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Serum-free mouse embryo (SFME) cells are a neural stem cell line that is dependent upon epidermal growth
factor (EGF) for survival. Removal of EGF results in the G1 arrest and apoptosis of SFME cells. We have
shown that the expression of simian virus 40 large T antigen in SFME cells blocks apoptosis and allows cell
survival and division in the absence of EGF. Therefore the presence of T antigen abrogates the EGF require-
ment. The steady-state levels of p53, p21, and mdm-2 do not increase as SFME cells undergo apoptosis upon
EGF withdrawal. Furthermore, the amino-terminal 136 amino acids (N136) of T antigen are sufficient to block
death and to promote proliferation in the absence of EGF, while the carboxy-terminal fragment (C251–708),
which contains the p53 binding site, is unable to block death. Taken together, these data suggest that SFME
cells deprived of EGF undergo p53-independent apoptosis. Mutations that disrupt either the J domain or Rb
family binding abolish the ability of T antigen to block SFME cell apoptosis and to promote cell growth. We
conclude that T antigen must act on one or more members of the Rb family to inhibit SFME cell apoptosis.

Tissue homeostasis is maintained as a balance by the growth
and the death of cells. Proliferation, growth arrest, and apo-
ptosis must occur in an ordered, scheduled manner, proceed-
ing at defined times during the development and life span of an
organism. Disruption of these events offsets the balance, and
homeostasis is destroyed. The disregulation of homeostasis
due to the loss of proliferative or apoptotic control contributes
to tumorigenesis.

Apoptosis is a tightly regulated process that occurs in re-
sponse to a cascade of intracellular signals. Required for the
normal development of multicellular organisms, apoptosis can
proceed in response to numerous and diverse stimuli, for ex-
ample UV radiation (9, 20, 28) or the removal of a required
growth factor such as nerve growth factor (30; reviewed in
reference 10). Apoptosis proceeds through a multitude of sig-
nal transduction pathways that are the subject of intense in-
vestigation. Much effort has gone into distinguishing pathways
that require the activation of the tumor suppressor p53 and
those that proceed in a p53-independent manner. Apoptosis
also serves as a defense mechanism for the cell, occurring in
response to foreign invaders such as viruses. In response, vi-
ruses have evolved mechanisms to manipulate cellular apopto-
sis. There are numerous examples of gene products from di-
verse viral species that act to induce or inhibit apoptosis
(reviewed in reference 47). The large T antigen of simian virus
40 (SV40) disrupts homeostasis by modulating cellular prolif-
eration and apoptosis. The expression of SV40 large T antigen
in transgenic mice induces, among other things, choroid plexus
tumors (45) and intestinal hyperplasia (22).

Mouse embryo cells cultured in basal nutrient medium sup-
plemented with serum eventually undergo growth crisis and

senescence. The resulting established cell lines are often
genomically altered, immortalized, and/or tumorigenic, dis-
playing gross chromosomal abnormalities (48). Serum-free
mouse embryo (SFME) cells are a preastrocyte cell line (38,
41) that was derived and cultured in a basal nutrient medium
in which serum is replaced by a defined array of growth factors
and other supplements. These procedures have allowed the
extended proliferation of SFME cells with no detectable
growth crisis or gross genomic alteration. In addition, they are
nontumorigenic in syngeneic or athymic mice (26). Interest-
ingly, SFME cells are growth inhibited by the presence of
serum and arrest in the G1 phase of the cell cycle (36). Epi-
dermal growth factor (EGF) is required for SFME cell survival
and proliferation. The removal of EGF results in G1 arrest and
apoptosis (37). The SFME system offers an opportunity to
distinguish the signaling pathways that mediate growth arrest
and apoptosis.

