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The adenovirus early gene product E1A is a potent stimulator of cellular proliferation, which when over-
expressed can overcome the growth-inhibitory effects of the polypeptide hormone transforming growth factor
b (TGF-b). The ability of TGF-b to arrest cell growth in G1 correlates with the transcriptional induction of the
cyclin-dependent kinase inhibitors, p15/INK4B and p21/WAF1/Cip1; an inhibition of the G1 cyclin-Cdk com-
plexes; and a maintenance of the retinoblastoma susceptibility gene product, Rb, in a hypophosphorylated
state. The ability of E1A to overcome TGF-b-mediated growth inhibition derives, in part, from its ability to
sequester Rb and Rb family members. We report here that E1A also acts upstream of Rb by blocking the
TGF-b-mediated induction of p15 and p21. Consistent with these findings, E1A expression also blocks the
ability of TGF-b to inhibit Cdk2 kinase activity, as well as its ability to hold Rb in a hypophosphorylated state.
The effect of E1A on the induction of p15 and p21 is independent of E1A’s Rb binding activity. The E1A-
mediated decrease in p15 levels is primarily the result of a block at the level of transcriptional activation by
TGF-b. This effect is dependent on E1A’s ability to bind p300, one of E1A’s target proteins. Thus, the ability
of E1A to affect p15 and p21 expression represents an additional possible mechanism by which E1A can
circumvent the negative regulation of cell cycle progression.

The adenoviral oncoprotein E1A is an early gene product
from the adenovirus genome that acts as a potent stimulator of
cell cycle progression. In quiescent cells, E1A can force inap-
propriate S-phase progression, which, in the context of the
viral life cycle, is necessary for replication of the viral genome
(reviewed in reference 38). This proliferative effect of E1A is
also at the root of its actions as a potent oncoprotein and is
thought to stem from its ability to bind to and inactivate a
group of proteins which includes the tumor suppressor gene
product Rb (54), the Rb family members p107 (16) and p130
(17, 30), and the CBP-related protein, p300 (2, 12, 34–36, 55).
Perhaps the best understood of these E1A-binding proteins

is Rb. Rb is a classic tumor suppressor whose regulation
through phosphorylation is intimately linked to cell cycle pro-
gression (5, 7, 10, 32). In G0 and early G1, Rb exists in a
hypophosphorylated state, enabling it to bind to a family of
transcription factors known as E2Fs which regulate the expres-
sion of many genes that are necessary for S-phase progression
(3, 6, 11, 37). By binding to the E2Fs, Rb and Rb family
proteins prevent the transcription of these S-phase genes, both
by blocking the transactivating capabilities of E2F and by act-
ing as an active transcriptional repressor in the form of Rb-
E2F complexes when bound at certain promoters (4, 52; also
reviewed in references 37 and 51). As cells progress through
G1 and enter S phase, Rb becomes hyperphosphorylated by the
G1 cyclin-dependent kinases, cyclin D-Cdk4/Cdk6 and cyclin
E-Cdk2 (15, 39, 46; also reviewed in references 21 and 48). In
their hyperphosphorylated state, Rb and Rb family proteins no
longer bind to E2F family members, and these repressive ef-
fects of Rb are lost, resulting in the transcription of S-phase-

specific genes and S-phase progression (reviewed in reference
37).
In this conceptual context, a possible mechanism through

which E1A causes S-phase progression becomes apparent. By
binding to Rb family proteins and preventing their association
with the E2Fs, E1A can increase the level of active E2F and
relieve the transcriptional repression of S-phase-specific genes
to force S-phase progression (3, 22, 45).
Several studies of the role of E1A in overcoming the growth-

inhibitory effects of transforming growth factor b (TGF-b)
have suggested that E1A may exhibit multiple actions leading
to the inactivation of Rb function (1, 50). TGF-b is a potent
growth-inhibitory protein hormone which causes a G1 cell cy-
cle arrest in many cell types. This arrest is associated with a
decrease in G1 cyclin-Cdk complex kinase activity (23); an
activation of the cyclin-dependent kinase inhibitors, p21/
WAF1/Cip1 (8, 13, 28), p15/INK4B (17), and p27/KIP1 (43, 44,
47); an association of these inhibitors with their G1 cyclin-Cdk
targets; and a maintenance of Rb in a hypophosphorylated
state (25; reviewed in references 21, 41, and 57). By keeping
Rb hypophosphorylated, TGF-b prevents the E2F-mediated
activation of S-phase-specific genes. Expression of E1A pre-
vents TGF-b-mediated cell cycle arrest, due in part to the
ability of E1A to bind to and inactivate Rb (33, 42).
Interestingly, E1A also stimulates Rb phosphorylation in

