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The simian virus 40 large tumor antigen (SV40 Tag)
has been ascribed many functions critical to viral
propagation, including binding to the mammalian tu-
mor suppressor p53. Recent studies have demon-
strated that SV40-transformed murine cells have func-
tional p53. The status of p53 in SV40-immortalized
human cells, however, has not been characterized. We
have found that in response to ionizing radiation, p53-
dependent p21 transactivation activity is present, al-
beit reduced, in SV40-immortalized cells and that this
activity can be further reduced with either dominant
negative p53 expression or higher SV40 Tag expres-
sion. Furthermore, overexpression of p53 in SV40-
immortalized ataxia-telangiectasia (A-T) cells restores
p53-dependent p21 induction to typical A-T levels. All
SV40-immortalized cell lines exhibited an absence of
G, arrest. Moreover, all SV40-immortalized cell lines
exhibited increased apoptosis relative to primary cells
in response to ionizing radiation, suggesting that SV40
immortalization results in a unique phenotype with
regard to DNA damage responses. © 1999 Academic Press
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The p53 tumor suppressor protein has been demon-
strated to be activated in response to a variety of DNA
damaging agents, suggesting that it plays a pivotal
role in modulating the DNA damage response by pro-
viding an important link between detection of DNA
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damage and cell cycle control or apoptosis (1-3). Recent
studies investigating DNA damage responses have
shown that p53 is phosphorylated in vivo after geno-
toxic stress (4), thereby confirming p53’s involvement
in DNA damage-mediated signal transduction.

Activation of p53 results in either G, cell cycle arrest or
apoptosis (5). The current paradigm of p53 activation
maintains that p53-induced cell cycle arrest after DNA
damage provides the cell with sufficient time to repair
damage before DNA synthesis initiates so that heritable
or potentially lethal genetic changes will not occur. If the
cell is unable to repair the damage, p53-mediated apop-
tosis, or programmed cell death, ensues as a protective
response against carcinogenesis. Growth arrest by p53
has been shown to be dependent upon p53's transcrip-
tional activation function (6, 7). An important gene in-
duced by p53 in response to radiation is WAF/CIP1 (2),
whose protein product, p21, binds and inactivates cyclin-
dependent kinases to stall the cell cycle.

The SV40 Tag has been shown to bind to the p53
protein (8—10). The ability of the SV40 Tag to bind to
p53 is required for it to extend the life span of human
cells (11). This has been interpreted to mean that bind-
ing amounts to inactivation of p53 function and that
SV40-immortalized cells should display an effectively
p53-null phenotype. However, recent studies have
demonstrated that, in SV40-transformed murine cells,
p53 is still functional (12). The integrity of p53 re-
sponses in SV40-immortalized human cells, however,
has not been characterized. This is an important issue,
because if SV40-immortalized human cells have a p53
null phenotype, cellular responses of primary cells that
are maintained following SV40-immortalization must
be p53 independent.

In this study, we have investigated the functionality
of p53 in SV40-immortalized human fibroblasts by ex-
amining the radiation-dependent induction of p21, a
radiation response protein whose induction by ionizing
radiation is known to be p53-dependent. Furthermore,
two p53-mediated phenotypes, radiation-induced G,
cell cycle arrest and apoptosis, were was also assessed
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in these cell lines. We demonstrate that p53-mediated
p21 upregulation is still functional in SV40-immor-
talized fibroblasts, yet G, cell cycle arrest is absent. In
addition, SV40 immortalization results in increased
radiation-induced apoptosis.

MATERIALS AND METHODS

Cell lines and cell culture. MRC-5 primary human fetal lung
fibroblasts, WI-38 primary and WI38VA13 SV40 immortalized hu-
man fetal lung fibroblasts were purchased from American Type
Culture Collection (Rockville, MD). MRC-5V1 SV40 immortalized
human fetal lung fibroblasts were generously provided by Dr. Colin
Arlett. FT169A (AT221JE-T) SV40 immortalized A-T fibroblasts
were generously provided by Dr. Yosef Shiloh (13).

