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The Cellular Protein Complex Associated with a Transforming Region
of E1A Contains c-MYC
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Institute for Molecular Virology, Department of Molecular Microbiology & Immunology, Doisy Research Center, Saint Louis University School of Medicine, St. Louis,
Missouri, USA

ABSTRACT

The cell-transforming activity of human adenovirus 5 (hAd5) E1A is mediated by the N-terminal half of E1A, which interacts
with three different major cellular protein complexes, p300/CBP, TRRAP/p400, and pRb family members. Among these protein
interactions, the interaction of pRb family proteins with conserved region 2 (CR2) of E1A is known to promote cell proliferation
by deregulating the activities of E2F family transcription factors. The functional consequences of interaction with the other two
protein complexes in regulating the transforming activity of E1A are not well defined. Here, we report that the E1A N-terminal
region also interacted with the cellular proto-oncoprotein c-MYC and the homolog of enhancer of yellow 2 (ENY2). Our results
suggested that these proteins interacted with an essential E1A transforming domain spanning amino acid residues 26 to 35
which also interacted with TRRAP and p400. Small interfering RNA (siRNA)-mediated depletion of TRRAP reduced c-MYC in-
teraction with E1A, while p400 depletion did not. In contrast, depletion of TRRAP enhanced ENY2 interaction with E1A, sug-
gesting that ENY2 and TRRAP may interact with E1A in a competitive manner. The same E1A region additionally interacted with
the constituents of a deubiquitinase complex consisting of USP22, ATXN7, and ATXN7L3 via TRRAP. Acute short hairpin RNA
(shRNA)-mediated depletion of c-MYC reduced the E1A transforming activity, while depletion of ENY2 and MAX did not. These
results suggested that the association of c-MYC with E1A may, at least partially, play a role in the E1A transformation activity,
independently of MAX.

IMPORTANCE

The transforming region of adenovirus E1A consists of three short modules which complex with different cellular protein com-
plexes. The mechanism by which one of the transforming modules, CR2, promotes cell proliferation, through inactivating the
activities of the pRb family proteins, is better understood than the activities of the other domains. Our analysis of the E1A pro-
teome revealed the presence of the proto-oncoprotein c-MYC and of ENY2. We mapped these interactions to a critical trans-
forming module of E1A that was previously known to interact with the scaffolding molecule TRRAP and the E1A-binding pro-
tein p400. We showed that c-MYC interacted with E1A through TRRAP, while ENY2 interacted with it independently. The data
reported here indicated that depletion of c-MYC in normal human cells reduced the transforming activity of E1A. Our result
raises a novel paradigm in oncogenic transformation by a DNA viral oncogene, the E1A gene, that may exploit the activity of a
cellular oncogene, the c-MYC gene, in addition to inactivation of the tumor suppressors, such as pRb.

denovirus E1A is an extensively investigated viral oncogene
product that is exploited to elucidate mechanisms of cell pro-
liferation and oncogenic transformation. The E1A gene region
codes for two major protein isoforms, S-E1A and L-E1A. Of the
two protein isoforms, the smaller isoform (S-E1A) (referred to
here as E1A protein) is widely used to study mechanisms of fibro-
blast and epithelial cell transformation. Mutational dissection of
the transforming activity of S-E1A has indicated that the N-termi-
nal halfis essential for transformation of primary epithelial cells in
cooperation with the activated H-Ras oncogene (reviewed in ref-
erence 1). In contrast, the C-terminal half inhibits this function.
The transforming activity of the E1A N-terminal region is linked
to three short amino acid regions of E1A that interact with three
major cellular protein complexes, p300/CBP, TRRAP/p400, and
pRb/p107/p130 (reviewed in reference 2). The transforming ac-
tivity imparted by the interaction of these protein complexes is
opposed as a consequence of the interaction of three other protein
complexes, FOXK1/K2, DYRK1A/1B/HAN11, and CtBP1/2, with
the C-terminal half of E1A (reviewed in references 1 and 3).
Although the interaction of cellular protein complexes with the
N-terminal region is well characterized, the functional conse-

