
Role of the E1A Rb-binding domain in repression of
the NF-�B-dependent defense against tumor
necrosis factor-�
James L. Cook*†, Thomas A. Walker‡, G. Scott Worthen§, and Jay R. Radke*

*Departments of Medicine and Microbiology-Immunology and the Cancer Center at the University of Illinois College of Medicine, MC-735, Chicago, IL
60612; and ‡Department of Medicine and §Division of Pulmonary Medicine, National Jewish Medical and Research Center, Denver, CO 80206

Edited by Philippa Marrack, National Jewish Medical and Research Center, Denver, CO, and approved June 10, 2002 (received for review February 10, 2002)

The adenoviral E1A oncogene sensitizes mammalian cells to tumor
necrosis factor-� (TNF-�), in part by repressing the nuclear factor-�
B (NF-�B)-dependent defense against this cytokine. Other E1A
activities involve binding to either p300�cyclic AMP response
element-binding protein (CBP) or retinoblastoma (Rb)-family pro-
teins, but the roles of E1A interactions with these transcriptional
regulators in sensitizing cells to TNF-� are unclear. E1A expression
did not block upstream events in TNF-�-induced activation of
NF-�B in NIH 3T3 cells, including degradation of I�B-�, nuclear
translocation of NF-�B subunits, and their dimeric binding to �B
sequences in the nucleus. However, E1A markedly repressed
NF-�B-dependent transcription and sensitized cells to TNF-�-
induced apoptosis. These E1A effects were selective for �B-depen-
dent transcription and for the function of the NF-�B p65�RelA
subunit. A four amino acid E1A deletion that eliminates binding to
Rb-family proteins blocked both repression of TNF-�-induced tran-
scription and sensitization to apoptosis. In contrast, mutations that
eliminate E1A binding to p300�CBP (coactivators of p65�RelA) did
not affect either E1A activity. These data suggest that E1A-Rb-
binding blocks the NF-�B-dependent activation response to TNF-�
by altering the function of p65�RelA at a stage after formation of
the transcription factor-enhancer complex. These observations
also open questions about the general role of Rb-family proteins in
modulation of NF-�B-dependent transcription.

One E1A oncogene effect on mammalian cells is to sensitize
them to immunological injuries by cytolytic lymphocytes

and activated macrophages—key components of the innate
cellular immune response (1–11). E1A-induced cytolytic-
susceptibility correlates well with tumor-cell rejection by immu-
nocompetent animals (12–17). The mechanisms by which E1A
converts cells to a cytolytic-susceptible, nontumorigenic pheno-
type are independent of expression of the p53 tumor-suppressor
gene (18) but are otherwise unknown. Most E1A-induced cel-
lular phenotypes are mediated by transcription modulation
through binding between first exon-encoded regions of E1A and
two families of transcriptional regulatory proteins, p300�cyclic
AMP response element-binding protein (CBP) and retinoblas-
toma (Rb). E1A-induced susceptibility to lysis by natural killer
cells requires the combined effect of p300-binding domains in
the E1A first exon plus an undefined second exon activity, but
does not require Rb binding (19). In contrast, the mechanisms
through which E1A sensitizes cells to killing by macrophage-
produced tumor necrosis factor-� (TNF-�) are not well under-
stood. There have been conflicting reports about whether E1A
domains required for binding to p300�CBP, Rb, or both are
required for this activity (5, 20–22).

One cellular defense that protects against TNF-�-induced
apoptotic death is the nuclear factor-�B (NF-�B) activation
response that is mediated primarily by the p65�RelA NF-�B
subunit (23–25). TNF-� triggers activation of NF-�B inhibitor
(I�B) kinase (IKK) and consequent turnover of cytoplasmic I�B,
freeing NF-�B subunits to travel to the nucleus, where they
dimerize and bind to �B enhancers and stimulate transcription

(26–28). NF-�B coactivation by p300�CBP and binding to core
promoter components are important for optimal transcription
responses (29–35). Despite many activities ascribed to Rb-family
proteins, no direct role has been reported for Rb in enhancement
of NF-�B activation. Conversely, Rb can directly stimulate
binding of a transcriptionally inactive form of NF-�B p50
homodimer (36).