The p53 expression vectors pC53-SN3 (wild-type p53), pC53-SCX3
(dominant negative p53 with 143V¥~*% mutation), and the empty
vector, pCMV-Neo-Bam, were generously provided by Dr. Bert Vo-
gelstein (14). WI38VA13 pCMV-Neo-Bam and WI38VA13 pC53-
SCX3 cell lines were generated by transfecting pPCMV-Neo-Bam and
pC53-SCX3, respectively, into WI38VA13 cells using the Lipofectin
(Life Technologies; Gaithersburg, MD) stable transfection protocol.
Briefly, 20 g of above plasmids were transfected into WI38VA13
cells. The cells were allowed to grow for 48 h in growth medium and
were subsequently subcultured in medium containing 1 mg/ml G418
(Life Technologies; Gaithersburg, MD) to isolate clones. FT169A
pC53-SN3, FT169A pC53-SCX3, and FT169A pCMV-Neo-Bam cell
lines were developed as described above by transfecting the appro-
priate vector into FT169A A-T fibroblasts.

WI38VAL3, FT169A, MRC-5, and MRC-5V1 cells were maintained
in DMEM supplemented with 10% fetal bovine serum, 2x glutamine
(Biofluids, Inc.; Rockville, MD), and 100 U/ml penicillin and 100
ng/ml streptomycin (Life Technologies; Gaithersburg, MD). The
WI38VAL3 and FT169A transfectants were maintained in the above
medium supplemented with 1 mg/ml G418. Cells were maintained at
37°C in a humidified atmosphere containing 5% CO,.

Western blotting. For Western analysis, 5 X 10° cells were plated
in 25-cm? flasks and allowed to grow for 48 h before irradiating with
a Cs Shepherd Mark | Irradiator. Cells were harvested at the
appropriate time points by washing twice in PBS (Life Technologies;
Gaithersburg, MD), scraping the cells into PBS using a cell scraper,
and pelleting at 1,000 X g. The cell pellets were lysed using 50 uL
cell lysis buffer (25 mM Tris pH 7.4, 50 mM NacCl, 0.5% Na deoxy-
cholate, 2% NP-40, 0.2% SDS, 1 mM PMSF, 50 ug/ml aprotinin, 50
1M leupeptin) by incubating on ice for 15 min with vortexing every
5 min. Cell debris was removed by centrifuging the lysate at
16,000 X g for 15 min at 4°C. 2 uL of the supernatant was used to
determine the protein concentration using the Bio-Rad Protein As-
say (Bio-Rad Laboratories; Hercules, CA). The remainder of the
sample was prepared for gel electrophoresis. 5 uL 5x SDS-PAGE
loading buffer (Bio-Rad) was added to each tube and the samples
were boiled for 5 min. 10—-20 pg protein was loaded per lane on 12%
SDS-PAGE discontinuous gels, and the samples were electropho-
resed at 200 V for 45 min in the Bio-Rad Mini PROTEAN I1 (Bio-Rad)
apparatus. The electrophoresed proteins were subsequently trans-
ferred to 0.2 wm nitrocellulose membranes (Bio-Rad) using the Bio-
Rad Mini Trans-Blot apparatus.

Membranes were probed with the appropriate primary antibodies,
and proteins were detected with the ECL or ECL Plus Western
Blotting systems (Amersham; Arlington Heights, IL). The primary
antibodies used were as follows: anti-p53 (Santa Cruz Biotechnology;
Santa Cruz, CA; DO-1, 1 ug/ml); anti-p21 (Oncogene Research Prod-
ucts; Cambridge, MA; Ab-1, 1 ug/ml); anti-GAPDH (Trevigen; Gaith-
ersburg, MD; 1:4000 dilution, rabbit polyclonal); and anti-SV40 large
T antigen (Santa Cruz; Pab 101, 1 ug/ml).
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Densitometry. Densitometric analysis of the Western blots was
performed by using Scion Image densitometry software (Scion Cor-
poration; Frederick, MD). For p21 immunoblots, band intensities
were normalized to the 10 Gy irradiated 0 h p21 bands to determine
fold induction of p21 protein post-irradiation. For the SV40 Tag
immunoblots, SV40 Tag band intensities were normalized to the
WI138VA13 SV40 Tag bands to determine the relative levels of SV40
Tag protein between WI38VA13 and the appropriate cell line.