1070 jvi.asm.org

Journal of Virology

quences of their interactions remain to be fully understood.
Among the E1A N-terminal protein interactions, the functional
significance of the interaction of the pRb family proteins with
conserved region 2 (CR2) of E1A (residues 120 to 140) is better
understood. CR2 of E1A and the homologous domains of human
papillomavirus (E7) and simian virus 40 (T antigen [Ag]) interact
with the pRb family members, leading to the activation of the E2F
transcriptional pathway by relieving the repression of the S-phase
genes (4). The N-terminal 80-amino-acid region of E1A, which
includes a conserved domain (CR1), interacts with p300/CBP
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FIG 1 Domain-specific transforming activities of E1A. (A) Domain map of S-E1A and the interaction of major cellular proteins. The exons of E1A 12S mRNA
and the conserved regions (CR) of S-E1A are indicated. The deleted amino acid regions in the E1A mutant constructs are underlined. (B) BRK cells were
transfected with plasmids that express E1A mutants with the indicated deletions and activated H-Ras. The transformation assays were carried out as described
previously (26). The transfected cells were stained 10 days after transfection and photographed. (C) Quantification of the transformed colonies. (D) Expression
of E1A and Ras in BRK cells. BRK cells were transfected with the indicated plasmids, and 48 h after transfection, the cells were analyzed by Western blotting using

a mixture of E1A Abs (M58 and Ab 1-80) and Abs specific for Ras and actin.

lysine acetyl transferases (5). In cells infected with human adeno-
virus 5 (hAd5), E1A expression resulted in quantitative sequestra-
tion of these acetyl transferases by E1A, resulting in massive
deacetylation of histone H3 Lys18 (H3K18Ac) (6), and also tar-
geted the E1A-pRB repressive complex to a battery of cellular
genes that normally inhibit viral replication (7). However, the
precise role of E1A-p300/CBP interaction in cell transformation
still remains unclear. Some of our results presented here (Fig. 1)
suggested that the primary function of p300/CBP interaction with
E1A might be to antagonize the activities of the E1A C-terminal
region in cell transformation. The mechanism of such action re-
mains to be investigated.

The N-terminal 80-amino-acid region also interacts with
TRRAP (8-10) and p400 (11). An E1A mutant lacking residues 26
to 35, dI1102, was deficient in interaction with both TRRAP and
p400. Proteomic analyses have shown that the scaffolding protein
TRRAP forms two different multiprotein complexes that contain
either of the histone acetylases TIP60 (12, 13) and GCN5 (14, 15).
The TIP60 complex also contained p400 (12, 13, 16), raising the
possibility that E1A-associated p400 might be a constituent of
the TRRAP complex. The presence of TIP60 as a constituent of the
ElA-associated TRRAP/p400 complex has not been addressed.
The possibility that p400 might interact with E1A independently
of TRRAP also exists. The E1A domain spanning residues 26 to 35
was also shown to be defective in interaction with TRRAP and
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GCNS5 (10), suggesting that E1A interacts with the TRRAP/GCN5
complex (also known as the SAGA complex) (reviewed in refer-
ence 15).

The existing literature on the role in cell transformation of the
E1A domain that is involved in interaction with the TRRAP-asso-
ciated protein complexes is somewhat mixed. Some have reported
that deletion of E1A residues 26 to 35 did not significantly affect
E1A-Ras transformation (17, 18). However, subsequent studies
showed that the same E1A mutant was deficient in E1A-Ras trans-
formation (8, 9, 11). It has been reported that the interaction of
p400 with this domain resulted in enhanced stability of c-MYC,
suggesting that E1A may contribute to cell transformation by ex-
ploiting the enhanced c-MYC protein levels (19). However, the
specific role of p400 in c-MYC stability has not been addressed.
Here, we show that the E1A domain spanning residues 26 to 35 is
essential for E1A-Ras cooperative transformation and that this
domain recruits c-MYC through TRRAP. We further show that
the transforming activity of E1A is dependent, at least in part, on
¢-MYC, while the DNA-binding heterodimeric partner MAX is
not required.