TGF-b-treated cells (50) and blocks the TGF-b-mediated de-
crease in the activity of cyclin-Cdc2 complexes. These effects of
E1A are independent of Rb binding, since mutant E1A with
attenuated Rb binding ability functions like wild-type E1A (1,
31). These studies led to the hypothesis that E1A works not
only by binding to Rb but also by acting upstream of Rb to
cause its phosphorylation through the activation of cyclin-de-
pendent kinases (50). Given recent work demonstrating the
TGF-b-mediated regulation of the cyclin-dependent kinase
complexes by p15 and p21, these two cyclin-dependent kinase
inhibitors become likely candidates as targets for E1A’s action.
To test this hypothesis, we examined the ability of E1A to
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block the TGF-b-mediated transcriptional induction of p15
and p21.

MATERIALS AND METHODS

Cell culture and viral reagents. HaCaT cells were the generous gift of N. E.
Fusenig and P. Baukamp. HaCaT cells were maintained in a-minimum essential
medium with the addition of 10% fetal bovine serum (FBS), glutamine, penicil-
lin, and streptomycin (Gibco BRL). Purified wild-type E1A-expressing adenovi-
rus with a deletion in the E1B locus, E1A-928 mutant adenovirus also with a
deletion in the E1B locus, and the adenovirus control vector with deletions for
both E1A and E1B were the generous gift of J. Nevins. The E1A wild-type and
928 mutant viruses were created by E. Moran and first described in reference 36.
The relative multiplicity of infection (MOI) values for the different viruses were
determined by a standard viral titer assay using the highly infectible 293 cells.
Growth inhibition assays. HaCaT cells were plated in 12-well culture plates at

a density of 20,000 cells per well. Cells were then incubated in 0.2 ml of serum-
free medium with the indicated MOI of virus for 4 h. A total of 0.8 ml of medium
containing 10% FBS was then added to the cells. After 8 h, 100 pM TGF-b was
added to the TGF-b-treated cells, and cells were incubated for an additional
14 h. Four microcuries of [3H]thymidine was then added to each well, and after
2 h, cells were washed with phosphate-buffered saline, fixed for 1 h in 10%
trichloroacetic acid, and lysed in 0.2 N NaOH. Incorporation of [3H]thymidine
into DNA was measured with a scintillation counter. Percent growth inhibition is
the percent reduction of [3H]thymidine incorporation in TGF-b-treated cells
versus non-TGF-b-treated controls.
Western blot analysis. HaCaT cells were plated in 10-cm culture plates at a

density of 106 cells per plate. Cells were then incubated in 2 ml of serum-free
medium with the indicated MOI of virus for 4 h. Eight milliliters of medium
containing 10% FBS was then added to each plate. After 8 h, 100 pM TGF-b was
added to the TGF-b-treated cells, and cells were incubated for an additional
16 h. Cell lysates were prepared by lysing cells in a lysis buffer containing 50 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% Nonidet P-40, 50 mM NaF, 1 mM
sodium orthovanadate, 0.1 mM sodium molybdate, 20 mM b-glycerophosphate,
1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and protease inhibi-
tors. Protein concentrations were determined, and equal protein amounts of
each sample were resolved on either an 8% acrylamide–0.05% bisacrylamide–
sodium dodecyl sulfate gel for Rb or a 15% acrylamide–0.5% bisacrylamide–
sodium dodecyl sulfate gel for all others. Proteins were then transferred to
Immobilon P transfer membrane (Millipore). Blocking and antibody incubations
were performed in 4% dried milk and 0.1% Tween 20 in phosphate-buffered
saline for 1 h. Antibodies used for Western blots were as follows: anti-p-21
(a-p21) (Santa Cruz C-19), a-p15 (Santa Cruz C-20), a-E1A (Pharmingen M58),
a-Cdk2 (Santa Cruz M2), a-cyclin E (Santa Cruz HE111), a-Rb (monoclonal
mouse antibody XZ091), horseradish peroxidase-conjugated goat anti-rabbit,
and goat anti-mouse (Bio-Rad). Monoclonal anti-Rb antibodies were the gen-
erous gift of Ed Harlow (20). Western blots were developed with the ECL
reagent (Amersham).
Cdk2 histone H1 kinase assays.HaCaT cells were plated, infected, and treated

with TGF-b as described for Western blotting. CDK2 histone H1 kinase assays
were performed by first immunoprecipitating Cdk2 with a polyclonal Cdk2 an-
tibody (Upstate Biotechnology Inc. 06-148) and then assaying the ability of the
immunoprecipitates to phosphorylate histone H1 as previously described (8).
Luciferase assays. The DNA constructs used in luciferase assays were as