Established cell lines are typically cultured in basal nutrient
medium supplemented with serum. It has been shown that cells
transformed by T antigen are able to grow in concentrations of
serum that will not support the survival of the parental cell line
(16). T antigen also eliminates the growth factor requirement
of established cell lines such as C3H10T1/2 and NIH 3T3 cells
grown in serum-free media (7, 8). T antigen interacts with a
number of cellular factors including the cellular tumor sup-
pressors p53 and pRb, which are involved in G1 arrest and
apoptosis. In accordance with its role as a cellular tumor sup-
pressor, p53 is a key component of many cell death pathways
(27, 50). It acts as one of the primary elements involved in
generating the signal to arrest in G1 (20, 21, 23) and to undergo
apoptosis (27, 50). Similarly, pRb plays a major role in G1

checkpoint control (18, 34) and recently has been linked to
apoptosis with the discovery of a consensus caspase cleavage
site in its C terminus (46). The transforming potential of SV40
correlates with the ability of T antigen to interact with pRb and
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p53 (12, 42). Therefore, we used T antigen as a tool to identify
the cellular factors involved in SFME apoptosis.

MATERIALS AND METHODS

Cell culture and extracts. Detailed procedures for the initiation and culture of
SFME cells have been published (24, 25). The medium was a 1:1 mixture of
Dulbecco’s modified Eagle’s medium and Ham’s F12 (17, 29) supplemented with
15 mM HEPES (pH 7.4), 1.2 g of sodium bicarbonate per liter, penicillin (120
mg/ml), streptomycin (200 mg/ml), and ampicillin (25 mg/ml) (F/D). Cells were
cultured in medium supplemented with 10 mg of insulin per ml, 10 mg of
transferrin per ml, 10 mg of high-density lipoprotein per ml, 50 ng of EGF per
ml, and 1028 M sodium selenite, on dishes or flasks precoated with 10 mg of
fibronectin per ml. The cells were maintained at 37°C in a 5% CO2–95% air
atmosphere. Growth factors were obtained from Sigma Chemical Co. (St. Louis,
Mo.). For the preparation of extracts, the cells were scraped into F/D and
centrifuged. The cell pellet was resuspended in lysis buffer (50 mM Tris [pH 8.0],
5 mM EDTA, 150 mM NaCl, 0.5% Nonidet P-40) containing a cocktail of
protease inhibitors (1 mg of leupeptin per ml, 0.7 mg of pepstatin per ml, 2.5 mg
of E64 per ml, 50 ng of phenylmethylsulfonyl fluoride per ml, 1 mg of aprotinin
per ml, 10 mg of soybean trypsin inhibitor per ml, 10 mg of tolylsulfonyl pheny-
lalanyl chloromethyl ketone [TPCK] per ml, 1 mM EDTA, 1 mM dithiothreitol).
Samples were incubated on ice for 20 min, vortexed, and centrifuged for 30 min
at 20,800 3 g at 4°C. The protein concentration was determined by the Bradford
assay (39).

Transfection of SFME cells. SFME cells were transfected by a calcium phos-
phate method (2) with minor adjustments. Two hours prior to the start of the
procedure, F/D (supplemented) plus 10% charcoal-stripped calf serum (Sigma)
was added to a 10-cm dish of cells that were at 80 to 90% confluent. The 10%
charcoal-stripped calf serum allows the proliferation of SFME cells provided that
they are supplemented with all of the required growth factors, and it seems to
protect the cells from the CaCl2, which tends to kill them otherwise. Plasmid
DNA (10 mg) and 20 mg of carrier DNA (fish sperm DNA [Sigma]) were ethanol
precipitated, prepared, and added to the cells as described previously (2). If the
plasmid did not contain a G418 resistance gene, the cells were cotransfected with
2 mg of a plasmid containing the G418 resistance gene. The cells were incubated
in the precipitate for 4 to 6 h, at which time the medium was replaced with F/D
(supplemented) plus 10% charcoal-stripped calf serum. The following morning,
the cells were split into three dishes, allowing them to recover. When they
appeared healthy, selection for G418 resistance was applied by adding G418
(Sigma) (its concentration varies and is optimized for each lot) or by placing the
cells in medium that contained all of the required factors except EGF. The
plasmids used were pRSVbneoN136 (42); pSVneoT, which contains the G418
resistance gene and wild-type T antigen, and PKO-NEO, which expresses the
G418 resistance gene (both kindly provided by Edward Harlow); C251-708 (4);
and pRSVbneo3213, pRSVbneoN136-3213, pRSVb1135, pRSVb1135-1137, and
pRSVbneo5110 (42).