Cell cycle analysis. For cell cycle analysis, 1 X 10° cells were
plated in 175-cm? flasks and allowed to grow for 48 h. The cells were
irradiated with the Mark | irradiator and harvested by trypsiniza-
tion. Cells were fixed with 70% ethanol, washed twice in PBS, and
treated with 2 ml RNase solution (100 pg/ml RNase, 0.1% Triton
X-100, 0.1 mM EDTA, in PBS) at 37°C for 30 min. Subsequently,
25-50 pg/ml of P.1. solution (0.5 ml P.I. stock solution (5 mg/ml) in 50
ml RNase working solution, or 10 uL stock in 1 ml RNase solution)
was added and incubated at 37°C for 30 min, then 4°C for 1 h. Cell
cycle analysis was performed by the FACSort instrument, and DNA
histograms were generated with Modfit software (Verity Software
House, Inc.).

Apoptosis assay. To measure apoptosis, 1 X 10° cells were plated
in 35 mm petri dishes and allowed to grow for 24 h. The media was
exchanged with fresh media (to remove floating cells that were killed
through plating effects rather than as a result of treatment) imme-
diately prior to irradiation. The cells were irradiated with the Mark
| irradiator and processed. Apoptosis was determined by collecting
all floating cells in the media and combining them with the adherent
cells that were harvested by trypsinization. The cells were pelleted at
1000 x g, fixed in 10% neutral buffered formalin (Sigma; St. Louis,
MO) for 10 min, then resuspended in a suitable volume of 50%
glycerol/PBS solution containing 80 ng/ml DAPI (Molecular Probes,
Inc.; Eugene, OR). 5-10 ul of this solution was placed on a glass slide
with coverslip and viewed using fluorescence microscopy with an
excitation wavelength of 358 nm. Approximately 500 cells were
counted for each cell line per time point, and the apoptotic index was
determined by dividing the number of apoptotic cells (identified by
chromatin condensation) by the total number of cells counted.

RESULTS

p53-dependent p21 protein induction in SV40 im-
mortalized human fibroblasts. Our initial studies of
p53 activity involved measuring p53 protein levels by
immunoblotting. All SV40-immortalized cell lines,
however, showed elevated p53 levels (data not shown)
which rendered the measurement of p53 protein induc-
tion post-irradiation extremely difficult against an ex-
tremely high un-induced background. Thus, it ap-
peared more constructive to determine p53 activity
through measurement of p53-dependent p21 transac-
tivation. In order to study p53-mediated transactiva-
tion of p21 following DNA damage, logarithmically
growing cells were irradiated with 10 Gy of ionizing
radiation and harvested at O, 3, 6, 9, 12, and 24 h
post-irradiation. Unirradiated cells were also har-
vested at 12 and 24 h as controls. Various wild-type
and recombinant lines were compared. Immunoblot-
ting of protein lysates for p21 showed that primary
WI-38 cells had good induction of p21 post-irradiation
(Figure 1A), whereas SV40 immortalized WI-38 cells
(WI38VA13) had reduced p21 induction (Figure 1B).
Expression of dominant negative p53 in WI38VA13
fibroblasts further reduced p21 induction (Figure 1D)
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FIG. 1. Western blot showing p53-dependent p21 induction following 10 Gy ionizing radiation in A) WI-38, B) WI38VA13, C) WI38VA13
pCMV-Neo-Bam empty vector, and D) WI38VA13 pC53-SCX3 dominant negative p53 fibroblasts. Cell lysates were extracted 12, 24 h after
sham irradiation and 0, 3, 6, 9, 12, 24 h after 10 Gy irradiation. Bar graphs represent densitometric analyses of the p21 bands for the

irradiated samples normalized to the respective 10 Gy irradiated 0 h p21 samples.

as compared to the empty vector control (Figure 1C), p53-dependent p21 induction and SV40 large T an-
suggesting that SV40 immortalization does not com- tigen expression. The p21l immunoblot experiments
pletely eliminate p53 activity. were repeated with the MRC-5 (primary) and MRC-
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FIG. 2. Western blot analyses. A) Western blot showing expression of SV40 large T antigen in WI38VA13 and MRC-5V1 SV40
immortalized fibroblasts. Bar graph represents densitometric analysis of the SV40 Tag bands normalized to the WI38VA13 sample. Western
blot showing p53-dependent p21 induction after 10 Gy ionizing radiation in B) MRC-5 and C) MRC-5V1 fibroblasts. Cell lysates were
extracted 12, 24 h after sham irradiation and 0, 3, 6, 9, 12, 24 h after 10 Gy irradiation. Bar graphs represent densitometric analyses of the
p21 bands for the irradiated samples normalized to the respective 10 Gy irradiated 0 h p21 samples.