follows: the reporter vector p15P113-Luc as described in reference 29; the cyto-
megalovirus (CMV)-driven E1A expression vectors CMV-E1A, CMV-E1A 928,
and CMV-E1A D2-36, which were the generous gift of J. Nevins (24); the
CMV-driven p300 expression vectors CMV-p300 and CMV-p300dl10, which
were the generous gift of Y. Shi (26); and an empty CMV expression vector.
HaCaT cells, at a density of 200,000 cells per well in six-well culture plates, were
transfected with the appropriate DNA mixes by using a DEAE-dextran trans-
fection protocol which has been previously described (9). In each transfection,
0.25 mg of a CMV-driven b-galactosidase expression vector was included. Twelve
hours after transfection, cells were cultured either in the presence or in the
absence of TGF-b for 16 h. Cell lysates were then prepared, and luciferase
activity and b-galactosidase activity were measured as previously described (9).
Transfection efficiency and nonspecific effects of E1A were controlled for by
cotransfection of a b-galactosidase reporter construct, and luciferase activity was
normalized to b-galactosidase activity.
RNase protection assay. The p15 cDNA was a generous gift of Y. Xiong. An

SphI-to-SmaI fragment containing the entire p15 cDNA was subcloned into
pGEM-7zf(1) (Promega) to generate p15Sph-Sma. p15Sph-Sma was digested
with SmaI and used as template to synthesize the p15 riboprobe which contains
the entire p15 coding region. Riboprobe was synthesized with T7 RNA polymer-
ase in the presence of 650 mM (each) ATP, CTP, and GTP and 5 ml of
[a-32P]UTP (800 Ci/mmol). Riboprobe was purified by 5% polyacrylamide–7 M
urea gel electrophoresis. HaCaT cells were plated at a density of 23 106 cells per
10-cm culture plate and infected with virus as described above. Cells were then
treated with 100 pM TGF-b1, and cytoplasmic RNA was prepared at 6 h post-
treatment by a standard protocol. RNase protection assays were carried out with
an Ambion RPAII kit (Ambion, Austin, Tex.) according to the manufacturer’s

protocol. The protected fragment was resolved on a 5% polyacrylamide–7 M
urea gel and exposed to X-ray film overnight at room temperature.

RESULTS

E1A expression blocks the TGF-b-mediated induction of
p15 and p21. To examine the effects of E1A on the TGF-b-
mediated induction of the cyclin-dependent kinase inhibitors,
p15 and p21, we used the HaCaT human keratinocyte model
system. HaCaT is a spontaneously immortalized human kera-
tinocyte cell line whose proliferation is inhibited by TGF-b.
This inhibition is associated with a dramatic increase in both
the RNA and the protein levels of p15 and p21, a decrease in
G1 cyclin-dependent kinase activity, and a maintenance of Rb
in a hypophosphorylated state (8, 18, 47). To study the effects
of E1A on TGF-b-mediated growth inhibition in this system,
we first assayed the ability of E1A to block TGF-b-mediated
growth arrest. E1A was introduced into these cells by infection
with an adenovirus construct which contains only the 12S form
of the E1A gene with a deletion in the E1B locus. This adeno-
viral construct produces only the 12S form of E1A (36). Since
the 13S transactivating form of E1A is not produced, no other
viral genes should be expressed nor should viral DNA replica-
tion occur in infected cells.
As shown in Fig. 1, the responsiveness of HaCaT cells to the

TGF-b growth-inhibitory signal was gradually decreased upon
infection with an increasing MOI of the E1A 12S-expressing
adenovirus, as assayed by tritiated thymidine incorporation. In
contrast, HaCaT cultures infected with a control virus vector
with deletions of both E1B and E1A are inhibited in growth
normally by TGF-b, suggesting that the inhibition of TGF-b-
mediated growth arrest is due to E1A expression. As shown in
later figures, the stimulatory effect of E1A on tritiated thymi-
dine incorporation is paralleled by an increase in Cdk2 kinase
activity and an increase in Rb phosphorylation. These effects,
therefore, likely represent an inappropriate progression of
E1A-expressing cells into S phase. The apparent relatively high
MOIs needed to observe the maximal effect of E1A on TGF-
b-mediated growth inhibition are most likely due to major
differences in the efficiency of infection between HaCaT cells
and 293 cells, in which the virus titers were determined. As
seen below, this assumption is supported by the evidence that
the expression of E1A is barely detectable in infected cells
when an MOI of 10 is used, suggesting that the productive or

