DO-1 antibody recognizes an epitope (amino acids 20 to
25) within the N terminus of p53 (11, 56) which includes key
residues required for transactivation (amino acids 22 and 23)
(38). Although the PAb1801 epitope (amino acids 46 to 55) is
located approximately 25 residues downstream (36), it too
has been shown to block transactivation (1, 44), presumably
through steric hindrance. Furthermore, we confirmed directly
that both antibodies were indeed inhibitory in our experimen-
tal model, by showing efficient blockade of a well-characterized
p53-dependent reporter response. Finally, the possibility that a
cross-reacting protein, rather than p53 itself, might be the
relevant target for the effects observed is made extremely un-

FIG. 5. Inhibition of p21sdi1/WAF1 expression in senescent fibroblasts by PAb1801 but not SV40. Senescent HCA2 cells (as for Fig. 1) were microinjected with control
IgG (A and B), PAb1801 (C and D), plasmid SVori2 plus control IgG (E and F), or SVori2 plus PAb1801 (G and H) and analyzed 72 h later by double
immunofluorescence. Injected cells are shown by immunofluorescence detection of coinjected rat IgG with an FITC label (green) (A, C, E, and G). p21 content is shown
by immunofluorescence with a rhodamine label (red) (B, D, F, and H). Examples of nuclei lacking detectable p21 after injection with PAb1801 are indicated with open
arrows in panel D; a p21-positive nucleus in a neighboring uninjected cell is also visible (solid arrow). Note that PAb1801 (D) but not SVori2 (F) causes loss of detectable
nuclear p21 and that the persistent elevation in SVori2-injected cells is also abolished by coinjection of PAb1801 (H) (compare injected cells [open arrows] with
uninjected cell [closed arrow]). Magnification, 3160.
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likely by the finding of identical results with two anti-p53 an-
tibodies directed at nonoverlapping epitopes.

In this study, therefore, abrogation of p53 function, without
any inhibition of the Rb pathway, appears to be sufficient to
efficiently stimulate DNA synthesis in senescent fibroblasts,
with the response to PAb1801 or DO-1 averaging nearly 70%
of that achieved by expression of SV40 T. This contrasts
sharply with a series of similar studies (15, 26) using T mutants
defective in either p53 or Rb binding, which concluded that
both functions needed to be abolished. Indeed a reanalysis of
these data shows that the T(K1) mutant, which abrogates p53
but not Rb, produced only 9% of the response obtained with
wild-type T. A similar conclusion was reached by using a plas-
mid electroporation approach (49).

It is unlikely that these contrasts can be explained merely by
methodological differences relating to cell kinetics. Both our
own and the T(K1) studies (15, 26) used the same strain of
human fibroblasts (HCA2) and the same criteria for senes-
cence. Indeed, we extended the period following arrest of
culture growth to 19 days to minimize the possibility of using
incompletely senescent cells (16). The proliferative response
was assessed differently, using a 1-h pulse 72 h after injection
instead of the continuous 48-h labelling used previously (15).
However, the lower nuclear labelling indices observed with
SVori2 in our hands (25 versus 80%) are consistent with this

shorter labelling time and suggest that there was no significant
difference in the biological response to SV40 T in our system.

Clearly the most likely explanation, therefore, lies with our
use of inhibitory anti-p53 antibodies, as opposed to a plasmid
expressing an Rb-binding-defective mutant of T. There is evi-
dence from our own (21) and other (31) studies that some
preparations of plasmid can provoke a nonspecific inhibition of
DNA synthesis in primary cells. If this were dependent on both
Rb and p53 pathways, it could explain the lack of response to
injected mutant T plasmids, despite retention of the response
to wild-type T. However, this is made less likely by the ability
of the T(K1) mutant to stimulate quiescent cells almost as
effectively as wild-type T (26). The key difference therefore
almost certainly lies in the biological properties of the antibod-
ies as opposed to the T(K1) protein.