There are few reports on E1A repression of NF-�B responses.
Janaswami et al. (37) reported that E1A blocks TNF-�-induced,
NF-�B activation by altering the quality of NF-�B dimers in the
nucleus. Shao et al. (22) reported that E1A blocks a proximal
step in the NF-�B activation pathway by repressing IKK activa-
tion and I�B turnover, thereby preventing NF-�B trafficking
to the nucleus. Neither study defined a specific E1A interac-
tion with p300�CBP or Rb in the mechanism of transcription
repression.

We report that the Rb-binding domain of E1A represses
TNF-�-induced NF-�B activation at a stage after formation of
transcription factor–enhancer complexes in the nucleus. The
results suggest the existence of cellular control mechanisms
through which E1A-Rb interactions repress the function of
NF-�B p65�RelA in response to cytokine stimulation and block
the NF-�B-dependent cellular defense against apoptosis.

Materials and Methods
Cell Lines and Plasmids. NIH 3T3 mouse and U20S human cells
were obtained from American Type Culture Collection. Cells
were maintained in DMEM with antibiotics and 5–10% calf
serum. �B-luciferase (�B-LUC) reporters (�B from I�B, HIV
LTR, and H-2Kb), cytomegalovirus (CMV) expression plasmids
for p65�RelA, p50�KBF1, c-Rel, �-galactosidase, and an empty
CMV construct were provided by Robert Scheinman (Univ. of
Colorado Health Sciences Center, Denver) (38). The dual
luciferase reporter system (Promega) was used to normalize
transfection efficiency when different cell types were compared.
E2F-luciferase reporter was purchased from CLONTECH. The
following CMV-promoted E1A constructs were obtained: E1A
12Swt (nonmutant E1A), 12S.RG2 (Arg-to-Gly change in the
second E1A amino acid) (provided by Betty Moran, Temple
Univ. School of Medicine, Philadelphia; ref. 39); E1A 12S�
dl1101 (amino acids 4–25 deleted), 12S�dl1104 (amino acids
48–60 deleted), 12S�dl1106 (amino acids 90–105 deleted), and
12S�dl1108 (amino acids 124–127 deleted) (provided by Stanley
Bayley, McMaster Univ., Hamilton, Ontario, Canada; ref. 40).
E1A protein expression in transfected cells was compared by
Western analysis (41). Our preliminary studies and the data
presented here showed that CMV-promoted E1A gene expres-
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sion in NIH 3T3 and U2OS cells occurred in a gene dose-
dependent manner, despite high level (�95%) repression of
cellular NF-�B activity and, therefore, is relatively NF-�B-
independent in these cells.

NF-�B Pathway Activation. Recombinant mouse TNF-� (R&D
Systems) was used at 20 ng�ml. I�B� turnover was assessed by
Western blotting by using I�B antibody (Santa Cruz Biotech-
nology). DNA probes used in electrophoretic mobility-shift
assays (EMSA) were 5�-ATCGCTGGGGATTCCCCA-3�
(H2TF1 �B; 38); 5�-GCCATTGGGGATTTCCTCT-3� (ELAM
�B; 42); and 5�-ATCGGGGGATTTCCT (mutant ELAM �B).
Probes were labeled with [�32P]ATP by using T4 polynucleotide
kinase (Invitrogen). Cells treated with TNF-� for 30 min at 37°C
were lysed (20 mM Hepes, pH 7.9�300 mM sucrose�10 mM
KCl�1.5 mM MgCl2), nuclear pellets were washed repeatedly
and lysed [20 mM Hepes, pH 7.9�300 mM sucrose�420 mM
NaCl2�1.5 mM MgCl2�0.5% Nonidet P-40 containing 3 �l PMSF
(0.333 M), 6 �l aprotinin (1.9 mg�ml), 2 �l leupeptin (5 mg�ml),
1 �l DTT (1.0 M), and 50 �l Nonidet P-40 (10%) per ml] and
nuclear lysates were clarified and stored at �70°C. For EMSAs,
10 �g of nuclear protein was incubated with 1 �g of poly(dI-dC)
(Sigma) and 10,000 cpm of labeled probe for 30 min at room
temperature. Anti-p65�RelA or -p50�KBF1 antibody (Santa
Cruz Biotechnology) supershifts and competition with unlabeled
probes (500-fold excess) were tested by additions for 30 min at
room temperature before adding labeled probe. Free and pro-
tein-bound oligonucleotides were resolved on 4% nondenaturing
polyacrylamide gels and detected by fluorography.