FIG. 1. E1A antagonizes the growth-inhibitory effects of TGF-b. HaCaT
cells were infected with an increasing titer of 12S E1A-expressing, E1B2 ade-
novirus or the control E1A2 E1B2 adenovirus and cultured either in the pres-
ence or in the absence of TGF-b. The growth-inhibitory effects of TGF-b were
assayed by [3H]thymidine incorporation. Percent growth inhibition represents
the percent decrease in thymidine incorporation on TGF-b treatment.
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true MOIs of the viruses are 10 times lower than the apparent
values.
We next assayed the induction of p15 and p21 protein levels

upon TGF-b treatment in E1A virus-infected HaCaT cells. As
shown in Fig. 2, the level of E1A expression increases propor-
tionally with an increasing MOI of E1A-expressing adenovirus.
This increase in E1A expression leads to a graded decrease in
the induction of p15 and p21 by TGF-b (Fig. 2A and B). At an
MOI of 10, very little E1A expression can be detected, indi-
cating a low efficiency of infection in HaCaT cells. In the p15
Western blot, two closely migrating bands are detected, bands
which probably represent p15 and an antigenically related pro-
tein which is also induced upon TGF-b treatment. At the
highest level of E1A expression in this assay, only a slight
induction of p21 can be detected, and the induction of p15 is
completely eliminated. No significant effect of E1A expression
is seen on the basal levels of p15 and p21 proteins, suggesting
that E1A specifically blocks the TGF-b-induced expression of
p21 and p15 without affecting the cellular machinery which
dictates their basal expression levels. Control experiments
were performed with the control adenovirus with deletions in
E1A and E1B, which shows no effect on the TGF-b-mediated
induction of p21 and p15 (Fig. 2C).
Consequences of E1A expression on cyclin-dependent ki-

nase activity and Rb phosphorylation. The postulated role of
p15 and p21 in TGF-b-mediated growth arrest is to inhibit G1
cyclin-dependent kinase complexes, resulting in an inhibition
of phosphorylation of critical substrates in G1, including Rb
(14, 18, 19, 56). Therefore, by blocking the ability of TGF-b to
induce p15 and p21, E1A should prevent the TGF-b-mediated
reduction of Cdk activity and block the ability of TGF-b to
maintain Rb in a hypophosphorylated state. Consistent with
this prediction, TGF-b no longer inhibits Cdk2-associated ki-
nase activity in the presence of E1A, as assayed by the phos-
phorylation of an exogenous substrate, histone H1 (Fig. 3A).
Since the Cdk2-cyclin E complex is a demonstrated binding
target of p21 following TGF-b treatment (8), these findings are

consistent with the inability of TGF-b to upregulate p21 in the
presence of E1A. No change in the level of Cdk2 is observed
on infection with E1A (Fig. 3A), although the cyclin E levels
increase with E1A virus infection, likely as a result of transcrip-
tional activation of the cyclin E gene by E2F (11) (Fig. 3A).
We have also assayed the state of Rb phosphorylation as an

in vivo measurement of these effects of E1A on the TGF-b-
mediated inhibition of G1 cyclin-dependent kinase activity. As
shown in Fig. 3B, TGF-b treatment results in the accumulation
of hypophosphorylated Rb. In contrast, the majority of Rb is in

FIG. 2. E1A antagonizes the TGF-b-mediated induction of p21 and p15. (A) HaCaT cells were infected with an increasing viral titer of the E1A-expressing
adenovirus and cultured either in the presence or in the absence of TGF-b. Total cell lysates were prepared from these cells, and Western blot analyses of E1A and
p21 were performed. (B) HaCaT cells were treated as for panel A. Western blot analyses of E1A and p15 were performed. (C) HaCaT cells were infected with an E1A2

E1B2 control adenovirus at an MOI of either 0 or 1,0003 and cultured either in the presence or in the absence of TGF-b. Western blot analyses of p21 and p15 were
then performed.

FIG. 3. (A) E1A blocks the TGF-b-mediated inhibition of Cdk2 kinase ac-
tivity. HaCaT cells were infected with the E1A-expressing adenovirus at an MOI
of either 0 or 1,0003 and cultured either in the presence or in the absence of
TGF-b. Total cell lysates were prepared, and Cdk2 was immunoprecipitated.
Kinase activity was determined by assaying the ability of the precipitated com-
plexes to phosphorylate the exogenous substrate histone H1. Western blot anal-
ysis of cyclin E and Cdk2 was also performed. (B) E1A antagonizes the ability of
TGF-b to hold Rb in a hypophosphorylated state. HaCaT cells were infected and
treated as for Fig. 2A. Total cell lysates were prepared, and Western blot analysis
of Rb was performed.
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the hyperphosphorylated state in both the TGF-b-treated and
untreated cells at the highest MOI of the E1A-expressing ad-
enovirus (Fig. 3B). Because the cyclin D-Cdk4 and cyclin D-
Cdk6 complexes are primarily responsible for Rb phosphory-
lation in G1 and are targets for the TGF-b-induced inhibitors
(14, 18, 19, 56), these results are consistent with an E1A-
mediated inhibition of p15 and p21 expression, leading to an
accumulation of hyperphosphorylated Rb.
E1A blocks the TGF-b-mediated transcriptional activation

