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The largest E1A isoform of human adenovirus (Ad) includes a C-4 zinc finger domain within conserved
region 3 (CR3) that is largely responsible for activating transcription of the early viral genes. CR3 interacts
with multiple cellular factors, but its mechanism of action is modeled primarily on the basis of the mechanism
for the prototype E1A protein of human Ad type 5. We expanded this model to include a representative member
from each of the six human Ad subgroups. All CR3 domains tested were capable of transactivation. However,
there were dramatic differences in their levels of transcriptional activation. Despite these functional variations,
the interactions of these representative CR3s with known cellular transcriptional regulators revealed only
modest differences. Four common cellular targets of all representative CR3s were identified: the proteasome
component human Sug1 (hSug1)/S8, the acetyltransferases p300/CREB binding protein (CBP), the mediator
component mediator complex subunit 23 (MED23) protein, and TATA binding protein (TBP). The first three
factors appear to be critical for CR3 function. RNA interference against human TBP showed no significant
reduction in transactivation by any CR3 tested. These results indicate that the cellular factors previously
shown to be important for transactivation by Ad5 CR3 are similarly bound by the E1A proteins of other types.
This was confirmed experimentally using a transcriptional squelching assay, which demonstrated that the CR3
regions of each Ad type could compete with Ad5 CR3 for limiting factors. Interestingly, a mutant of Ad5 CR3
(V147L) was capable of squelching wild-type Ad5 CR3, despite its failure to bind TBP, MED23, p300/CBP-
associated factor (pCAF), or p300/CBP, suggestive of the possibility that an additional as yet unidentified
cellular factor is required for transactivation by E1A CR3.

The adenovirus (Ad) E1A oncoprotein is the first gene ex-
pressed upon infection and performs two essential roles in
order to initiate the viral replication cycle. E1A uncouples the
cell cycle control program of the host cell, driving it into S
phase to provide an optimal cellular environment for viral
replication. This function can be carried out by the smaller
major E1A isoform (243 residues in Ad type 5 [Ad5] E1A) (11,
25). The other function of E1A is to activate transcription of
the early viral promoters and is predominantly mediated by the
largest E1A isoform (4, 18, 23, 24). The largest E1A isoform,
coding for 289 residues in Ad5 E1A, differs from the smaller
isoform only by a unique 46-amino-acid C-4 zinc finger domain
within conserved region 3 (CR3), which is essential for viral
transactivation (4, 18). Single point mutations in CR3 were
originally isolated as Ad mutants with a host range limited to
HEK 293 cells, which supply wild-type (wt) E1A in trans. These
“host range” mutations render E1A unable to transactivate
viral promoters, thus preventing virus growth in cells at a low
multiplicity of infection (MOI), unless wt E1A is supplied in
trans (13, 16).

Transactivation by E1A CR3 has been studied predomi-

nantly with Ad5, and this has led to the establishment of a
model for CR3 function. The region of Ad5 E1A spanning
residues 139 to 204 (which includes CR3) is critical for acti-
vating the transcription necessary for virus growth and is suf-
ficient for potent activation of a minimal Gal4-responsive pro-
moter as a Gal4-DNA-binding domain (DBD) fusion (17, 30).
This 65-amino-acid region of E1A CR3 can be further subdi-
vided into the three following subdomains: an N-terminal zinc
finger, a promoter-targeting region, and a region known as
auxiliary region 1 (AR1) (9, 20, 32). The current model is that
the N-terminal zinc finger domain of E1A CR3 activates tran-
scription by interacting with cellular TATA binding protein
(TBP) and mediator complex subunit 23 (MED23) protein (6,
19, 31). The mediator component MED23 is absolutely critical
to E1A CR3 function, as CR3 fails to activate transcription in
MED23-null mouse embryonic fibroblasts (MEFs). Further-
more, this requirement is likely shared between the E1A pro-
teins of even very divergent Ads, as mouse adenovirus type 1 is
unable to replicate efficiently in MED23-null MEFs (10, 31). In
order to nucleate a functional transcription initiation complex
at the early viral promoters, the C-terminal promoter-targeting
subdomain is required. It confers interaction of E1A CR3 with
cellular sequence-specific DNA-binding transcription factors,
including members of the ATF family (8, 20, 21). Mutants that
delete this promoter-targeting domain function as dominant-
negative mutants, unless a second mutation is made in the zinc
finger domain of CR3, further underscoring the promoter-
targeting activity of this region (20). The precise role of AR1 in
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E1A CR3-dependent transactivation remains unclear; how-
ever, the acidic character of this region is necessary for maxi-
mal transactivation by E1A CR3 (32).

Since the initial model was put forth, multiple additional
cellular factors have been implicated in transcriptional activa-
tion by E1A CR3. The S8 component of the 19S ATPase
proteins independent of 20S (APIS), also known as human
Sug1 (hSug1), was shown to interact with E1A CR3 and en-
hance E1A CR3 transactivation (28). A second interaction site
for the cellular repressor C-terminal binding protein (CtBP)
was also mapped to the CR3 region of Ad5 E1A, and CtBP
appears to repress E1A CR3 transactivation (7). The p300/
CREB binding protein (CBP) acetyltransferase is critical for
Ad5 E1A CR3 transactivation and binds directly to E1A CR3
independently of other interaction motifs in E1A (27). Most
recently, the histone acetyltransferase p300/CBP-associated
factor (pCAF) was identified to interact with the E1A CR3
region and enhance transactivation (26). Many of these cellu-
lar factors interact with other regions of E1A besides CR3,
further complicating E1A-mediated activation of transcription.