Immunoprecipitation. Equal concentrations of lysates were used for the im-
munoprecipitation protocol, and the volumes were adjusted to 500 ml with lysis
buffer. To each sample, 50 ml of 50% protein A-Sepharose beads (Pharmacia)
was added and the samples were rocked at 4°C for 1 h. The samples were
centrifuged at 4°C for 20 min at 20,800 3 g, and the supernatants were trans-
ferred to fresh tubes containing the appropriate antibody (rabbit anti-p53 anti-
body was a gift from the Tevethia Laboratory, p21 antibody was a gift from the
Beach Laboratory, and mdm-2 antibody was a gift from the Levine laboratory).
The samples were rocked for 30 min at 4°C. A 50-ml volume of 50% protein
A-Sepharose was added, and the incubation was continued for an additional 15
min before the immune complex was pelleted by centrifugation at 20,800 3 g for
20 min at 4°C. The pellet was washed three times with 1 ml of SNNTE (5%
Sucrose, 1% Nonidet P-40, 0.5 M NaCl, 50 mM Tris [pH 7.5], 5 mM EDTA) and
once with 1 ml of NTE (50 mM NaCl, 1 mM Tris [pH 7.5], 5 mM EDTA) by
resuspending the pellet in 1 ml of NTE, vortexing the sample for 10 s, and
centrifuging it at 20,800 3 g for 2 min. The pellet was resuspended in 20 ml of
53 sample buffer (1.54 g of dithiothreitol, 2 g of sodium dodecyl sulfate, 8 ml of
1 M Tris [pH 6.8], 10 ml of glycerol, 0.003% bromphenol blue) boiled for 5 min,
and the proteins were separated on a sodium dodecyl sulfate–8 to 12.5% poly-
acrylamide gel. The proteins were electrophoresed at 80 to 150 V for 1 to 4 h.
The results were analyzed by immunoblotting.

Immunoblot analysis. Immediately following electrophoresis, the proteins
were transferred to a polyvinylidene difluoride membrane (Millipore). They were
transferred overnight at 18 V in Western transfer buffer (3.03 g of Tris base,
14.4 g of glycine, and 200 ml of methanol per liter) at 4°C. Following transfer, the
membrane was placed in blocking buffer (phosphate-buffered saline, 10% pow-
dered low-fat milk [Carnation]) for 1 h on a rocking platform at room temper-
ature. The blocking buffer was decanted, and the membrane was placed in
blotting buffer (1 mM EDTA, 10 mM Tris, 100 mM NaCl, 0.1% powdered
low-fat milk) containing the appropriate primary antibody. The following con-
centrations of primary antibodies were used: anti-T antigen PAb 416 ascitic fluid,
1:2,500; anti-T-antigen PAb 419 ascitic fluid, 1:2,500; anti-T antigen 901 hybrid-
oma supernatant, 1:200; rabbit anti-p53, 1:2,500; mouse anti-p21 ascitic fluid (gift
from David Beach), 1:1,000; anti-mdm-2 (gift from Arnold Levine) ascitic fluid,
1:1,000. The membrane was incubated in the primary-antibody solution for 1 h

on a rocking platform at room temperature. The primary antibody solution was
decanted, and the membrane was washed in rinse buffer (1 mM EDTA, 10 mM
Tris, 100 mM NaCl, 1% Tween 20) for 30 min, changing the rinse buffer every 5
min. The membrane was transferred to a secondary-antibody solution composed
of blotting buffer and a 1:30,000 dilution of the mouse Fc portion of immuno-
globulin G conjugated to horseradish peroxidase (Sigma), or rabbit immuno-
globulin G conjugated to horseradish peroxidase. The membrane was incubated
for 1 h on a rocking platform at room temperature. The secondary-antibody
solution was decanted and the membranes were washed as before. The proteins
were detected with the Amersham ECL kit for chemiluminescence.