NF-�B-Dependent Transcription. Cells were cotransfected with 50 ng
of �B-LUC reporter and E1A or NF-�B expression plasmids in
triplicate under endotoxin-free conditions by using Lipofectamine
Plus and Opti-Mem medium (Invitrogen). After 24 h, cells were
split into duplicate samples. After 48 h, one sample was treated with
TNF-� (4 h at 37°C), lysed (reporter buffer, Promega), clarified and
assayed for luciferase activity (Monolight 3010; PharMingen), and
normalized to protein concentration by using bicinchoninic acid
(BCA; Pierce) or the dual-luciferase system (Promega) for com-
parisons of different cell lines. Data for test samples are reported
as the percentage of activity in sham-transfected cells (reporter
only). CMV promoter concentration was kept constant for all
comparisons by using empty CMV vector to control for squelching.
NF-�B signal specificity was confirmed by using a mutant �B-LUC
reporter that showed no TNF-�-induced activity.

Apoptosis Assays. Duplicate 60-mm dishes of cells were trans-
fected with an empty vector (sham), E1A or p65�RelA plasmids
plus pCMV-�-gal. A 3:1 E1A:�-gal ratio was used to favor E1A
expression in all �-gal-marked cells. After 48 h at 37°C, cells were
treated with TNF-� for 18 h, fixed [16% (wt�vol) paraformal-
dehyde], and stained overnight with X-gal [1 mg�ml in 4 mM
K4Fe(CN)6 and 4 mM K3Fe(CN)6]. Surviving cells were counted
and averaged for duplicate cultures by using a microscopic grid
in five different 20� fields. Apoptotic death of TNF-treated,
E1A-positive cells was �95% as reported (9, 18), which was
indicated by characteristic nuclear morphology of dying cells
(43) and confirmed by quantitating nuclear release of low-
molecular weight DNA (9).

The significance of differences in transcription and apoptosis
assays was estimated by using Student’s t test.

Results
E1A Repression of the TNF-Induced, NF-�B Activation Response. E1A
repressed the TNF-�-induced NF-�B activation response in
transiently transfected NIH 3T3 mouse fibroblasts in an onco-
protein expression-dependent manner (Fig. 1A; P � 0.05 for all
levels of E1A expression). Comparable E1A-induced repression

of NF-�B activation was observed with NIH 3T3 cells stably
transfected with E1A contrasted with transiently transfected
cells (Fig. 1B) and with transiently transfected human, U2OS
osteosarcoma cells (Fig. 1C). In contrast, high-level E1A ex-
pression in NIH 3T3 did not repress a thymidine kinase reporter
and enhanced expression of an E2F reporter (Fig. 1D). There-
fore, E1A repression of NF-�B activation was detected in both
mouse and human cells and did not result from a general
repression of transcription.