The vast majority of the work used to build the initial model
was done exclusively with Ad5 E1A CR3. Very little is known
regarding how E1A CR3s from other Ad types activate tran-
scription. Alignment of the amino acid sequence of E1A CR3
corresponding to Ad5 E1A residues 139 to 204 from represen-
tative members of each Ad subgroup demonstrates their high
degree of conservation (Fig. 1A). The amino acid sequence
identities and similarities to Ad5 E1A CR3 range from 34% to
41% and 41% to 53%, respectively (1). Overall, CR3 is the
most conserved domain of E1A, but it is not known if the
model for Ad5 E1A CR3 transactivation will apply universally
to the entire human Ad family. Our previous work suggests
that there may in fact be differences in how specific E1A CR3s
activate transcription, as only a subset of the E1A CR3s that
we tested interact with and are influenced by pCAF (26).

We report here on the first comprehensive study of the
cellular factors required for E1A CR3 transactivation using
representative E1A CR3s from each human Ad subgroup. The
representative E1A CR3s in the panel show dramatic differ-
ences in their ability to activate transcription as Gal4-DBD

FIG. 1. Transcriptional activation by E1A CR3s from six human adenovirus subgroups. (A) Sequence alignment of human adenovirus E1A
CR3 fragments used from types Ad12 (subgroup A), Ad3 (subgroup B), Ad5 (subgroup C), Ad9 (subgroup D), Ad4 (subgroup E), and Ad40
(subgroup F). Asterisks indicated zinc-coordinating cysteines. Arrows indicate residues in Ad9 E1A CR3 that differ from those in Ad5 E1A CR3
and that are critical for transcriptional activation. (B) Intrinsic transcriptional activation properties of representative E1A CR3s. A549, HeLa,
C33A, or HT1080 cells or MEFs were cotransfected with a Gal4-responsive luciferase reporter and vectors expressing the indicated Gal4-DBD
fusions. Luciferase activity is expressed as a percentage of the Ad5 CR3 fold activation above that for the empty vector � SD.
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fusions which cannot be explained by the existing model of
E1A CR3 function. Systematic analysis of the roles of MED23,
TBP, hSug1, and p300/CBP, which have been implicated in
Ad5 E1A CR3 function, reveals that these interactions are
conserved across all human Ad subgroups, and each represen-
tative E1A CR3 can compete for a common factor(s) and
squelch Ad5 E1A CR3 transactivation. However, the known
cellular factors required by E1A CR3 cannot explain the dra-
matic differences in transactivation observed among these rep-
resentative E1A CR3s. These results demonstrate that many of
the cellular targets utilized by Ad5 E1A CR3 are conserved
across the human Ad family, expanding the existing model of
E1A CR3 transactivation to encompass all six subgroups. Im-
portantly, these data also indicate that additional factors influ-
encing CR3-dependent transactivation remain to be discov-
ered.

MATERIALS AND METHODS

Cells, cell culture, and transfections. Human A549, HeLa, C33A, USOS, and
HT1080 cells, as well as MEFs and MED23�/� MEFs, were maintained at 37°C
and 5% CO2 in Dulbecco modified Eagle medium (Wisent) with 10% fetal
bovine serum (Gibco) and 100 U/ml of penicillin-streptomycin (Wisent). A549
cells and MEFs were transfected with the FuGENE HD reagent (Roche), ac-
cording to the manufacturer’s directions, in a ratio of 3 �g to 9 �l per well of a
six-well plate. HeLa and HT1080 cells were transfected with the Superfect
reagent (Qiagen), according to the manufacturer’s directions.

The U2OS stable cell line containing an integrated Gal4-responsive luciferase
reporter (U2OS-UAS) was made by cotransfection of U2OS cells with pGL2-
(Gal4)6-Luc and pcDNA3.1-Hygro in a 9:1 ratio and selection on 400 �g/ml of
hygromycin. Hygromycin-resistant pools were used for all experiments.

Plasmid construction. The Gal4-responisve luciferase reporter vector pGL2-
(Gal4)6-Luc and Gal4-DBD fusions for each hAd E1A CR3 and wt human
papillomavirus (HPV) type 16 E7 have been described previously (2, 30). Ex-
pression vectors for enhanced green fluorescent protein (EGFP) fusions of hAd
E1A CR3s and wt HPV E7 were cloned from their respective Gal4-DBD fusions
into pCAN-myc-EGFP with EcoRI and XbaI. The expression vectors for the
full-length E1A clones of Ad types 3, 4, 5, 9, 12, and 40 were cloned into pM
(Clontech Laboratories Inc.) with EcoRI and SalI. The expression vector for
human MED23 (hMED2) (pCS2�-human Sur2) was a gift from A. Berk and
described previously (6). Expression vectors for human TBP (pcDNA4HA-
hTBP) and hSug1 (pcDNA4HA-hSug1) were described previously (28). The
p300 expression vector was described previously (27).

Gal4 fusion activation assay. At 24 h prior to transfection, 1.5 � 105 A549
cells/well were seeded on six-well plates. Cells were transfected in a 1:1 ratio of
reporter vector [pGL2-(Gal4)6-Luc] to activator (either pM or pM-CR3). Cells
were harvested 48 h posttransfection in 1� cell culture lysis buffer (Promega)
and assayed for luciferase activity using Steady-Glo substrate (Promega). The
number of relative light units (RLUs) was normalized to the protein concentra-
tion and plotted as the mean fold activation above that achieved with Gal4-DBD
alone (pM) � standard deviation (SD).