of the p15 promoter. Having shown that E1A blocks the TGF-
b-mediated induction of p15 and p21 proteins, we next focused
on defining the level at which this block occurs. RNase pro-
tection analysis was performed with RNA samples isolated
from either E1A-infected or uninfected cells which were
treated or not treated with TGF-b. As shown in Fig. 4A, E1A
expression completely eliminates the TGF-b-induced accumu-
lation of p15 mRNA. Interestingly, the effect of E1A on p21
RNA is less pronounced than the effect seen on p21 protein,
although RNA levels decrease by approximately 50% in E1A-
infected cells (data not shown). For this reason, we focused
further studies on understanding the mechanism through
which E1A blocks the induction of p15 mRNA accumulation.
The TGF-b-responsive element in the p15 promoter has been
defined to contain a consensus binding site for the Sp1 family
of transcription factors which is critical for TGF-b-mediated
activation of transcription (29). Using a reporter construct
which contains the TGF-b-responsive element of the p15 pro-
moter, p15P113-Luc (29), we next determined if E1A directly

affects the transcriptional activation of the p15 promoter by
TGF-b. As shown in Fig. 4B, a 16-fold activation of luciferase
activity from this p15 promoter construct is observed upon
TGF-b treatment. When HaCaT cells are cotransfected with
the reporter construct and increasing amounts of an E1A ex-
pression plasmid, a graded decrease in the TGF-b-induced
activation of the p15 promoter is observed (Fig. 4B). At the
highest level of E1A expression, a greater than fivefold reduc-
tion in this activation of luciferase activity by TGF-b is ob-
served. No effect of E1A is seen on the basal activity of the p15
promoter, suggesting that the effect of E1A is specific to TGF-
b-induced transcriptional activation.
The effects of E1A on p15 and p21 expression are not de-

pendent on Rb binding. The above results suggest that E1A
may act through at least two different mechanisms to overcome
the growth-inhibitory effects of TGF-b: direct association and
sequestration of Rb and inhibition of the TGF-b-mediated
induction of the cyclin-dependent kinase inhibitors, p15 and
p21. To determine if these effects are mediated by separable
functions of E1A, we assayed the ability of an E1A mutant
protein, which is severely compromised in its ability to bind to
Rb, to block TGF-b-mediated p15 and p21 induction. This
mutant E1A contains an amino acid substitution of base 928,
changing the cysteine at codon 124 to a glycine (1, 36, 50).
Confirming previous findings, no association between the E1A
928 mutant protein and Rb can be detected in HaCaT cells,
whereas a significant amount of Rb can be seen in association
with the wild-type E1A (data not shown).
Expression of the E1A 928 mutant blocks the TGF-b-medi-

ated induction of p15 and p21 protein in a dose-dependent
fashion similar to that of the wild-type E1A (Fig. 5A and B).
Again, this inhibition is specific for the TGF-b-induced levels
of p15 and p21, since the basal levels of the two proteins
remain unchanged by E1A 928 expression. Similar to the effect
of wild-type E1A, the 928 mutant blocks the TGF-b-mediated
down regulation of Cdk2-associated kinase activity (Fig. 5C)
and attenuates the ability of TGF-b to hold Rb in a hypophos-
phorylated state. At the highest concentration of E1A 928, a
significant proportion of Rb is still hyperphosphorylated even
in the presence of TGF-b (Fig. 5D).
Like wild-type E1A, the 928 mutant of E1A blocks the

TGF-b-mediated induction of p15 mRNA and transcriptional
activation of the p15 promoter (Fig. 6). The identical results
for wild type and the 928 mutant of E1A strongly suggest that
the ability of E1A to block the TGF-b-mediated induction of
p15 and p21 is independent of its ability to bind to Rb.
The ability of E1A to bind p300 is required for its effects on

p15 expression. In addition to its ability to bind Rb and Rb
family members, E1A also binds to the transcriptional coacti-
vator, p300 (2, 12). Since the effects of E1A on p15 and p21 are
independent of Rb binding, we next tested whether these ef-
fects of E1A depend on its ability to sequester p300 by using an
E1A mutant (D2-36) which harbors a deletion in the amino
terminus of E1A, eliminating its p300 binding ability (24). This
p300 binding mutant of E1A was cotransfected into HaCaT
cells with the p15 promoter reporter construct, and TGF-b-
activated luciferase activity was measured. In contrast to the
effects of wild-type E1A and the E1A 928 mutant, which com-
pletely block TGF-b-mediated activation of the p15 promoter,
E1A D2-36 is not able to significantly inhibit the ability of
TGF-b to induce transcription from the p15 promoter (Fig.
7A). An increase in both the basal and the TGF-b-stimulated
promoter activity is also seen on E1A D2-36 cotransfection.
This increase is specific to the p15 promoter, as all transfec-
tions are internally controlled by cotransfection of a pCMV-
b-galactosidase reporter construct. Despite this increase in