RESULTS

SFME cells are dependent upon EGF for their survival and
proliferation. SFME cells are routinely maintained in serum-
free medium supplemented with defined growth factors (24–
26). Under these conditions, the cells proliferate with no de-
tectable apoptosis and display an extended, fibroblast-like
morphology (Fig. 1A and D). Withdrawal of EGF from the
medium leads to apoptosis characterized by morphological
changes (Fig. 1B and D) as well as biochemical changes in the
cells (24). When placed in serum-containing medium, the cells
arrest in the G1 phase of the cell cycle and adopt an altered
morphology that appears epithelial (Fig. 1C). A trypan blue
viability assay (Fig. 1D) reveals that by as early as 8 h after the
removal of EGF, .30% of the cells are dead, demonstrating
the strict dependence of SFME cells on EGF.

p53 levels do not increase as SFME cells undergo apoptosis.
p53-dependent apoptosis pathways are often accompanied by
significant increases in the steady-state level of p53 (14, 20).
Therefore, we examined the steady-state levels of p53 in SFME
cells as they underwent apoptosis. Lysates were generated
from cells dividing in the presence of EGF and from cells that
were harvested at various times after the removal of EGF. In
our first experiment, 800 mg of total protein from each lysate
was immunoprecipitated by using an antibody directed against
p53 and compared by Western blot analysis probed with anti-
bodies directed against p53 and T antigen (Fig. 2A). We were
unable to detect p53 in lysates from cells that were actively
growing in the presence of EGF or from cells that were un-
dergoing apoptosis at any of the indicated time points after the
removal of EGF, suggesting that under both conditions, p53
levels are relatively low. In contrast, p53 was detectable in
lysates from SFME cells that express T antigen, suggesting that
the p53 expressed in SFME cells binds and is stabilized by T
antigen.

When we examined 5 mg of total protein for each sample by
immunoblotting (Fig. 2B), we detected p53 in all of the sam-
ples. This low level of p53 remains constant as apoptosis proceeds.

p21 and mdm-2 levels do not increase as SFME cells un-
dergo apoptosis. Next, we examined the levels of p21 and
mdm-2, two downstream effectors of p53 that are commonly
involved in apoptosis. The p21 gene is a p53-responsive gene
whose expression levels are known to increase when apoptosis
proceeds in a p53-dependent manner (13). Lysates were pre-
pared from cells cultured in medium containing EGF and from
cells that were harvested at 2, 4, 6, and 8 h after the removal of
EGF. Samples were immunoprecipitated with a monoclonal
antibody directed against p21 and analyzed by immunoblotting
(Fig. 3A). p21 levels remain unchanged as SFME cells undergo
apoptosis.

The mdm-2 gene is a p53-responsive gene that inhibits the
transactivation and repression functions of the p53 protein (5,
31, 33, 49). mdm-2 levels often increase during p53-dependent
apoptosis (6). We examined the steady-state level of mdm-2
present as cells underwent apoptosis (Fig. 3B) and did not see
a steady increase in mdm-2 levels. The small increase seen in
the mdm-2 level at 4 h was not reproducible. Therefore, as
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SFME cells die, p53, p21, and mdm-2 protein levels do not
increase. Taken together, these data strongly suggest that p53
is not activated in cells that are deprived of EGF. This suggests
that SFME cells undergo p53-independent apoptosis.