Coimmunoprecipitation and Western blot analysis. Typically, 1.5 � 106

HT1080 cells were seeded into 10-cm plates 24 h prior to transfection. Cells were
transfected in a 1:1 ratio of the myc-EGFP fusion and hemagglutinin (HA)-
tagged binding partner or myc-EGFP fusion/E1A alone if endogenous binding
partners were used. Cells were harvested at 24 h posttransfection by scraping and
washed once with 1� phosphate-buffered saline. Cells were lysed in either NP-40
(50 mM Tris, pH 7.8, 150 mM NaCl, 0.1% NP-40) or E1A (50 mM HEPES, pH
6.8, 230 mM NaCl, 0.5% NP-40) lysis buffer supplemented with 1� mammalian
protease inhibitor cocktail (Sigma). Typically, 1 mg of cell lysate was mixed with
100 �l of anti-myc hybridoma (clone 9E10) or M73 anti-E1A hybridoma super-
natant and 125 �l of a 10% slurry of protein A-Sepharose resin (Sigma) and
incubated at 4°C for 1 h with nutating. Immunoprecipitates were washed five
times with lysis buffer, resuspended in 1� lithium dodecyl sulfate sample buffer,
and boiled for 5 min. Samples were then separated by SDS-PAGE, transferred
to a polyvinylidene difluoride membrane (GE), and blocked in 5% nonfat milk
in Tris-buffered saline–Tween 20. Western blot analysis was carried out with
mouse anti-myc hybridoma clone (9E10), rat monoclonal anti-HA (clone 3F10
Roche), monoclonal anti-Rb (clone C36), rabbit antiactin (Sigma), mouse mono-

clonal anti-TBP (Millipore), rabbit anti-hSug1 (14), or mouse monoclonal anti-
p300 (clone Rw128; Millipore), followed by either rabbit anti-mouse horseradish
peroxidase (HRP; Jackson Laboratories), goat anti-rat HRP (Pierce), or goat
anti-rabbit HRP (Jackson Laboratories).

siRNA knockdown. Custom small interfering RNA (siRNA) against p300 was
used as described previously (27). Silencer select siRNAs against TBP (s13826
siRNA) and hSug1 (s11381 siRNA) were purchased from Ambion. siRNA trans-
fections were performed with siLentFECT reagent (Bio-Rad), according to the
manufacturer’s directions. Typically, 1.5 � 106 HeLa cells were seeded on 10-cm
plates for siRNA transfection. At 24 h after siRNA transfection, cells were
reseeded to six-well plates at 2 � 105 cells per well. At 48 h after siRNA
transfection, cells were transfected as described above to perform the Gal4
fusion activation assay.

Squelching assay. At 24 h prior to transfection, 1.5 � 105 A549 cells/well were
seeded on six-well plates. Cells were transfected in a 1:1:1 ratio of reporter
[pGL2-(Gal4)6-Luc]–activator (either pM or pM-Ad5 CR3)–squelcher (myc-
EGFP fusion). Cells were harvested at 48 h posttransfection for use in the
luciferase assay, as described above. The number of RLUs was normalized to the
protein concentration and plotted as a percentage of the number for the Gal4-
Ad5 E1A CR3 wt with EGFP (empty vector) as competitor � SD. The squelch-
ing rescue assay was performed as described above with the addition of
pcDNA4HA-hSug1 or empty pcDNA4HA to achieve a 1:1:1:1 ratio.

Quantitative reverse transcription-PCR (qRT-PCR). Human A549 cells were
infected with either Ad5 (dl309 or dl312) or wt Ad9 virus at an MOI of 2.0 (or
MOIs of 200 and 2,000 for the Ad9 wt). At 16 h postinfection, total RNA was
isolated with the Trizol reagent (Invitrogen), according to the manufacturer’s
directions. For each sample, 1 �g of total RNA was first heated to 70°C for 5 min
and subjected to DNase I treatment (Invitrogen), according to the manufactur-
er’s directions. First-strand synthesis was performed using OligodT (Invitrogen)
and SuperScriptII enzyme (Invitrogen), according to the manufacturer’s direc-
tions. Quantitative PCR was performed in triplicate with a 15-�l reaction mix-
ture and 1� iQ-SYBR green SuperMix (Bio-Rad), according to the manufac-
turer’s directions, in a MyiQ real-time PCR instrument (Bio-Rad). The following
primers for Ad9 targets were used at a 200 nM final concentration: RTAd913S
E1AF (5�-AGCTTTATTTACAGTCCGGTGTCAGA-3�), RTAd913SE1AR
(5�-ACACTTGCAGGGGCGTTT-3�), RTAd9E4orf6-7F (5�-CATAATACTGT
GACCTTGGAC-3�), and RTAd9E4orf6-7R (5�-TTTCCTGGCGAGCCAAA
C-3�). The primers for Ad5 targets and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) were described previously (28). Data were analyzed using IQ5
software (Bio-Rad); briefly, E4orf6/7 mRNA levels were normalized to GAPDH
levels as an internal control and the respective E1A mRNA level for each
sample. E1A and E4orf6/7 mRNA levels in cells infected with mutant dl312
(from which E1A is deleted) were set equal to 1.

RESULTS

E1A CR3-mediated transactivation differs greatly between
Ad types. E1A is a potent activator of transcription, and Ad5
E1A CR3 (residues 139 to 204) is sufficient to activate tran-
scription when it is fused to a heterologous DBD in mamma-
lian and yeast cells (26–30, 34). We tested whether the corre-
sponding E1A CR3 portions of Ad type 3, 4, 9, 12, and 40 E1A
proteins, which represent E1A proteins from the other five Ad
subgroups, were capable of activating transcription as Gal4-
DBD fusions in the A549 human alveolar basal epithelial cell
line (Fig. 1B). A549 cells were chosen, as they are commonly
used as a diagnostic cell line for clinical Ad infections. All six
E1A CR3s activated a Gal4-responsive promoter in A549 cells.
Interestingly, there were dramatic differences in their relative
activities (Fig. 1B). Given that E1A is the first gene expressed
during adenovirus infection and is responsible for activating
viral gene expression, the current model would predict that all
E1A CR3s should strongly activate transcription. However,
there appeared to be three classes of E1A CR3s with respect to
activation of transcription: subgroup A (Ad12), C (Ad5), and E
(Ad4) E1A CR3s were the most potent activators of transcrip-
tion and subgroup B (Ad3) and subgroup F (Ad40) E1A CR3s
exhibited an intermediate ability, while subgroup D (Ad9) E1A
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CR3 was a weak activator. To determine if these differences in
activity were specific to A549 cells, we repeated these experi-
ments in HeLa and C33A human cervical carcinoma cells,
HT1080 human fibrosarcoma cells, and MEFs. Although some
differences in activation were seen between cell types, Ad9
CR3 was consistently the weakest activator in all cells tested
(Fig. 1B).