The effect of E1A on the stages of the NF-�B activation response
was tested in NIH 3T3 cells. The initial key segment of the NF-�B
activation pathway involves TNF-�-induced IKK activation, IKK
phosphorylation of I�B�, and consequent I�B� degradation (re-
viewed in ref. 44). In time-response experiments, I�B� degradation
was evident by 10 min after TNF-� treatment of both E1A-positive
and E1A-negative cells and was complete by 30 min (Fig. 2A). The
second key segment of the NF-�B activation pathway is nuclear
translocation of NF-�B subunits and their dimerization and binding
to the �B enhancer. EMSAs were used to test this NF-�B activation
stage. There were no E1A-related differences in basal expression of
either NF-�B p65�RelA or NF-�B p50�KBF-1 subunits (not
shown). Fig. 2B is representative of four different EMSAs testing

Fig. 1. E1A repression of TNF-�-induced �B-LUC activity in mouse and human
cells. (A) NIH 3T3 cells transfected with empty vector alone (sham transfection;
white and stippled bars) or plus increasing doses of E1A 12S plasmid (gray bars;
n � 4). (B) Comparison of NIH 3T3 cells transiently transfected with the second
highest E1A 12S plasmid dose shown in A or stably expressing E1A 12S protein
vs. sham-transfected cells (n � 3). (C) Effect of transient transfection of E1A 12S
plasmid on �B-LUC response of human U2OS cells (n � 4). (D) Comparison of
E1A effect on TNF-�-induced �B-LUC activity vs. E1A effect on TK-LUC and
E2F-LUC activity in transiently transfected NIH 3T3 cells (n � 3). �B-LUC activity
in all assays is presented as the percentage (mean � SEM of n experiments) of
the TNF-treated, sham-transfected control (stippled bars). TK-LUC and E2F-
LUC activity in E1A-transfected cells in D is presented as the percentage activity
of the E1A-negative control. �B-LUC activity was significantly repressed in all
E1A-positive samples (P � 0.05). In D, the E1A effect on TK-LUC activity is not
significant, and E1A significantly enhanced E2F-LUC activity (P � 0.05). Com-
parative E1A protein expressions by cells from sister cultures from a represen-
tative E1A transfection in A were tested by Western analysis. E1A expression
was seen at the lowest transfection level upon prolonged exposure.
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three different �B probes. Similar TNF-�-induced retardation of
�B probe migration was observed for nuclear lysates from E1A-
negative (lanes 1 and 2) and E1A-positive (lanes 3 and 4) cells.
NF-�B specificity of EMSA activity was tested three ways. First, Ab
specific for p65�RelA (lanes 5 and 6) or p50�KBF1 (lanes 7 and 8)
supershifted TNF-� shifted bands from both E1A-negative (lanes
5 and 7) and E1A-positive (lanes 6 and 8) cells, implicating �B probe
binding by the p50�p65 NF-�B heterodimer (arrow). Second,
competition for nuclear protein binding to the labeled �B probe
using excess unlabeled �B probe indicated that shifted bands were
�B-specific (lanes 9 and 10). Third, �B-specificity was confirmed by
the lack of binding competition by an excess of unlabeled mutant
�B probe (not shown). Shifted p50�p65-binding activities from
E1A-negative and E1A-positive nuclei were quantitated by phos-
phorimager and were similar when using two different probes
(shifted activity of E1A-negative vs. E1A-positive as a percentage
of total activity: H2TF1 �B probe, 30 vs. 34%, respectively; ELAM
�B probe, 21 vs. 24%, respectively). Therefore, high level E1A
expression in NIH 3T3 did not block TNF-�-induced turnover of
I�B, NF-�B subunit expression or trafficking to the nucleus, or
NF-�B p50�p65 heterodimerization and binding to �B enhancer
sequences.