SV40 T antigen blocks the apoptosis of SFME cells in the
absence of EGF. T antigen induces and inhibits apoptosis in
various systems (1, 3, 19). To determine if SV40 T antigen
could alleviate the EGF requirement of SFME cells, a plasmid

FIG. 1. SFME cells require EGF for survival and growth. (A to C) Photomicrographs of SFME cells growing in complete serum-free medium (A), after 10 h in
serum-free medium that lacks EGF (B), and after 24 h in basal nutrient medium supplemented with 10% FBS (C). (D) Results of a trypan blue viability assay on SFME
cells in the presence and absence of EGF.
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expressing T antigen was transfected into SFME cells. Trans-
fections were performed in duplicate sets with each containing
a mock-transfected dish, a dish that received the G418 resis-
tance plasmid, and a dish that received T antigen cotransfected
with the G418 resistance gene. In one set, we removed EGF
from the medium and directly selected for the ability to grow
in the absence of EGF. Of the 15 colonies that arose (Table 1),
5 were picked and expanded into cell lines. All five cell lines
grew in the absence of EGF (see Fig. 5B) as well as in the
presence of 10% fetal bovine serum (FBS), and all five cell
lines expressed T antigen (see Fig. 6A). The second set of
dishes underwent G418 selection in the presence of EGF, and
surviving colonies were picked and expanded into cell lines.
T-antigen expression was confirmed by immunoblotting. The
cell lines were then subjected to selection in the absence of
EGF. The results obtained from both rounds of this selection
process always correlated. Every cell line expressing T antigen
was able to grow in the absence of EGF at a division rate
comparable to that of parental cells plated in the presence of

EGF. In addition, T-antigen expression allowed cells to over-
come the growth-inhibitory effects of serum, supporting pro-
liferation in the presence of 10% FBS.

In comparison, cells that were transfected with the G418
resistance plasmid alone (PKO-NEO) were subjected to the
same selection scheme (Table 1). When selection in the ab-
sence of EGF was applied, no colonies were observed. In fact,
we have never seen spontaneous colony formation in the
mock-infected dishes or in the dishes that received the G418
resistance gene alone under selection in the absence of EGF.
Under G418 selection, 30 colonies were obtained. When ex-
panded into cell lines, none were able to grow in 10% FBS or
to survive in the absence of EGF.

The J domain and Rb binding motif of T antigen are re-
quired to block apoptosis. We determined that T antigen al-
leviates the EGF requirement of SFME cells. We next wanted
to determine which activity of T antigen was responsible for
this effect. We transfected SFME cells with plasmids that ex-
press mutants of T antigen defective in each of the known

FIG. 2. (A) Steady-state levels of p53 remain unchanged during SFME ap-
optosis. Immunoblot analysis of the p53 levels in SFME cells in the presence and
absence of EGF is shown. Cells were harvested at 0, 2, 4, 6, and 8 h after the
removal of EGF (lanes 5 to 9). Cells that had not been deprived of EGF were
harvested 8 h after the medium was replaced (lane 10). SFME T Ag 1 (lane 3)
and SFME T Ag 2 (lane 4) are SFME cell lines that stably express T antigen (T
Ag) and are grown in the absence of EGF. For all of the above, 800 mg of total
protein was analyzed. Lane 1 contains 100 ng of immunopurified p53, and lane
2 contains antibody alone. Samples were immunoprecipitated with a rabbit
anti-p53 antibody, and the immunoblot was probed with a p53 antibody and a
T-antigen antibody. (B) Immunoblot analysis of p53 levels in lysate from SFME
cells that were harvested at 2 and 8 h after the removal of EGF (lanes 3 and 4).
Cells that had not been deprived of EGF were harvested 8 h after being fed (lane
5). A 5-mg portion of total protein was analyzed for each sample. Lane 1 contains
100 ng of immunopurified p53, and lane 2 contains 50 ng of immunopurified p53.
The Western blot was probed with a rabbit anti-p53 antibody.