Diverse E1A CR3s share common cellular targets. Since
little is known about the mechanism by which the E1A CR3
regions of any Ad type other than Ad5 activate transcription,
we first determined if there are common cellular factors tar-
geted by the different E1A CR3s. We designed a competition,
or squelching, assay to determine if there is functional overlap
of cellular targets required for transactivation. A549 cells were
cotransfected with a Gal4-responsive luciferase reporter, an
activator, and a competitor. In this assay, the readout is the
level of activation by the Gal4-Ad5 E1A CR3 wt above that by
Gal4 alone and is expressed as a percentage of that for the
Gal4-Ad5 E1A CR3 wt with EGFP (empty vector) as a com-
petitor. If a competitor does not target factors required by the
DNA-bound transactivator, the level of transcriptional activa-
tion should remain at 100%, regardless of the level of compet-
itor present. However, if the competitor targets a factor(s)
required for function by the activator, a dose-dependent re-
duction of transactivation will be observed as the level of the
competitor is increased. As expected, wt Ad5 E1A CR3 fused
to EGFP potently squelched the activity of wt Gal4-Ad5 E1A
CR3 in a dose-dependent manner (Fig. 2A). This clearly dem-
onstrates that soluble EGFP Ad5 E1A CR3, which is unable to
bind the promoter, will sequester limiting factors from promot-
er-tethered Gal4-Ad5 E1A CR3, reducing its ability to stimu-
late transcription of the Gal4-responsive luciferase reporter.

E1A mutants unable to bind multiple factors still squelch wt
E1A activity. Two well-characterized mutants of Ad5 E1A
CR3 with point mutations H160Y and V147L, which fail to
transactivate, were chosen to validate the squelching assay
(12). We confirmed that the Gal4 fusions of each of these
mutants were unable to activate a Gal4-responsive promoter
(Fig. 2B). Ad5 E1A CR3 interacts with multiple cellular tran-
scriptional regulators in order to orchestrate the activation of
gene transcription (25). We determined the interaction profiles
of these mutants with respect to several of these binding part-
ners. The H160Y mutant bound TBP, hSug1, p300, and pCAF
equivalently to wt Ad5 E1A CR3 but did not bind hMED23
(Fig. 2C). The V147L mutant bound hSug1 like wt Ad5 E1A
CR3, bound TBP only weakly, and did not bind hMED23,
p300, or pCAF (Fig. 2C). Taken together, these mutants rep-
resent transactivation-defective mutants that retained selective
interactions with factors that might be rate limiting for E1A
CR3-dependent activation of transcription. Despite the inabil-
ity of these mutants to activate transcription or bind key tran-
scriptional components, both effectively squelched activation
by the Gal4-Ad5 CR3 wt when they were expressed as soluble
EFGP fusions, whereas the human papillomavirus type 16 E7
viral transactivator did not (Fig. 2D). As both the H160Y and
V147L mutants remained capable of interacting with hSug1
similarly to wt Ad5 E1A CR3, it remained possible that hSug1
is the limiting factor required by CR3 to activate transcription.
We tested whether overexpression of hSug1 would reverse the
squelching by the V147L mutant. The overexpression of hSug1

that resulted in no significant change is a result of the squelch-
ing activity of the mutant with the V147L point mutation (Fig.
1E). The observation that these mutants lost the ability to
interact with multiple cellular factors yet still manage to
squelch wt Ad5 E1A CR3 transactivation demonstrates that
E1A CR3-dependent activation of transcription is a complex
process requiring the concerted action of multiple factors. Im-
portantly, these data provide evidence that additional factors
beyond hMED23, hSug1, p300, pCAF, and TBP are critical for
Ad5 CR3 transactivation.

E1A CR3s universally squelch Ad5 E1A CR3 function. Little
is known about the cellular factors required for CR3-depen-
dent transactivation by the E1A proteins of Ad types other
than Ad5. We hypothesized that the squelching assay could be
applied to determine if the E1A CR3s of other Ad types
functioned via interaction with the same set of cellular tran-
scriptional regulators. A549 cells were cotransfected with a
Gal4-responsive luciferase reporter and Gal4-Ad5 E1A CR3
wt, as described before, with EGFP fused to the E1A CR3s of
chosen representative Ads as competitors. The E1A CR3s of
all six Ad serotypes were capable of squelching Ad5 CR3-
dependent activation, although to various extents (Fig. 3A).
Three classes of squelching ability were observed: Ad5 and
Ad4 E1A CR3s were the most potent; Ad3 E1A CR3 appeared
to have an intermediate ability; and Ad12, Ad9, and Ad40 E1A
CR3s were the least effective squelchers (Fig. 3A). Weaker
squelching was not simply due to low levels of expression, as
determined by Western blotting (Fig. 3A). Interestingly, the
effectiveness of an individual CR3 to squelch was not typically
related to its ability to activate transcription as a Gal4-DBD
fusion (Fig. 3B).