NF-�B p65�RelA Blockade of both E1A Repression of the NF-�B
Activation Response and E1A-Induced Cellular Sensitivity to TNF-�.
Three NF-�B subunits—p65�RelA, p50�KBF-1 and c-Rel—were
tested in overexpression assays for relief of E1A-induced repression
of the NF-�B activation response. Cotransfection of p65�RelA
eliminated E1A repression in a dose-dependent manner, whereas

p50�KBF1 and c-Rel did not (Fig. 3A). p65�RelA blockade of
E1A-induced transcription repression was eliminated by increasing
E1A expression in cotransfected cells (not shown). Therefore, E1A
repressed both ectopic and endogenous (Fig. 1A) p65�RelA activ-
ity. We tested the prediction from these data that p65�RelA
overexpression would block E1A-induced cellular sensitivity to
TNF-�-induced apoptosis (Fig. 3B). Initial E1A titrations were
done to ensure that the oncoprotein expression level tested had no
independent, adverse affect on cell survival (Fig. 3B, bar 3 vs. bar
1). TNF treatment of sham-transfected (empty vector) cells did not
reduce cell survival (Fig. 3B, bar 2 vs. bar 1). In contrast, 75–80%
of E1A-expressing cells died by apoptosis when treated with TNF-�
(Fig. 3B, bar 4 vs. bars 1–3). Coexpression of ectopic p65�RelA
completely blocked E1A-induced sensitivity to TNF-� (Fig. 3B, bar
5 vs. bar 4), whereas coexpression of p50�KBF1 did not rescue cells
from E1A-induced sensitivity to TNF-� (not shown). p65�RelA
overexpression did not affect E1A protein expression in cotrans-
fected cells.

Lack of a Requirement for p300�CBP-Binding Domains in the N
Terminus and Conserved Region 1 of E1A for Either Repression of the
NF-�B Activation Response or E1A-Induced Sensitivity to TNF-�. E1A
mutant genes—12S.RG2, 12S�dl1101, 12S�dl1104 (see map in Fig.
4), and 12S�2–36 (not shown)—whose proteins either do not bind
or bind poorly to p300�CBP were compared with nonmutant E1A
(12S) for repression of the NF-�B response to TNF-� (Fig. 4A).
E1A 12S�dl1106, whose deletion does not affect E1A binding to
either p300�CBP or Rb, was used as a mutation control. p300-
nonbinding E1A blocked NF-�B activation equally compared with
nonmutant E1A. E1A expression was monitored by Western
blotting to ensure that comparisons were done by using comparable
expression of mutant and nonmutant E1A proteins. CMV pro-
moter concentrations were kept constant.

One mechanism of E1A-induced transcription repression in
other cell and transcription factor systems involves E1A-binding-
dependent ‘‘depletion’’ of limiting p300�CBP coactivator, as
evidenced by relief of repression by coactivator overexpression
(e.g., see refs. 45 and 46). p300 overexpression experiments were

Fig. 2. TNF-�-induced activation of the upstream NF-�B activation pathway
in E1A-negative vs. stably transfected, E1A-positive cells. (A) Expression of I�B
�-protein detected by Western analysis with time after treatment with TNF-�.
(B) EMSA of TNF-�-induced nuclear protein binding to labeled �B-oligomer
probe. As indicated, some samples were pretreated with antibodies against
NF-�B p65�RelA or p50�KBF1 or with excess (500�) unlabeled (cold) �B probe.

Fig. 3. NF-�B p65�RelA blockade of E1A-induced repression of the NF-�B
activation and apoptotic responses to TNF-� in NIH 3T3 cells. (A) �B-LUC assays.
Cells were divided into sham-transfected (empty vector, stippled bar), E1A
transfected, or E1A	NF-�B subunit-transfected populations. All cells were
treated with TNF-�. TNF-�-induced �B-LUC responses are presented as the
percentages of the response of the sham-transfected control. Low dose and
high dose p65�RelA significantly blocked E1A repression of �B-LUC responses
(P � 0.05), whereas p50�KBF1 and c-Rel did not. (B) For apoptosis assays, cells
were divided into sham-transfected (stipple bar) or E1A-transfected popula-
tions. All cells were cotransfected with �-gal marker. After treatment with
TNF-� (24 h), dishes were counted for surviving�transfected (blue) cells. Cell
survival is presented as the percentage of sham-transfected cells not treated
with TNF-� (n � 4). Apoptotic death was confirmed by microscopic examina-
tion of nuclear morphologies of control and TNF-�-treated cells (e.g., cells in
box).
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done to test this possibility (Fig. 4B). Overexpression of p300
alone in U2OS cells could slightly enhance the TNF-�-induced
NF-�B response (third bar). However, p300 coexpression did not
block E1A repression of this response (fourth bar). CBP over-
expression also failed to relieve E1A repression (not shown).