FIG. 3. (A) Steady-state levels of p21 and mdm-2 do not increase during
SFME apoptosis. An immunoblot of p21 levels from lysates generated from
SFME cells that were harvested at 0, 2, 4, 6, and 8 h after the removal of EGF
(lanes 2 to 6) is shown. Cells that were growing in the presence of EGF were
harvested 8 h after the medium was replaced (lane 6). Lane 1 contains antibody
alone. A 5-mg portion of total protein for each sample was immunoprecipitated
with a monoclonal p21 antibody. The blot was probed with the same antibody.
IgG, immunoglobulin G. (B) Immunoblot analysis of mdm-2 levels from lysates
that were generated from SFME cells harvested at 0, 2, 4, 6, and 8 h after the
removal of EGF (lanes 2 to 6). Cells growing in the presence of EGF were
harvested 8 h after the medium was replaced (lane 7). Lanes 1 and 8 are
antibody-alone controls. A 75-mg portion of total protein from each sample was
immunoprecipitated with a monoclonal mdm-2 antibody, and the blot was
probed with the same antibody.
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transforming activities. First, we examined an amino-terminal
mutant termed N136, which consists of the first 136 amino
acids of T antigen and includes the J domain, conserved region
2 (CR2), and nuclear localization signal (Fig. 4). As shown in
Table 1, SFME-N136 cell lines grew in the absence of EGF
(Fig. 5C) as well as in the presence of 10% serum. As with the
SFME-T-antigen cell lines, SFME-N136 cells displayed a
healthy morphology characteristic of the parental line. Protein
expression was confirmed by immunoblot analysis (Fig. 6B).

Next we tested the mutant C251–708, expressing amino acids
251 to 708 of T antigen (Fig. 4). This mutant lacks the J
domain, CR2, the nuclear localization signal, and DNA bind-
ing activity yet retains the ability to bind p53 (4). When trans-
fected cells were plated in the absence of EGF, no colonies
were obtained. When transfected cells were placed under G418
selection, no colonies were obtained and protein expression
was confirmed (data not shown), but when these cells were
transferred to medium that did not contain EGF, all of the
cells died. Thus, N136 allows the survival and growth of SFME
cells cultured in the absence of EGF while C251–708 fails to
block apoptosis. This supports the conclusion that SFME cells
deprived of EGF undergo p53-independent apoptosis.

N136 contains two genetic elements that are required for the

TABLE 1. Colony formation when SFME cells are transfected with
T antigen or mutants of T antigen and subjected to selection in the

absence of EGF and in the presence of G418

DNAa

No. of colonies
obtained

No. of
colonies

expressing
proteind

No. of
colonies
growing
without
EGFe

Without
EGFb

With
G418c

T antigen 15 20 5 5
N136 20 31 10 10
3213 0 14 8 0
N136–3213 0 26 3 0
1135 0 15 6 0
1137–1135 0 12 5 0
5110 0 18 7 0
PKO-NEO 0 30 0

a This column indicates the plasmid that was transfected into the cell. PKO-
NEO is a G418 resistance plasmid.

b Number of colonies obtained after transfected cells were placed in medium
that did not contain EGF.

c Number of colonies obtained when transfected cells were placed in medium
containing G418.

d Subset of colonies from the G418 selection that were examined for T-antigen
expression.

e Number of T-antigen colonies that were able to grow in the absence of EGF.

FIG. 4. SV40 T-antigen mutants transfected into SFME cells. T-antigen mutants were transfected into SFME cells, and the ability of each to confer survival and
allow growth in the absence of EGF was determined (shown on the right [data are given in Table 1]). Wt is full-length wild-type T antigen. N136 is the first 136 amino
acids of T antigen, defective for the ability to bind p53. C251–708 is composed of amino acids 251 to 708, defective for the J domain and for the ability to interact with
the pRb family. N136–3213 is N136 with E107K and E108K. 3213 is full-length T antigen with E107K and E108K, defective for the ability to interact with the pRb family.
1135 (D17–27) and 5110 (D44N) mutations disrupt the J domain.
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FIG. 5. Photomicrographs of T-antigen mutants cultured in the absence of EGF. (A) SFME cells growing in complete serum-free medium; (B) SFME T Ag cells
growing for 28 h in serum-free medium that lacks EGF; (C) SFME-N136 cells growing for 29 h in serum-free medium that lacks EGF; (D) SFME cells that were mock
transfected with carrier DNA cultured for 8 h in serum-free medium that lacks EGF; (E) SFME-1135 cells cultured for 10 h in serum-free medium that lacks EGF;
(F) SFME-3213 cells cultured for 8 h in serum-free medium that lacks EGF; (G) SFME-5110 cells cultured for 9 h in serum-free medium that lacks EGF.
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transformation of various cell types, the J domain and con
served region 2 (CR2) (43). To determine which region of T
antigen was required to allow growth in the absence of EGF,
we tested mutants with mutations affecting either the J domain
or CR2 in the context of a full-length T antigen as well as in the
context of N136 (Fig. 4).