On the basis of the findings of the squelching assay, it was
clear that the chosen representative E1A CR3s targeted cel-
lular transcriptional regulators also required by Ad5 E1A CR3.
We therefore systematically examined their interactions with
known coactivators of E1A CR3, including MED23, TBP,
hSug1, and p300, as well as the functional requirements for
these interactions.

MED23 is required by all E1A CR3s to activate transcrip-
tion. The mediator component MED23 has been implicated to
be the most critical cellular coactivator of Ad5 CR3 function
(6, 31). This interaction is also required for murine Ad growth,
suggesting that this factor may be universally utilized by dif-
ferent adenovirus types (10). We tested the ability of the full-
length E1A product from each representative Ad subgroup to
interact with hMED23 by coimmunoprecipitation. Each of the
different full-length E1A proteins bound hMED23, although
none bound it as strongly as the Ad5 E1A (Fig. 4A). Further-
more, the E1A CR3 domains of each representative E1A pro-
tein were sufficient for this interaction (Fig. 4B). In order to
determine the functional consequences of this hMED23 inter-
action, the abilities of the representative E1A CR3s to activate
transcription in MED23-null (MED23�/�) MEFs were deter-
mined. All six E1A CR3s activated transcription in wt MEFs
but failed to activate transcription in MED23�/� MEFs (Fig.
4C, black bars and white bars, respectively). The failure to
activate transcription was rescued by the expression of exoge-
nous hMED23 in the MED23�/� MEFs (Fig. 4C, gray bars).
We conclude that hMED23 is a common target of each of the
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FIG. 2. Squelching of Ad5 E1A CR3 function. (A) Design and titration of squelching assay. A549 cells were cotransfected with a Gal4-
responsive luciferase reporter, vectors expressing Gal4 alone, or Gal4-Ad5 CR3 as activators and either EGFP or increasing amounts (0 ng, 20 ng,
100 ng, 500 ng, and 1,000 ng) of vector expressing the EGFP-Ad5 CR3 fusion as a competitor. Luciferase activity is expressed as a percentage of
the fold activation of Gal4-Ad5 CR3 above that for the vector alone with EGFP as the competitor � SD. (B) Activation of established mutants
of E1A CR3 as Gal4 fusions. A549 cells were cotransfected with a Gal4-responsive luciferase reporter and vectors expressing the indicated Gal4
fusions to E1A CR3 or empty vector. Luciferase activity is expressed as a percentage of the fold activation above that for the vector � SD.
(C) Interaction of mutants of Ad5 E1A CR3 with known cellular targets of CR3. E1A CR3 fusions were immunoprecipitated with anti-myc
antibody and blotted with anti-HA antibody for the indicated targets. Inputs are probed with anti-myc antibody for CR3s or anti-HA antibody for
MED23, TBP, hSug1, and p300. IP, immunoprecipitation. (D) Squelching of E1A CR3-dependent transactivation by Ad5 CR3 mutants. A549 cells
were cotransfected as described for panel A but with equal amounts of vectors expressing EGFP fused to the indicated Ad5 CR3 mutant or HPV
E7 (1,000 ng). (E) Sequestration of hSug1 is not responsible for transcriptional squelching by CR3 of the V147L mutant. Human A549 cells were
cotransfected as described for panel D with either empty vector (pcDNA4) or a hSug1 expression vector (pcDNA4-hSug1) in a 1:1:1:1 ratio. The
levels of activation in vector-transfected cells versus those in hSug1-transfected cells were compared by Student’s t test, and P values are indicated
above the bars.
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six representative CR3s and is absolutely required for transac-
tivation.

TBP binds all E1A CR3s but is not required for transcrip-
tional activation. The first cellular protein shown to interact
with CR3 of Ad5 E1A was TBP (19). We tested if the inter-
action with TBP was conserved among the different E1A CR3s
and also determined the requirement for TBP in E1A CR3-
dependent activation of transcription. Ad5 E1A CR3 was suf-
ficient to coimmunoprecipitate TBP, and the five other E1A
CR3s interacted with TBP at least as strongly as Ad5 E1A CR3
(Fig. 5A). As a negative control for these interaction studies,
we assessed the abilities of the E1A CR3 fusions to coimmu-
noprecipitate pRb, which binds E1A primarily via CR2. As
expected, none of the E1A CR3 fusion proteins bound pRb
(Fig. 5B). To determine the functional role of TBP in E1A
CR3 transactivation, we depleted TBP in HeLa cells by RNA
interference (RNAi) and then examined the ability of each
E1A CR3 to activate transcription as a Gal4 fusion in control
siRNA-treated cells and TBP-specific siRNA-treated cells.
siRNA knockdown of TBP did not reduce transactivation by
any of the six CR3s tested (Fig. 5C). On the basis of this
observation, it can be concluded that although TBP was a
conserved target of the six CR3s, it does not appear to be
nearly as critical as hMED23 for transactivation.

hSug1 binds all E1A CR3s and contributes to transcrip-
tional activation. The proteasome is a crucial cellular coacti-
vator of Ad5 E1A, and CR3 binds the proteasome via the
hSug1 or S8 ATPase component (28). All six representative
E1A CR3s interacted with hSug1, as determined by coimmu-
noprecipitation (Fig. 6A). RNAi-directed knockdown of hSug1
resulted in a reduction of transactivation by all six different
E1A CR3s. In particular, the E1A CR3s capable of potent
activation of transcription (the Ad12, Ad5, Ad4, and Ad40
CR3s) showed a significant loss of activity in hSug1 siRNA-
treated cells relative to that for the control (Fig. 6B).

p300/CBP is required by all E1A CR3s to activate transcrip-
tion. We have previously shown that the p300/CBP acetyltrans-
ferases also function as critical coactivators of Ad5 E1A CR3
function (27). All six representative E1A CR3s interacted with
p300, as determined by coimmunoprecipitation, although Ad5
E1A CR3 showed the strongest interaction (Fig. 7A). Deple-
tion of p300 by siRNA resulted in a greater than 50% reduc-
tion in CR3 transactivation for all six E1A CR3s (Fig. 7B), and
this was statistically significant for all but the Ad9 E1A CR3,
the weakest activator.