FIG. 4. E1A inhibits the ability of TGF-b to activate the p15 promoter. (A)
RNase protection analysis was performed for p15 with RNA purified from both
infected and uninfected HaCaT cells which were either treated or not treated
with TGF-b for 6 h. RNase protection for glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was included as a control. (B) HaCaT cells were transiently
cotransfected with the p15 promoter luciferase reporter construct, p15P113-Luc,
and an increasing amount of an E1A expression vector, pCMV-E1A. The total
concentration of transfected DNA was held constant with an empty vector,
pCMV. A total of 0.25 mg of a CMV promoter-driven b-galactosidase expression
vector was included in each transfection to control for transfection efficiency.
Values represent luciferase activity normalized to the b-galactosidase activity in
both TGF-b-treated and nontreated cells. Error bars represent the standard
deviations between duplicate transfections in a single experiment. RLU, relative
light units.
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basal promoter activity, a significant amount of induction by
TGF-b is still seen.
Although the E1A D2-36 mutation eliminates p300 binding,

this mutation may also interfere with other functions of E1A.
To further establish that p300 binding activity of E1A is linked
to its ability to block transactivation of the p15 promoter by
TGF-b, we performed cotransfection experiments in which
wild-type E1A, the p15 promoter reporter construct, and dif-
ferent amounts of p300 cDNA were introduced into HaCaT
cells. We used both wild-type p300 and a mutant form of p300
deficient in E1A binding, p300dl10 (12, 26), to test if overex-
pression of p300 could rescue the TGF-b-mediated promoter
transactivation in the presence of E1A. As shown in Fig. 7B,
cotransfection of E1A with the p15 promoter abolishes TGF-
b-induced luciferase activity. Cotransfection of increasing
amounts of p300dl10, however, leads to an incremental resto-
ration of the ability of TGF-b to activate the p15 promoter.
Indeed, the expression of p300dl10 markedly increases both
the basal and TGF-b-stimulated p15 promoter activity. Co-
transfection of increasing amounts of wild-type p300 also has a
less marked effect in restoring TGF-b-mediated induction of
the p15 promoter. The dampened rescuing effect of the wild-
type p300 is expected in comparison to that of p300dl10, since
the wild-type p300 is sequestered by the overexpressed E1A.
These findings are consistent with our hypothesis that p300 is
required for the TGF-b-mediated induction of p15 and that
E1A blocks this induction through its binding and sequestra-
tion of p300.

DISCUSSION

Over the past 10 years, studies of the E1A viral oncoprotein
have provided insight into the mechanisms through which cell
cycle progression is regulated (reviewed in reference 38). From

FIG. 5. E1A 928 mutant blocks the TGF-b-mediated p21 and p15 induction as effectively as wild-type E1A. (A) HaCaT cells were infected with a mutant E1A
928-expressing, E1B2 adenovirus at various MOIs and cultured in either the presence or the absence of TGF-b. p21 and E1A Western blot analyses were performed
as for Fig. 2A. (B) HaCaT cells were treated as for panel A. Western blot analyses of E1A and p15 were performed. (C) HaCaT cells were infected with the E1A
928-expressing adenovirus at an MOI of either 0 or 1,0003 and cultured in the presence or the absence of TGF-b. Histone H1 kinase assays and cyclin E and Cdk2
Western blot analyses were performed as for Fig. 3A. (D) HaCaT cells were infected and treated as for panel A. Total cell lysates were prepared, and Western blot
analysis of Rb was performed.

FIG. 6. E1A 928 mutant inhibits the ability of TGF-b to activate the p15
promoter. (A) RNase protection analysis was performed for p15 with RNA
purified from HaCaT cells either infected or not with E1A 928 virus and either
treated or not treated with TGF-b for 6 h. RNase protection for glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was included as a control. (B) HaCaT
cells were transiently cotransfected with the p15 promoter luciferase reporter
construct, p15P113-Luc, and the E1A 928 expression vector, pCMV-E1A 928.
Luciferase assays were performed as for Fig. 4A. RLU, relative light units.
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these studies, a picture has emerged in which E1A functions, in
part, by binding to and inactivating a number of critical targets
of the cyclin-dependent kinases including Rb (54) and the Rb
family members p107 (16) and p130 (17, 30, 34–36, 55). These
proteins act to negatively regulate cell growth, and their activ-
ity is normally controlled through phosphorylation by the G1
cyclin-dependent kinases. Thus, the action of E1A can be
viewed as the nonphysiological equivalent of the phosphoryla-
tion of these proteins. Since Rb is believed to be an important
target of the TGF-b-mediated growth-inhibitory signal, E1A’s
Rb binding activity probably plays an important role in the
ability of E1A to overcome the growth-inhibitory effects of
TGF-b (33, 42).
In this report, we describe a novel and distinct function for