The E1A mutant, 12S�dl1101, was used to test whether
p300-nonbinding mutant E1A proteins could sensitize cells to
TNF-�-induced apoptosis in this transient transfection cell sys-
tem (Fig. 4C). E1A 12S�dl1101 and nonmutant E1A 12S pro-
teins could be expressed equally after transfection and were not
toxic to NIH 3T3 cells in the absence of TNF-� treatment (Fig.
4C, bars 5 and 3, respectively). However, cells expressing equal
amounts of E1A 12S�dl1101 protein were just as sensitive to
TNF-�-induced apoptosis as were cells expressing nonmutant
E1A protein (Fig. 4C, bar 6 vs. bar 4, respectively, contrasted
with TNF-treatment control, bar 2; P � 0.05).

Requirement for the E1A-Rb-Binding Domain for Repression of the
NF-�B Activation Response and Sensitization to TNF-�. The four
amino acid deletion in E1A 12S�dl1108 eliminates E1A bind-
ing to all Rb-family proteins but does not prevent E1A binding
to p300�CBP (map in Fig. 4; ref. 47). Like nonmutant E1A 12S,
dl1108 protein repressed basal (no TNF-� treatment) �B-LUC
activity (Fig. 4D, bars 3 and 5, respectively, vs. bar 1; P � 0.05).
However, unlike nonmutant E1A 12S, dl1108 did not eliminate
the TNF-�-induced �B-LUC signal (Fig. 4D, bars 4 and 6,
respectively, vs. bar 2; 12S, P � 0.05, dl1108, NS). In fact, the
relative difference between the basal and the TNF-�-induced
signals was increased in dl1108-expressing contrasted with
E1A-negative cells. This difference was most clearly seen in
dose-response studies of dl1108 expression, where increasing
mutant E1A protein expression had the net effect of widening
the fold amplification of the TNF-� signal (representative
experiment shown in Fig. 4E, bars 3–5 vs. bar 1). The predic-
tion that deletion of the E1A-Rb-binding domain would
reduce E1A-induced repression of the NF-�B defense against
TNF-� was tested in apoptosis assays (Fig. 4F). Cells express-
ing comparable levels of 12S�dl1108 protein were significantly
less sensitive to TNF-� than cells expressing nonmutant E1A
12S protein (Fig. 4F, bar 4 vs. bar 3, P � 0.01).

Discussion
Reports from several laboratories have shown that E1A on-
coprotein expression in cells of different types and from
different species induces conversion from a TNF-�-resistant to
a TNF-�-susceptible phenotype (1, 2, 6, 22, 48–51). Previous
studies of cells stably transfected with E1A or E1A plus
activated ras or of adenovirus infected cells expressing E1A
suggested that this effect involves E1A binding to either
p300�CBP or Rb-family proteins but could not distinguish
between these E1A-cell protein-binding activities (5, 20–22).
Among the possible explanations for differences in these
reported data are clonal variations of stably transfected cells,
E1A-independent effects of viral infection on the cellular
NF-�B response that might affect TNF-� sensitivity and
inadequate E1A protein expression in some tested cell popu-