5V1 (SV40 immortalized) cell lines to determine higher SV40 Tag levels compared to WI38VAL3 (Fig-
whether the degree of p21 inhibition was correlated ure 2A). The induction of p21 in MRC-5 was significant
with SV40 Tag expression, since MRC-5V1 cells have (Figure 2B), but was virtually eliminated in MRC-5V1
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FIG. 3. Western blot analyses of FT169A A-T fibroblasts. Western blot showing p53-dependent p21 induction after 10 Gy ionizing
radiation in A) FT169A pCMV-Neo-Bam empty vector, B) FT169A pC53-SN3 wild type p53, and C) FT169A pC53-SCX3 dominant negative
p53 A-T fibroblasts. Cell lysates were extracted 12, 24 h after sham irradiation and 0, 3, 6, 9, 12, 24 h after 10 Gy irradiation. Bar graphs
represent densitometric analyses of the p21 bands for the irradiated samples normalized to the respective 10 Gy irradiated 0 h p21 samples.
D) Western blot showing expression of SV40 large T antigen in WI38VA13 and FT169A SV40 immortalized fibroblasts. Bar graph represents
densitometric analysis of the SV40 Tag bands normalized to the WI38VA13 sample.
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(Figure 2C), suggesting that the reduced p53 activity
compared to WI38VA13 is probably due to increased
p53 sequestration by SV40 Tag.

In order to confirm that p53 activity was being influ-
enced by Tag expression, SV40 immortalized fibro-
blasts from a patient with the neurodegenerative dis-
ease A-T were used to assess p53 activity. A-T cells are
known to have delayed induction of p53, and conse-
guently a delayed induction of p21, in response to ion-
izing radiation (1, 15). Since the p53-dependent p21
response was already attentuated, we speculated that
perhaps SV40 immortalization would further reduce
p53 activity. FT169A cells transfected with the empty
vector (pCMV-Neo-Bam) showed minimal p21 induc-
tion after 10 Gy ionizing radiation (Figure 3A).
Whereas, overexpression of p53 in FT169A cells re-
stored p53-dependent p21 induction with the delayed
kinetics that is typical (Figure 3B), expression of dom-
inant negative p53 removed p21 transactivation (Fig-
ure 3C). These findings again support the notion that
the binding of p53 by SV40 Tag diminishes but does not
completely abolish p53 dependent activity in SV40 im-
mortalized cells.

Further evidence suggesting that p53 is still func-
tional in SV40 immortalized fibroblasts is that overex-
pression of exogenous p53 in WI38VA13 resulted in cell
death, while overexpression of p53 in FT169A fibro-
blasts, which harbor a higher level of SV40 Tag (Figure
3D), was not toxic. This suggested that perhaps over-
expression of exogenous p53 in cells already harboring
functional endogenous levels might exceed some toxic
threshold.

SV40 immortalization and p53-dependent G, cell cy-
cle arrest after irradiation. In order to assess p53
functionality at the phenotypic level, G, arrest was
measured by flow cytometry to determine whether
SV40 immortalization had any influence on the ability
of p53 to arrest the cell cycle after DNA damage. Flow
cytometry, following 10 Gy irradiation, was performed
on the WI-38 and MRC-5 cell lines and their deriva-
tives (Figure 4). The major indicators of G, arrest in-
clude the depletion of cells from early S phase and the
retention of the G, peak in a standard flow cytometry
histogram. Only the primary cells demonstrated G,
arrest (Figures 4A and 4E). In all cases of SV40 im-
mortalization, G, arrest was absent regardless of p53
status (Figures 4B, 4C, 4D, and 4F). The expression of
dominant negative p53 (pC53-SCX3) in WI38VA13 did
not alter the profile (Figure 4B vs. 4C), suggesting that
the G, checkpoint inactivation in the WI38VA13 cell
line was complete.