E1A in its ability to block TGF-b-mediated inhibition of cell
cycle progression. Specifically, we find that E1A can inhibit the
TGF-b-mediated induction of the cyclin-dependent kinase in-
hibitors, p21/WAF1/Cip1 and p15/INK4B. This novel function
of E1A provides a molecular basis for the previous observation
that E1A blocks the ability of TGF-b to down-regulate Cdc2
kinase activity and to hold Rb in a hypophosphorylated state
(1, 50). In our system, we show that E1A prevents both the
TGF-b-mediated inhibition of Cdk2 kinase activity and the
maintenance of Rb in a hypophosphorylated state. These ef-
fects of E1A appear to be independent of its ability to bind to
Rb, since an E1A mutant which is severely compromised in its
Rb binding ability behaves like wild-type E1A. Those results
provide support for the hypothesis that the effects of E1A on
p15 and p21 represent an alternative potential mechanism
through which E1A can circumvent the negative regulation of
cell cycle progression, other than through its physical interac-
tion with Rb.
The effect of E1A on the induction of p15 expression by

TGF-b occurs primarily at the level of the p15 mRNA accu-
mulation. In addition, we have shown that E1A blocks the
induction of the p15 promoter by TGF-b in a p300 binding-
dependent fashion. Interestingly, the effect of E1A on p21
could not be solely attributed to a reduction in p21 mRNA

accumulation. E1A caused a more marked decrease in p21
protein than the steady-state level of p21 mRNA, suggesting an
additional level of regulation of p21 protein levels by E1A
other than regulation of transcription. Analysis of the p21
promoter, however, did indicate that E1A could suppress the
TGF-b-mediated activation from this TGF-b-responsive pro-
moter. We are currently investigating the relative contribution
of E1A-mediated inhibition of transcription of p21 and the
other potential E1A regulatory effects on the p21 protein itself.
The inhibitory effects of E1A on the activation of p15 and

p21 may cooperate with the ability of E1A to directly sequester
Rb through physical association in overcoming TGF-b-medi-
ated growth inhibition. Although the precise mechanism by
which TGF-b causes cell cycle arrest remains to be firmly
established, the dramatic induction of these two Cdk inhibitors
by TGF-b would certainly contribute to the inhibition of the
G1 cyclin-Cdk complexes. By inhibiting this induction, E1A
may retain the G1 Cdk complexes in an active state even in the
presence of TGF-b. These complexes can then proceed to
phosphorylate their normal G1 substrates, including Rb. Thus,
through two distinct mechanisms, by physically sequestering
Rb and by promoting the functional inactivation of Rb through
its phosphorylation, E1A can act to ensure that Rb is com-
pletely inactivated and that cell cycle progression proceeds
(Fig. 8).
Alternatively, the ability of E1A to block the TGF-b-medi-

ated induction of p15 and p21 may serve a separate function in
driving cell cycle progression, in addition to ensuring inactiva-
tion of E1A binding targets, such as Rb. Recent studies suggest
the existence of two rate-limiting steps during G1-to-S phase
progression (46). The first step is dictated by the ability of
cyclin D1-Cdk4 to phosphorylate in vivo substrates, including
Rb. The second step is dictated by the ability of cyclin E-Cdk2
to phosphorylate a much broader range of in vivo targets,
which may include proteins in addition to Rb and Rb family
members. In the presence of TGF-b, an elevation of p21 and
p15 would result in the inhibition of phosphorylation of all of
these Cdk targets. In this context, the activation of the G1