Fig. 4. Effect of E1A first exon mutations on repression of the NF-�B
activation and apoptotic responses to TNF-�. Transcription map of the E1A 12S
cDNA. Amino acid (aa) boundaries of conserved regions 1 and 2 are shown
below the bar diagram. E1A deletion mutations are represented as shaded
boxes above mutation designations. Mutation effects on E1A binding to
p300�CBP or Rb family proteins. 	, binding; �, elimination�reduction of
binding. Box, blow-up of Rb-binding domain and four amino acid deletion in
this region for the mutant 12S�dl1108. All data are presented as the mean �
SEM of n different experiments. (A) Effect of deletions that eliminate E1A
binding to p300 on repression of �B-LUC activation in transiently transfected
NIH 3T3 cells (n � 2–4). (B) Effect of p300 overexpression on E1A repression of

�B-LUC activation in transiently transfected U2OS cells (n � 3). (C) Effect of
dl1101 deletion (eliminates p300 binding) on E1A-induced cellular sensitivity
to TNF-� (n � 4). (D and E) Effect of dl1108 deletion (eliminates binding to Rb
family proteins) upon E1A repression of �B-LUC activation in transiently
transfected NIH 3T3 cells (D, n � 3; E, n � 1). (E) Sister cultures were tested by
Western analysis for E1A protein expression (identical amounts of protein
loaded per lane; E1A expression quantitated by PhosphorImager). (F) Effect of
dl1108 deletion on E1A-induced cellular sensitivity to TNF-� (n � 4). Sister
cultures from matched killing assays were tested for E1A protein expression by
Western analysis as shown.
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lations. These problems were eliminated in the present studies
by using unselected populations of mouse or human cells
adjusted to express equal amounts of nonmutant or mutant
E1A proteins using transient transfection. The data show that
the Rb-binding domain encoded by E1A-conserved region 2
(Fig. 4) can function independently of p300�CBP-binding
domains in the N terminus and conserved region 1 to repress
the NF-�B-dependent transcription response and cellular de-
fense against TNF-�-induced apoptosis. This E1A-induced
transcription repression was independent of any detectable
abnormalities in the upstream signaling pathway that have
been reported for other cell systems (Fig. 2 A and B; refs. 22
and 52).

E1A repression of the TNF-induced, NF-�B response was ob-
served across a wide range of E1A protein expression (Fig. 1A). We
have reported that E1A expression levels similar to those observed
during viral infection and virus-induced cellular immortalization
are required to sensitize cells to immune-mediated apoptosis in-
duced by TNF-� or cytolytic lymphocytes (2, 14). In contrast, lower
E1A expression levels that are sufficient for cellular immortaliza-
tion are not sufficient to sensitize cells to injury-induced apoptosis
(9). These observations suggest that a threshold level of E1A
repression of one or more NF-�B-dependent cellular defenses
against proapoptotic activities triggered by TNF-� is required to
convert cells to the cytolytic-susceptible phenotype. The E1A
repressive effect was selective for �B-dependent transcription (Fig.
1D) and was specifically reversed by p65�RelA (Fig. 3A). In these
respects, E1A-positive cells are similar to p65�RelA knockout cells
that lack an NF-�B-dependent defense against TNF-� (23). In
addition to rendering cells functionally deficient for p65�RelA
activity, it is also possible that E1A has other proapoptotic effects
in cells (11, 53, 54).

These data identify repression of the NF-�B activation response
and cellular defense against TNF-� as an activity of the Rb-binding
domain of E1A (map and box in Fig. 4). Specifically, the results
show that E1A-Rb-binding blocks the TNF-�-induced activation
response but does not prevent E1A repression of basal, �B-
dependent transcription (Fig. 4 D and E). This finding is consistent
with the results of studies by Parker et al. (55) on the repressive
effects of E1A on the HIV promoter (LTR) that contains two �B
sites (56). They reported that an E1A deletion including E1A CR2
resulted in retention of E1A repression of basal transcription from
the HIV LTR but eliminated E1A-induced repression of TNF-�-
activated transcription.