Since overexpression of wild-type p53 in FT169A A-T
cells was not toxic, these cells were also assessed for G;
arrest to determine whether the cell cycle checkpoint
would be restored. As shown in Figure 5, G, arrest was
completely absent in cells overexpressing p53 even
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FIG. 4. Flow cytometry of A) WI-38, B) WI38VA13, C) WI38VA13
pC53-SCX3, D) WI38VA13 pCMV-Neo-Bam, E) MRC-5, and F)
MRC-5V1 fibroblasts. In each set, first two histograms represent
sham-irradiated samples harvested 0 and 9 h post-irradiation. Sec-
ond two histograms represent 10 Gy irradiated samples harvested 0
and 9 h post-irradiation. All samples were fixed with 70% ethanol
and stained with propidium iodide to plot cell number vs. DNA
content.

Unirradiated

though p21 transactivation was restored (Figure 3B).
In addition, FT169A cells with dominant negative p53
had no G, arrest (Figure 5). Thus, SV40 immortaliza-
tion appears to completely eliminate cell cycle check-
point activity even when p53-dependent p21 transac-
tivation is partially functional.

Radiation-induced apoptosis in SV40 immortalized
human fibroblasts. Another significant p53-mediated
phenotype is radiation-induced apoptosis. In order to
determine whether p53 was functional in SV40 immor-
talized human fibroblasts, radiation-induced apoptosis
was measured in both primary and SV40 immortalized
cell lines, as well as the WI-38 p53 transfectants, to
determine whether SV40 immortalization modulated
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FIG. 5. Flow cytometry analysis of A) FTI169A pC53-SN3 and B) FT169A pC53-SCX3 A-T fibroblasts. Samples are either sham
irradiated, 5 Gy irradiated, or 10 Gy irradiated and harvested 0, 3, 6, 9, 24 h post-irradiation and stained with propidium iodide to plot cell

number vs. DNA content.

p53-dependent apoptosis. To address this issue, all cell
lines were irradiated with 10 Gy gamma radiation and
apoptosis was scored over 0, 24, 48, 72, and 96 h post-
irradiation. Apoptosis was measured by counting cells
that had the characteristic chromatin fragmentation
as measured by DAPI (Figure 6A). As shown in Figure
6B, all SV40 immortalized cell lines, regardless of p53
status, had significantly increased apoptosis compared
to the parental primary cell lines.

DISCUSSION

The SV40 Tag has been shown to bind to the tumor
suppressor protein p53 (8—10). This binding activity
ascribed to the large T antigen has been associated

with its ability to transform primary murine cells (16,
17) and extend the lifespan of human cells (11). The
p53-mediated response in SV40-transformed murine
cells has recently been determined to be functional
(12), but the DNA damage-induced p53 response in
SV40-immortalized human cells has not been charac-
terized. In this study, we have demonstrated, using
three different SV40-immortalized cell lines, that the
DNA damage-induced p53 response in SV40 immortal-
ized human fibroblasts is partially functional with re-
gard to radiation-induced p21 upregulation. However,
radiation-induced G, arrest is completely absent in
SV40 immortalized fibroblasts. In addition, SV40 im-
mortalization upregulates radiation-induced apopto-
sis. Therefore, the data suggests that although resid-

174



Vol. 257, No. 1, 1999

A

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

B

Apoptosis of Fibroblasts (10 Gy Iradiation)

035

0.30 4

0.25 4

0.20

Apoptotic Fraction
{=1
I

T T T T T T
[¥] 20 40 60 Bo 100 120

Time {h}

FIG. 6. Radiation-induced apoptosis of fibroblasts. A) Representative WI38VA13 apoptotic cell 96 h post-irradiation. DAPI stain. B) Plot
showing apoptotic fraction of given cell lines measured 0, 24, 48, 72, and 96 h after 10 Gy ionizing radiation. Closed circle = MRC-5V1; closed
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inverted triangle = WI-38. MRC-5 plot has been artificially displaced from WI-38 plot for proper visualization. Data points represent the

mean of two independent experiments.

ual p53 activity remains, SV40 immortalization
engenders a new phenotype that can neither be classi-
fied as being p53-null nor as being wild-type for p53
activity.