CR2 governs the interaction of T antigen with the pRb
family of proteins. To determine if an interaction between T
antigen and a pRb family member is required to allow SFME
cell growth in the absence of EGF, we examined the effect of
the 3213 mutation (E107K, E108K), which disrupts that inter-
action (42). Table 1 shows that SFME cells that expressed 3213
or the double mutant N136–3213 failed to grow in the absence
of EGF. Figure 5F shows an SFME-3213 cell line undergoing
apoptosis upon removal of EGF. We conclude that T antigen
must act on one or more members of the pRb family of pro-
teins to block apoptosis and support growth in the absence of
EGF. N136–3213 and 3213 protein expression was confirmed
by immunoblot analysis (Fig. 6B and D).

To examine the role of the J domain in the ability of T
antigen to abrogate the EGF requirement, mutants 1135 and

5110 were examined (Fig. 4). The 1135 mutation (D17–27)
disrupts the J domain. SFME cells were transfected with 1135
and with 1135 carried in an amino-terminal mutant, 1137–
1135. When cells transfected with 1135 and 1137–1135 were
plated in medium that did not contain EGF, no colonies were
obtained (Table 1) and the cells underwent apoptosis (Fig.
5E). Colonies were obtained when transfected cells were
placed under G418 selection, cell lines were generated, and
protein expression was confirmed by immunoblotting (data not
shown). These cells failed to grow in the absence of EGF.

Mutation 5110 (D44N) alters the conserved HPDKGG mo-
tif within the J domain. When cells transfected with 5110 were
plated in medium that did not contain EGF, no cells survived
(Table 1, Fig. 5G). Colonies were obtained when transfected
cells were placed under G418 selection, cell lines were gener-
ated, and 5110 protein expression was confirmed by immuno-
blot analysis (Fig. 6C). These cells failed to grow in the absence
of EGF. Therefore, mutants of T antigen that contain disrup-
tions in the J domain or the pRb family binding motif are
defective in the ability to block apoptosis.

FIG. 6. (A) The ability of T-antigen mutants to block apoptosis is independent of the level of protein expression. Immunoblots of T antigen from SFME-T Ag cell
lines are shown. Lanes: 1, 901 antibody alone; 2, 50 ng of immunopurified T antigen; 3 to 6, SFME-T Ag cell lines that grow in the absence of EGF (it is unclear why
purified T Ag migrated differently from the T Ag expressed in SFME cells); lane 7, SFME T-antigen cell line that grows in the presence of 10% FBS. Samples were
immunoprecipitated, and the blot was probed with 901 antibody. (B) Western blot of N136 and N136–3213 from SFME cell lines. Lanes: 1, 416/419 antibody alone;
2 and 3, SFME-N136 cell lines that grow in the absence of EGF; 4 to 6, SFME-N136–3213 cell lines. The samples were immunoprecipitated, and the blot was probed
with 416 and 419 monoclonal T-antigen antibodies. (C) Immunoblot of 5110 from SFME cell lines. Lanes: 1, lysate from SFME parental cells; 2, 100 mg of
immunopurified T antigen; 3 to 5, SFME-5110 cell lines. The Western blot was probed with 901 antibody. (D) Immunoblot of 3213 from SFME cell lines. Lanes: 1,
150 ng of purified T antigen; 2 to 4, SFME 3213 cell lines; 5, negative control antibody alone; 6, lysate from SFME parental cells; 7, lysate generated from intestinal
cells of a T-antigen-positive transgenic mouse. Samples were immunoprecipitated, and the Western blot was probed with 901 antibody. Again, purified T antigen
migrated differently from SFME-expressed T antigen.
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DISCUSSION