There are at least three mechanisms by which this E1A effect
might be mediated: (i) E1A-Rb interactions might repress NF-�B
activation by increasing E2F activity; (ii) E1A might also block Rb
activities unrelated to E2F that enhance NF-�B activation; or (iii)
the Rb-binding domain of E1A might possess NF-�B-repressive
activities in addition to Rb-binding-dependent effects.

The best characterized effect of the E1A-Rb-binding do-
main (box in Fig. 4) is its relief of Rb repression of E2F-family
transcription factors (reviewed in ref. 57). One question is
whether this E1A-induced activation of E2F could explain
repression of the NF-�B response to TNF-�. E2F-1 blocks an
upstream step in TNF-� signaling by inducing degradation of
TRAF-2, a step leading to I�B turnover (58). This E2F-1 effect
does not explain the present results, because I�B turnover was
not blocked by E1A (Fig. 2 A). Furthermore, we have observed
that E1A represses NF-�B activation by phorbol myristate
acetate that does not signal through TRAF-2 (unpublished

data; ref. 59). E2F-1 can also repress NF-�B-dependent tran-
scription by binding directly to the NF-�B p50�KBF1 subunit
(60). Direct binding of E2F-1 to NF-�B p50 probably does not
explain our results either, because E1A repression was selec-
tive for NF-�B p65�RelA activity and was not relieved by
overexpression of p50�KBF1 (Fig. 3A). Increased E2F activity
could compete with NF-�B p65�RelA for limiting p300�CBP
(29, 61). It would be expected that this E2F effect would be
relieved by overexpression of p300�CBP, which was not the
case in our studies (Fig. 4B). Furthermore, specific repression
of E2F-dependent transcription using a dominant negative
mutant does not relieve E1A repression of the NF-�B response
to TNF-� (unpublished observations). Therefore, it is unlikely
that E2F transcription factor activation is the key factor in E1A
repression of the NF-�B activation response to TNF-�.

Rb-family proteins alter the function of other transcription
factors—in some cases increasing transcription—but there are
no reports of direct Rb-mediated activation of NF-�B (e.g., refs.
62 and 63). The emerging model of Rb-mediated transcription
control is that Rb-associated histone deacetylases cause tran-
scription repression (64–70). Therefore, it is possible that Rb
could indirectly enhance NF-�B activation by repressing another
transcriptional repressor. Theoretical examples of this mecha-
nism include Rb-family protein enhancement of SP-1 activity
that could, in turn, synergistically increase the p65�RelA re-
sponse (63, 71, 72) and Rb relief of YY1 repression of p65�RelA
function (73, 74). Further studies will be needed to test these and
other possibilities.

There is limited evidence for E1A CR2 activities in addition
to Rb binding. E1A binding to p300�CBP is usually associated
with E1A domains encoded by the N terminus and conserved
region 1 (Fig. 4, map) that interact with the CH3 domain of
p300�CBP (75, 76). Chakravarti et al. (77) have shown that there
are E1A interactions with the histone acetyltransferase (HAT)
domain of p300�CBP that is adjacent to the CH3 domain and
that may involve E1A CR2 (78). Therefore, it is possible that the
E1A repression of NF-�B activation observed in our studies
could involve complex interactions between E1A CR2, Rb, and
p300�CBP. The recent linkage between HAT activity and the
functional modulation of transcription factors, including NF-�B
p65�RelA, provides a basis for new hypotheses in this area of
investigation (79–81).

The observations reported here will be useful for studies of the
consequences of E1A-induced sensitivity to TNF-� for tumor cell
survival at the interface with the host cellular immune response.
These E1A gene mapping data can be used to test the relevance of
TNF-�-induced cell killing of E1A-positive cells by tumoricidal
macrophages and cytolytic lymphocytes in vitro and to evaluate the
importance of this cytokine for rejection of E1A-positive tumor
cells by immunocompetent animals (17). These studies also might
lead to a better understanding of Rb-dependent mechanisms that
modify NF-�B-dependent effects on cell cycling, viral gene expres-
sion, and the host inflammatory response.
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