Taken together, these data indicate that each of the six
different Ad E1A CR3s shares these four cellular transcrip-
tional regulators as common targets. Importantly, the relative

FIG. 3. Squelching of Ad5 E1A CR3-dependent activation by the CR3 domains from representative human adenovirus types. (A) Human A549
cells were cotransfected with a Gal4-responsive luciferase reporter, vectors expressing Gal4 alone, or Gal4-Ad5 CR3 as the activator and either
EGFP or EGFP fused to each of the indicated E1A CR3s as the competitor. Luciferase activity is expressed as a percentage of the fold activation
of Gal4-Ad5 CR3 above that for the vector alone with EGFP as the competitor � SD. (B) Summary of transcriptional properties of representative
E1A CR3s. The transcriptional activation, squelching, and expression levels of each E1A CR3 are summarized relative to those of Ad5 E1A CR3.
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differences between the abilities of each of these E1A CR3s to
activate transcription or squelch Ad5 E1A CR3 activity cannot
be explained simply by the differences in their association with
these factors.

Transcriptional activation by full-length E1A proteins. We
reasoned that the surprisingly large differences in the intrinsic
abilities of the different CR3s to activate transcription could be
functionally compensated for by activities present in other por-
tions of these proteins. Indeed, it is well established that the N
terminus/CR1 of Ad5 E1A functions as a strong activator of
transcription when it is tethered to a heterologous DNA-bind-
ing domain (5, 30). We directly compared the abilities of the
different CR3s with the corresponding full-length E1A pro-

teins to activate transcription of a Gal4-responsive luciferase
reporter stably integrated into the genome of U2OS human
osteosarcoma cells (Fig. 8A). While there were again marked
differences in the activities of the different E1A CR3s, the
full-length E1A proteins were all equivalent or superior acti-
vators with respect to Ad5 E1A. This was particularly pro-
nounced for Ad9, suggesting that other regions of this E1A
protein may compensate for the weak intrinsic transcriptional
activation function of Ad9 E1A CR3. We looked further at the
activity of the Ad9 E4 promoter in the context of viral infection
by qRT-PCR, as E4 is a well-documented target of E1A trans-
activation. During infection, the relative expression level of
E4orf6/7 mRNA was greatly elevated in the presence of wt

FIG. 4. MED23 is targeted by E1A CR3s from multiple Ad types. (A) Coimmunoprecipitation of MED23 and the 13S mRNA-encoded E1A
proteins from each human adenovirus subgroup. Human HT1080 cells were cotransfected with a vector expressing HA-tagged human MED23 and
vectors expressing either EGFP or an EGFP fused to the indicated E1A proteins. E1A proteins were immunoprecipitated with anti-EGFP antibody
and blotted with anti-HA antibody. Inputs were probed with EGFP antibody for E1A proteins or HA antibody for MED23. (B) Coimmunopre-
cipitation of MED23 with the E1A CR3 domains from each human Ad subgroup. Human HT1080 cells were cotransfected with vectors expressing
HA-tagged human MED23 and either myc-EGFP or myc-EGFP fused to the indicated E1A CR3 domain. E1A CR3 domains were immunopre-
cipitated with anti-myc antibody and blotted with anti-HA antibody. Inputs were probed with anti-myc antibody for CR3s or anti-HA antibody for
MED23. (C) E1A CR3 activation in MED23-null MEFs. MED23-null MEFs and wt littermate-derived MEFs were cotransfected with a
Gal4-responsive luciferase reporter and vectors expressing Gal4 fused to the indicated E1A CR3 domain (white and black bars, respectively).
MED23-null MEFs were also transfected with the Gal4-responsive luciferase reporter, vectors expressing the indicated Gal4-E1A CR3 domain
fusions, and an expression vector for human MED23 (gray bars). Luciferase activity is expressed as the fold activation over that for Gal4-DBD
alone � SD.
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Ad5 E1A compared to that during infection with an Ad5 from
which E1A was deleted (�1,500-fold increase). This is ex-
pected because E4 expression is highly responsive to full-
length E1A (22). The relative expression level of the E4orf6/7
mRNA in Ad9-infected cells exceeds that in wt Ad5-infected
cells, similar to what was seen with the integrated reporter
assay (Fig. 8B). The expression level of E4orf6/7 in Ad9-in-

fected cells increased in a dose-dependent manner with in-
creased viral inoculum (Fig. 8B). Assuming that the Ad9
E4orf6/7 mRNA is similarly regulated by E1A, it is clear that
the Ad9 early genes are potently activated upon infection. This
supports our observation for an integrated reporter gene (Fig.
8A) that full-length Ad9 E1A retains strong transactivation
function, despite the weak activity intrinsic to CR3 alone.

DISCUSSION

The CR3 portion of Ad5 E1A is a potent transcriptional
activation module and serves as a paradigm of viral transacti-
vation (3, 11, 25). CR3 is the most highly conserved of the four
conserved regions within E1A (Fig. 1A) (1). Given this simi-
larity between E1A proteins and their essential role in activat-
ing virus early gene expression, one would predict that all E1A
CR3s would function as potent activators of transcription.