FIG. 7. A p300 binding mutant of E1A cannot block TGF-b-mediated activation of the p15 promoter. (A) HaCaT cells were transiently cotransfected with the p15
promoter luciferase reporter construct, p15P113-Luc, and either an E1A wild-type, E1A 928, or E1A D2-36 expression vector. Luciferase assays were performed as for
Fig. 4A. (B) HaCaT cells were transiently cotransfected with the p15 promoter reporter construct, p15P113-luc, a wild-type E1A expression vector, and an increasing
amount of either a wild-type p300 or an E1A binding mutant p300 expression vector, p300dl10. Luciferase assays were performed as for Fig. 4A. RLU, relative light
units.
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cyclin kinase complexes by E1A plays a crucial role in causing
the phosphorylation of these substrates, which are not direct
E1A binding targets. This event, coupled with the physical
binding of Rb and Rb family members by E1A, would lead to
S-phase progression. Consistent with this notion, microinjec-
tion of anti-cyclin E antibodies into either Rb1/1 or Rb2/2

cells causes the same block in S-phase progression, suggesting
that cyclin E-Cdk2 complexes may have other targets besides
Rb, probably components involved in the initiation of DNA
replication (40). Taken together, the evidence supports a
model in which the down regulation of p15 and p21 by E1A
constitutes an indispensable step for the activation of the G1
cyclin-dependent kinase complexes and subsequent phosphor-
ylation of their targets, which is a necessary event in cell cycle
progression.
The potential importance of E1A-induced cyclin-Cdk com-

plex activation is further illustrated by a recent finding that
E1A is capable of physically associating with p27/Kip1, a mol-
ecule structurally related to p21. By binding to p27, E1A was
shown to relieve the p27-mediated repression of cyclin E-Cdk2
kinase complexes (31). Thus, in addition to blocking the trans-
activation of p15 and possibly p21 genes, E1A can inactivate
p27 through a direct physical interaction. E1A, therefore, has
evolved at least two separate mechanisms to ensure the acti-
vation of the G1 cyclin complexes (Fig. 8). This new evidence
lends weight to the hypothesis that activation of the G1 cyclin-
Cdk complexes is an important and necessary step in E1A-
induced cell cycle progression. Interestingly, no binding of p21
to E1A could be detected. This may be due to the relatively low
levels of p21 in E1A-infected cells, making detection of p21-
E1A complexes difficult.
The inhibition of TGF-b-mediated induction of p21 by E1A

may have yet another functional consequence in the control of
cell cycle progression. In addition to its role as a cyclin-depen-
dent kinase inhibitor, p21 has been shown to bind to the DNA
polymerase complex protein proliferating cell nuclear antigen.
By associating with proliferating cell nuclear antigen, p21 has
been shown to block in vitro DNA replication (49). In the
presence of TGF-b, up-regulated p21 may lead to an inhibition
of DNA replication. E1A may force the initiation of DNA
replication and S-phase entry by down-regulating p21, thus
circumventing the negative control of DNA replication by
TGF-b.
The mechanism by which E1A acts as a potent stimulator of

cell cycle progression has largely been defined by the ability of
E1A to bind to and functionally inactivate the Rb family mem-
bers. In contrast, the biological effect of E1A binding to p300
has not been extensively investigated. Through the use of an
E1A mutant which does not interact with p300, we have de-

termined that the p300 binding domain of E1A is necessary for
its ability to block the TGF-b-mediated induction of the p15
promoter. Furthermore, we showed that the expression of a
p300 mutant with a deficiency in E1A binding restores the
ability of TGF-b to activate the p15 gene. These two pieces of
evidence suggest that the ability of E1A to block the TGF-b-
mediated induction of p15 stems from its ability to bind to
p300. As such, this data also suggests that p300 probably plays
an essential role in TGF-b-induced expression of the p15 gene,
which is substantiated by the ability of p300dl10 to superacti-
vate the p15 promoter. Thus, by targeting p300, E1A may allow
the virus to achieve the same goal as binding to the Rb family
members in circumventing the normal negative regulation of
cell growth and consequently forcing an inappropriate S-phase
progression in supporting replication of the viral genome.
p300 has the characteristics of a transcriptional coactivator

and has been shown in several contexts to stimulate transcrip-
tion from certain promoters in concert with specific transcrip-
tion factors (references 2, 12, 26, and 27 and references there-
in). Previous studies have shown that the TGF-b-responsive
elements in both the p21 and the p15 promoters bind to the
Sp1 family of transcription factors (9, 29). Recently, we have
determined that the TGF-b signal is mediated specifically by
the B domain of Sp1, by using chimeric proteins containing
different portions of the transactivation domain of both Sp1
and Sp3 fused to the GAL4 DNA binding domain. In addition,
this TGF-b-induced transactivation through the B domain of
Sp1 is inhibited by E1A (8a). Although this is yet to be deter-
mined, p300 may be interacting with Sp1 in a TGF-b-depen-
dent fashion. By changing the phosphorylation state of Sp1
and/or p300, TGF-b may promote a productive interaction
between these two transcription factors to lead to the activa-
tion of p21 and p15 transcription. Additional studies on the
role of p300 in the induction of p21 and p15 by TGF-b will
provide further insight into the mechanisms by which TGF-b
regulates cell cycle progression.
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