Although we cannot exclude the role of qualitative differ-
ences (the T mutant being expected to have activities in addi-
tion to p53 abrogation), the simpler quantitative hypothesis
would be that T(K1) produces a less complete inhibition of p53
activity than PAb1801 or DO-1, leaving enough free active p53
to sustain G1 arrest in senescence (although not in quiescence)
provided that the cooperating Rb pathway is intact. This would
be consistent with the long-standing paradox that T binds only
a subfraction of wild-type p53 molecules in many cell types (17)
(whereas PAb1801 or DO-1 at the concentration used may well

FIG. 5—Continued.
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achieve near saturation of p53), with early reports that expres-
sion of exogenous mutant p53 could enhance transformation
by T (42), and finally with a recent report of residual DNA
damage-inducible p53 activity in SV40-transformed murine
cell lines (30).

Direct evidence for this notion comes from immunofluores-
cence analysis of the behavior in our model of a key down-
stream target of p53, p21sdi1/WAF1. Although we have not ad-
dressed the effect of T(K1), we have shown that wild-type T
produces only a minimal reduction in immunodetectable nu-
clear p21 levels, in contrast to its near-complete elimination by
PAb1801 or DO-1. Furthermore, coinjection of PAb1801 with
SVori2 showed that this persistent elevation of p21 expression
in the presence of SV40 T is still p53 driven.

Incomplete abrogation of p53 function would provide a
novel explanation for the frequent finding, in stable transfec-
tion models, that senescence-related induction of p21 is re-
duced minimally (if at all) by SV40 T (48, 57) and at least one
mutant p53 (8), which has previously been interpreted as in-
dicating the existence of p53-independent inducers of p21. Our
data suggest simply that T (or mutant p53) expression reduces
wild-type p53 function enough to turn off an additional effector
pathway(s) necessary for entry into senescence but not enough
to affect p21 expression, for which a more complete loss of p53
activity (as is produced by PAb1801 or DO-1) is required.
Independent evidence that the induction of p21 in senescence
is indeed p53 dependent is also provided by its absence in aging
p53-deficient fibroblasts derived spontaneously from Li-Frau-
meni syndrome (41) or by stable expression of HPV E6 (10).
p21 induction is, of course, not always p53 dependent, and it is
worth noting here that in similar microinjection experiments
we have observed that the early induction of p21 by refeeding
of serum-starved young human fibroblasts was not inhibited by
PAb1801 (data not shown).

Whereas the sustained induction of p21 in fibroblasts whose
life span has been extended by expression of mutant p53 (or T)
clearly indicates that a loss of p21 is not necessary for cells to
evade senescence (8, 48), the ability of PAb1801 or DO-1, but
not p53-binding mutants of T, to reinitiate DNA synthesis in
cells which are already senescent, coupled with its ability to
abolish p21 expression, suggests intriguingly that loss of p21
may be necessary for reversal of senescence in the presence of
a functional Rb pathway.

Our data do not address whether loss of p21 is sufficient for
abrogation of normal senescence. An antisense p21 construct
which was able to overcome cell cycle arrest in quiescent fi-
broblasts (45) was reported to be incapable of restimulating
senescent cells (47), suggesting that loss of p21 is not sufficient
for reversal of senescence. However, a more recent gene tar-
geting approach (13) suggests that loss of p21 may in fact be
sufficient, at least for evasion of senescence.

In summary, we suggest a model in which (i) activation of
wild-type p53 makes an essential contribution to both induc-
tion (7) and maintenance of growth arrest in normal fibroblast
senescence, i.e., in contrast to the conclusion of some studies
(26) there is no redundancy at this level; (ii) p53 exerts this
action through multiple signal pathways, including p21; (iii)
more than one of these signals is required to ensure entry into
senescence after the normal life span duration, with at least
one being a p21-independent pathway; and (iv) in contrast, the
role of p53 in maintenance of senescence requires only a subset
of its downstream signals, with p21 being perhaps sufficient
alone. Clearly, an important goal now will be to identify the
p21-independent pathways involved in p53-mediated growth
arrest.
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