MATERIALS AND METHODS

Cells, viruses, and plasmids. HeLa, 293, HNK (human normal kidney),
and BRK (baby rat kidney) cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum. KB cell
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suspensions were maintained in Joklik modified minimal essential me-
dium (MEM) containing 5% horse serum (Sigma). The construction of
hAd5 12§ (Flag- and hemagglutinin [HA]-tagged S-E1A [FH-12S]) is
described in Komorek et al. (20). hAd5 dI1102 (21) was a gift from J.
Mymryk. The plasmids pME18S-Flag-c-MYC (from R. Eisenman),
pEGFP-c-MYC, and pCMV-F-AMY-1 (MYCBP) (from Hiroyoshi Ariga)
were gifts from different investigators. Plasmid pcDNA4/TO/myc-His-
ENY2 was purchased from Abgent. Plasmids pCBF-TRRAP (from M.
Cole) and pLPC-12S (from S. Lowe) were gifts from various investigators.

Cell transformation assays. BRK (baby rat kidney) cells for cell trans-
formation assays were plated in 6-well plates 1 day prior to transfection.
Various E1A mutant plasmids (1 pg), along with pcDNA3 (1 pg), were
transfected using jetPEI (Polyplus) according to the manufacturer’s spec-
ifications. On the day after transfection, the medium was changed, and 50
pg/ml of G418 was added. Every fourth day, the medium was changed,
along with the G418. On the 10th day after transfection, cells were stained
with crystal violet, and the transformed colonies were counted and pho-
tographed. The transformation assays with HNK (human normal kidney)
cells were carried out using various retroviral and lentiviral vectors. Low-
passage-number HNK cells were purchased from Diagnostic Hybrids,
Inc., and grown in DMEM supplemented with 10% fetal bovine serum.
For the preparation of lentiviruses, 293T cells were plated in 25-cm? flasks
and transfected with different small hairpin RNA (shRNA) expression
vectors along with the packaging plasmids (pCMVA8.2AVPR and
pCMV-VSV-G). For the preparation of retroviruses, Phoenix A cells were
transfected with pBABE-E1A-12S-177-9 (A178-238 mutant) or H-Ras
using the jetPEI transfection reagent. Forty-eight hours after transfection,
the supernatants containing the retrovirus or lentivirus were collected and
used for infecting HNK cells in 25-cm? flasks along with Polybrene (8
pg/ml). After 2 h at 37°C, the medium was changed, and on the next day,
cells were fed with fresh medium containing 1 pg/ml of puromycin. After
10 days of selection, transformed colonies were stained with crystal violet
and counted.

siRNA transfection and shRNA transduction. On-Target plus smart
pool human ¢-MYC, MYCBP, TRRAP, and p400 small interfering RNAs
(siRNAs) were purchased from Dharmacon-Fisher Scientific. Dilution
and transfection of siRNAs were performed according to the manufactur-
er’s instructions. Cells were transfected with siRNA at a final concentra-
tion of 50 nM using DharmaFECT1 and infected with hAd5 36 h after
transfection, and the knockdown of the target gene was determined by
Western blotting. The following Mission shRNA vectors were purchased
from Sigma Corp.: pLKO.1-puro-c-MYC-shRNA (TRCN0000174055
[¢-MYC-1] and TRCN0000039640 [c-MYC-2]), pLKO.I-puro-ENY2-
shRNA (TRCN0000274401 [ENY2-1] and TRCN0000274467 [ENY2-2]),
and pLKO.1-puro-MAX-shRNA (TRCN0000231550). The lentiviral
control vector pLKO.1-puro-GFP-shRNA (ID30323) was purchased
from Addgene. The lentiviral vectors were transfected into 293T cells, and
the viruses were collected at 48 h after transfection.