FIG. 5. TBP is a conserved cellular target of E1A CR3 from mul-
tiple Ad types. (A) Coimmunoprecipitation of TBP with representative
E1A CR3s. HT1080 cells were cotransfected with a vector expressing
HA-tagged TBP and vectors expressing the indicated E1A CR3s fused
to EGFP. E1A CR3s were immunoprecipitated with 9E10 antibody
and blotted for HA. (B) Negative coimmunoprecipitation of pRb with
representative E1A CR3s. HT1080 cells were cotransfected with a
vector expressing the indicated E1A CR3s fused to EGFP or genomic
E1A. E1A CR3s were immunoprecipitated with anti-myc antibody,
and E1A proteins were immunoprecipitated with M73 and blotted for
endogenous pRb. (C) siRNA knockdown of TBP and the effect on
transcriptional activation by E1A CR3. HeLa cells were transfected
with 5 nM siRNA (negative control or TBP specific) and at 2 days after
siRNA transfection were retransfected with a Gal4-reponsive lucifer-
ase reporter and an expression vector for the indicated Gal4-CR3
fusions. At 48 h posttransfection (120 h after siRNA transfection), cells
were harvested and assayed for luciferase activity. Luciferase activity is
expressed as the fold above that for Gal4-DBD alone � SD. The levels
of activation in control versus TBP-knockdown cells were compared by
Student’s t test, and P values are indicated. (Inset) Levels of TBP in
knockdown and control cells.

FIG. 6. Human Sug1 is a conserved target of E1A CR3 from mul-
tiple Ad types. (A) Coimmunoprecipitation of hSug1 with representa-
tive Ad E1A CR3s. HT1080 cells were cotransfected with
pcDNA4HA-hSug1 and vectors expressing the indicated E1A CR3s
fused to myc-EGFP. E1A CR3s were coimmunoprecipitated with anti-
myc antibody and blotted for HA. (B) siRNA knockdown of hSug1 and
the effect on transcriptional activation by E1A CR3. HeLa cells were
transfected with 5 nM siRNA (negative control or Sug1 specific) and at
2 days posttransfection were retransfected with a Gal4-reponsive lu-
ciferase reporter and an expression vector for the indicated Gal4-CR3
fusions. At 48 h posttransfection (120 h after siRNA transfection), cells
were harvested and assayed for luciferase activity. Luciferase activity is
expressed as the fold above that for Gal4-DBD alone � SD. The levels
of fold activation of control versus hSug1 siRNA-treated cells were
compared by Student’s t test, and P values are indicated above the bars.
(Inset) Levels of hSug1 in knockdown and control cells.
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However, this is not the case; there are dramatic differences in
the potencies of representative E1A CR3s to activate tran-
scription (Fig. 1B). In the experiments described here, it was
critical to utilize E1A CR3s fused to Gal4-DBD. Direct teth-
ering of the E1A CR3 activation domain to the transcriptional
reporter via fusion to Gal4-DBD allows a direct comparison of
the transactivation function by bypassing any differences in
affinity between the various E1A CR3s and the sequence-
specific DNA-binding transcription factors that normally re-
cruit it to the transcriptional template (20, 21). Indeed, our
initial experiments revealed that none of the largest E1A prod-
ucts from any of the Ad subgroups (except Ad5) could stimu-
late transcription of an Ad5 E4 promoter-driven reporter, pre-
sumably due to an inability to be targeted to that reporter
(unpublished results).

The unexpected and dramatic differences between the abil-
ities of the different E1A CR3 domains to activate transcrip-

tion suggest that the Ad life cycle can initiate and progress
efficiently even if the E1A protein is a relatively weak activator.
Indeed, 3 of the 5 other E1A CR3s that we tested were less
than 50% as active as the prototype Ad5 E1A CR3, with Ad9
E1A CR3 being by far the weakest (Fig. 1B). In agreement
with this, previous work using a panel of E1A CR3 mutants
found that growth of Ad5 was not significantly reduced unless
E1A-dependent transactivation was reduced by 5- to 20-fold,
which translates to the suggestion that a minimum cutoff of
approximately 20% of Ad5 E1A CR3 function is critical to
virus growth (16).

To understand the molecular basis for the differences in
transactivation between Ad types, we initially utilized a tran-
scriptional squelching assay. Despite the inability of the Ad5
V147L E1A CR3 mutant to interact with multiple cellular
proteins targeted by E1A CR3 (MED23, TBP, pCAF, and
p300), it behaved nearly like wt Ad5 E1A CR3 in the squelch-
ing assay. This is highly indicative that this mutant retains
binding to additional limiting factors necessary for E1A CR3-
dependent transactivation that remain to be identified. When

FIG. 7. p300 is a conserved target of E1A CR3s from multiple Ad
types. (A) Interaction of p300 with the E1A CR3 domains of different
Ad types. Human HT1080 cells were cotransfected with an expression
vector for HA-tagged p300 and expression vectors for the indicated
E1A CR3 myc-EGFP fusions. EGFP fusions were immunoprecipitated
with a cocktail of anti-myc and anti-GFP antibodies and blotted with
HA. (B) Effect of siRNA depletion of p300 on E1A CR3-dependent
activation. HeLa cells were transfected with 20 nM custom siRNA
directed against p300 or control siRNA and at 3 days posttransfection
were retransfected with a Gal4-reponsive luciferase reporter and an
expression vector for the indicated Gal4-CR3 fusions. At 48 h post-
transfection (120 h after siRNA transfection), cells were harvested and
assayed for luciferase activity. Luciferase activity is expressed as the
fold above that for Gal4-DBD alone � SD. The levels of fold activa-
tion of control versus p300 siRNA-treated cells were compared by
Student’s t test, and P values are indicated above the bars. (Inset)
Levels of p300 in knockdown and control cells.