Apoptosis is essential for normal development and for main-
taining tissue homeostasis. At predetermined points during
development as well as throughout the life span of the organ-
ism, cells are programmed to die. Failure to do so sometimes
contributes to tumorigenesis. In addition to being a required
process in development, apoptosis exists as a defense mecha-
nism for the cell. In response to a variety of environmental as
well as physiological insults, cells activate their death pro-
grams. Consequently, many viruses have evolved mechanisms
which allow them to target and manipulate cellular apoptosis.
SV40 large T antigen induces apoptosis in a variety of tissues
in transgenic mice (1, 3). In this report, we show that T antigen
can also block apoptosis.

SFME cells were derived and are maintained in serum-free
medium supplemented with EGF and other growth factors.
Although they have been passaged in culture for years, SFME
cells have not undergone a detectable growth crisis and exhibit
karyotypic stability (15). The presence of serum is growth re-
strictive and results in G1 arrest. When EGF is withdrawn,
SFME cells also arrest in the G1 phase of the cell cycle and
subsequently undergo apoptosis. By 8 h after the removal of
EGF, ;30% of the cells are dead, and by 48 h after the
removal of EGF, ;90% of the cells are dead (35), demonstrat-
ing a strict requirement for EGF and the rapid apoptosis that
proceeds in its absence. We have shown that the expression of
T antigen abrogates the EGF requirement, allowing the sur-
vival and division of SFME cells. T antigen also overcomes the
growth-inhibitory effects of serum, since SFME cells that ex-
press T antigen grow in the presence of 10% FBS without
additional supplements.

We are investigating the mechanism by which T antigen
blocks apoptosis. We began by examining which cellular fac-
tors are targeted by T antigen in SFME cells. In doing so, we
showed that the apoptosis of SFME cells occurs in a p53-
independent manner. p53, p21, and mdm-2 levels do not in-

crease as SFME cells undergo apoptosis. Furthermore, N136 is
capable of blocking apoptosis whereas C251–708, which binds
p53, is not. We conclude that an interaction between T antigen
and p53 is not required for the ability of T antigen to block
apoptosis.

Our data shows that T antigen must interact with one or
more members of the pRb family of proteins to block apopto-
sis and to allow growth in the absence of a required growth
factor. Mutants that have the pRb family binding site dis-
rupted, such as 3213 and N136–3213, are defective for the
ability to block apoptosis. The role of the pRb family in SFME
cell death is not yet known. However, it is known that SFME
cells are arrested in the G1 phase of the cell cycle before dying.
The pRb family of proteins are major components involved in
G1 checkpoint control and are mediators of G1 arrest (32). It
is conceivable that their role is to arrest the cells in G1, allow-
ing apoptosis to proceed.

The J domain of T antigen is also required to block SFME
cell death. Two possibilities exist: the J domain is targeting an
independent cellular factor (Fig. 7B), or J domain function is
required for action on the pRb family (Fig. 7A). The J domain
of T antigen functionally inactivates the pRb family of proteins
(44, 51). We have shown that the J domain must act in cis with
the pRb family binding motif to transform cells (42). Similarly,
other reports have shown that the J domain and CR2 must
function in cis to activate E2F (11, 40). Alternatively, Rb may
act as a growth arrest and/or death factor, functioning to pro-
mote the G1 arrest and/or apoptosis of SFME cells deprived of
EGF. In this instance, it is conceivable that T antigen functions
to inactivate Rb, allowing SFME cell survival and division in
the absence of EGF. Further work is required to discern the
role of the pRb family in SFME cell signaling.
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