The mechanism of this phenomenon needs to be elu-
cidated, but at least three possibilities exist. First, the
level of suppression of p53 activity by SV40 Tag may be
enough to inhibit G, arrest but not apoptosis. In fact,
the data suggest that although the characteristic ki-
netics of p53-mediated p21 transactivation are re-
tained in SV40-immortalized cells, the magnitude of
the response is reduced and G, arrest is absent. This
suggests that a certain threshold of p21 activity may be
required for G, arrest to occur post-irradiation. In
WI38VA13, the residual p53 activity is sufficient for
DNA damage-induced p21 transactivation, which can
be further reduced through expression of dominant-
negative p53. The attenuation of p21 transactivation is
probably dependent upon the expression level of the
SV40 Tag, since higher expression of SV40 Tag (e.g.
MRC-5V1 fibroblasts) further attenuates p21 trans-
activation.

G, cell cycle arrest remained absent even when p53-
dependent p21 transactivation was partially restored
by overexpressing p53 in FT169A A-T fibroblasts. The
restored p53-dependent p21 induction in FT169A cells
was delayed as compared to primary fibroblasts, which
is characteristic for A-T cells. Thus, overexpression of
p53 in A-T cells restores characteristically delayed p21
expression in response to ionizing radiation.

In addition, the removal of p53 has traditionally been
associated with decreased apoptosis (18). Despite the

p53-null phenotype for G, arrest, all of the SV40-
immortalized cells showed greatly increased apoptosis
relative to primary cells. Recent evidence has suggested
that merely the presence of some functional p53 is re-
quired for induction of apoptosis (19), so the p53 compe-
tent phenotype for apoptosis may reflect a lower activity
threshold than for G, arrest. This explanation, however,
is counterintuitive, since apoptosis is thought to be a
consequence of excessive DNA damage, and G, arrest a
protective measure against lower damage levels.

A second explanation for the presence of p53-
mediated p21 transactivation and upregulated apopto-
sis without cell cycle arrest may be the fact that the
amino terminus of SV40 Tag can also bind to Rb and
Rb-related proteins (20), which are downstream of p53
and are directly responsible for inhibiting S phase ini-
tiation. This theory is consistent with earlier studies
demonstrating that expression of the Rb-binding
N-terminal domains of SV40 Tag was sufficient to over-
come p53-mediated growth arrest in fibroblast cell
lines (21, 22). Thus, Rb binding may be more signifi-
cant than p53 binding in the inhibition of growth arrest
by SV40 Tag.

Recent evidence has suggested that removal of cell
cycle checkpoints upregulates apoptosis (23, 24). One
may argue that the SV40 Tag-mediated loss of G, ar-
rest through binding of Rb or a related mechanism may
increase apoptosis post-irradiation because of a dereg-
ulated cell cycle checkpoint pathway. This hypothesis
may be conceptually justified by considering that the
failure of primary fibroblasts to undergo apoptosis may
be due to their strong p21-induced G, arrest, since loss
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of p21-mediated arrest results in increased apoptosis.
In this model, then, all p53-dependent functions are
actually normal in SV40 immortalized lines.

A third explanation for this phenomenon is that the
SV40 Tag mediates radiation-induced apoptosis via a
novel p53-independent mechanism that is yet to be
described. The possibility that the SV40 Tag somehow
is directly involved in the apoptotic response cannot be
eliminated. However, there is no evidence to support
this notion, and it would require that SV40 Tag stim-
ulate a currently unknown damage-responsive trans-
duction pathway.

These findings have wide-ranging implications, since
many cellular studies, including molecular studies of ge-
netic defects such as A-T, employ SV40 immortalized
fibroblasts for mechanistic experimentation. Since SV40
immortalization apparently engenders a unique pheno-
type that is neither p53-null nor p53 wild-type, mecha-
nistic conclusions about potentially p53-mediated re-
sponses are suspect, and care should be taken when
drawing mechanistic conclusions about the involvement
of p53.
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