FIG. 8. Transactivation by full-length E1A. (A) Transactivation by
full-length E1A proteins in the context of chromatin. U2OS-UAS cells,
which contain an integrated Gal4-responsive luciferase reporter, were
transfected with expression vectors for either the indicated E1A CR3
domains or the indicated full-length 13S E1A proteins. Luciferase
activity is expressed as the fold activation above that for Gal4 alone �
SD. (B) Transactivation of the Ad5 and Ad9 E4 promoters during
infection. At 16 h postinfection with the indicated viruses, the expres-
sion level of E4orf6/7 mRNA was determined by qRT-PCR. The
expression level of E4orf6/7 relative to the levels for GAPDH and E1A
is indicated, and the expression level for cells infected with dl312 was
set equal to 1.
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expression was tested in the squelching assay, expression of
each of the five other representative E1A CR3s as fusions to
EGFP reduced the level of activation by Gal4-Ad5 E1A CR3
(Fig. 3A). These results confirmed that each of the distinct Ad
E1A CR3 domains was capable of competing with Gal4-Ad5
E1A CR3 for at least one critical factor. Interestingly, there did
not appear to be any correlation between the potency of a
given E1A CR3 to transactivate (Fig. 1B) and the ability to
squelch Ad5 E1A CR3 (Fig. 3B). These results suggest that the
mechanism of E1A CR3 transactivation is a complex hierarchy
of binding kinetics and that multiple cellular factors required
by E1A CR3 are limiting in vivo. Simply put, the extent to
which any given E1A CR3 squelches Gal4-Ad5 E1A CR3 is
based on its ability to sequester one or more of these targets.
Furthermore, the ability of Ad12 E1A CR3 to activate as
strongly as Ad5 E1A CR3 yet squelch Gal4-Ad5 E1A CR3
poorly indicates that important mechanistic differences in
transactivation exist between at least these two E1A proteins.
One explanation for these observations could be that Ad12
E1A CR3 targets additional factors not utilized by Ad5 E1A
CR3 that contribute to its strong transactivation function (15).

We directly tested the ability of each of the six E1A CR3
domains from the different Ad types to bind MED23 (Fig. 4B),
TBP (Fig. 5A), hSug1 (Fig. 6A), and p300 (Fig. 7A) and the
role that these interacting proteins had on their ability to
transactivate (Fig. 4C, 5B, 6B, and 7B, respectively). These
data demonstrated, for the first time in most cases, that each of
the different E1A CR3s had the ability to interact with these
cellular factors, although to various extents with respect to that
of the Ad5 E1A CR3 prototype. These data also demonstrate
that MED23, hSug1, and p300 play vital roles in transactivation
by most, if not all, of the different E1A CR3s, as previously
described for the Ad5 E1A CR3 prototype (27, 28, 31). In
contrast, the interaction with TBP is not necessary for tran-
scriptional activation by the different CR3s, at least in the
context of the Gal4-CR3 fusions.

The binding data demonstrated that Ad9 E1A CR3 inter-
acted to some degree with all of the known cellular targets of
E1A CR3 tested (Fig. 4B to 7B). Indeed, it bound MED23
(Fig. 4A) and pCAF far better than all other E1A CR3s except
Ad5 (26). On the basis of the binding data, it is not surprising
that Ad9 E1A CR3 squelched Ad5 E1A CR3-dependent acti-
vation (Fig. 3). However, it is surprising that it was the weakest
activator of transcription of the six E1A CR3s tested. The
existing model of E1A CR3 function cannot explain this phe-
nomenon. According to what is currently known about the
E1A CR3 function, Ad9 E1A CR3 should be able to potently
activate transcription as a Gal4 fusion because it can strongly
interact with all of the known cellular coactivators of E1A CR3
so far identified. This line of evidence may indicate that the
weak activity of the Ad9 E1A CR3 results from the involve-
ment of an as yet unidentified cellular cofactor required by
E1A CR3 to activate transcription. Alternatively, if E1A CR3
serves as a scaffold to assemble all the factors required for
transcriptional activation, Ad9 E1A CR3 on its own may not
properly organize them spatially or temporally.

Interestingly, the Ad9 E1A CR3 sequence has the least
identity with the Ad5 E1A CR3 sequence (47%) compared to
its identity with the Ad type 12, 3, 4, and 40 E1A CR3 se-
quences (60%, 60%, 56%, and 54%, respectively). The key

residues essential for transcriptional activation by Ad5 CR3
have been systematically identified (33). On the basis of that
analysis, inspection of the CR3 sequence of Ad9 E1A reveals
that multiple residues expected to be critical for activation are
different. Specifically, individual conservative changes in L144,
G151, M170, and R177 significantly impair Ad5 E1A CR3
activation, and all these residues differ in the Ad9 E1A CR3
sequence (Fig. 1A). Despite the pronounced defect in Ad9
E1A CR3-dependent activation, the full-length Ad9 E1A pro-
tein is a very potent activator (Fig. 8A) and the Ad9 E4 pro-
moter is highly active upon infection (Fig. 8B), suggesting that
other regions of the protein can effectively complement the
deficiency in CR3 to activate viral early gene expression.

From the work presented here, it is clear that there are
multiple conserved interactions among the representative E1A
CR3s with cellular cofactors that are involved in activating
transcription. Beyond these conserved interactions, our cur-
rent work and previous work (26) also provide growing evi-
dence that there are selective cellular targets required by the
E1A CR3 domains of some Ad types and not others. These
may be particularly important for infection of specific tissue
types. Perhaps it is the subtle differences in accessory factors
rather than the conserved coactivators that ultimately regulate
the potency of a given E1A CR3 to activate transcription.
Further studies of these potent transcriptional activation do-
mains may lead to the identification of additional cellular tran-
scriptional regulators and provide novel insight into their
mechanism of action.
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