Immunoprecipitation and Western blotting. Cells were collected 17
h after viral infection or 24 h posttransfection (Xtreme HP transfection
reagent [Roche] or Lipofectamine 2000 [Life Technologies]), and cell ex-
tracts were prepared. The cell lysates were passed through a 26-gauge
needle attached to a 1-ml syringe 10 times and treated with DNase for
immunoprecipitation of TRRAP and p400. The lysates were precleared
using protein A-agarose fast flow (P3476 Sigma) and immunoprecipi-
tated with the antibodies indicated in the figures, as described previously
(22). The bound proteins were resolved by NuPAGE Novex (Life Tech-
nologies) 3 to 8% Tris-acetate gels with Tris-acetate running buffer (for
TRRAP and p400), 10% Bis-Tris gels with MOPS (morpholinepropane-
sulfonic acid) running buffer (for c-MYC), or 4 to 12% Bis-Tris gel with
MES (morpholineethanesulfonic acid) running buffer (for all other pro-
teins) and analyzed by Western blotting. The following antibodies were
used for immunoprecipitation and Western blot analysis: Flag antibody
(Ab) (F1804; Sigma), anti-HA Ab (clone 12CA5 11666606001; Roche),
anti-USP22 Ab (NBP1-49644; Novus), anti-ENY2 Ab (15778-1-AP; Pro-
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teintech), and anti-MAX (A302-866A) and anti-ATXN7L3 (A302-800A)
Abs (both from Bethyl Laboratories). Anti-E1A Ab (clone M73 05-599)
and anti-ATXN7 Ab (04-1573) were purchased from Millipore. Anti-
TRRAP Ab (ab183517), anti-p400 Ab (ab5201), and anti-DRYK1A Ab
(ab54944) were purchased from Abcam. Anti-CtBP1 Ab (612042), anti-
E1A (M58) Ab (554155), and anti-glutathione S-transferase (GST) Ab
(554805) were purchased from BD Biosciences, and anti-p300 Ab
(SC584), anti-actin Ab (SC1615), anti-MYC Ab (clone 9E10 SC-40), an-
ti-Rb (C15) Ab (SC-50), anti-Rb (IF8) Ab (SC-102), anti-MYCBP Ab
(SC-102030), and anti-GCN5 Ab (SC-6303) were purchased from Santa
Cruz Biotechnology. All secondary horseradish peroxidase (HRP)-conju-
gated antibodies were purchased from Santa Cruz Biotechnology, except
the secondary antibody used for c-MYC (mouse TrueBlot ultra [anti-
mouse Ig HRP 18-8817-33; Rockland Antibodies]) to reduce the IgG
heavy chain background.

Tandem affinity purification (TAP) and MS. The E1A-associated cel-
lular protein complexes were prepared from KB cells infected with hAd5
mutants that express epitope-tagged (Flag and HA) S-E1A (FH-12S) or
L-E1A (FH-13S). The protein complexes were analyzed by liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) as described previ-
ously (20).

GST pulldown assay. GST and GST-E1A proteins were expressed in
One Shot BL21star (DE3) chemically competent E. coli (Life Technolo-
gies) and purified as described previously (23, 24). The whole-cell protein
lysate of HeLa cells was prepared and used for the pulldown assay as
described previously (24).

RESULTS

Defining the transforming activity of E1A N-terminal domains.
The N-terminal half of E1A (coded by exon 1) consists of the
N-terminal region and two conserved regions, CR1 and CR2 (25).
These E1A domains have been shown to mediate cell transforma-
tion through the interaction of three major protein complexes,
p300/CBP, TRRAP-p400/TRRAP-GCNS5, and the pRb family
proteins (reviewed in references 1 and 2). Although it is generally
accepted that the interactions with p300/CBP and pRb family pro-
teins are required for the transforming activities of E1A, the func-
tional significance of the interaction of TRRAP-containing pro-
tein complexes remains ambiguous (11). Here, we carried out a
study to better define the transforming functions of the E1A N-
terminal domains. We generated E1A (S-E1A) deletion mutants
with deletions of amino acid residues 2 to 11, 26 to 35, and 120 to
140 (A2-11, A26-35, and A120-140, respectively) that individu-
ally abolish interaction with p300/CBP, TRRAP-p400/TRRAP-
GCNS5, and the Rb family proteins in the presence or absence of
the C-terminal region (Fig. 1A). Primary baby rat kidney cells
were transfected with various E1A deletion mutants along with the
activated H-Ras oncogene and assayed for the formation of trans-
formed foci (Fig. 1B). As expected, all three N-terminal mutants
were generally defective in transformation when expressed in the
presence of the C-terminal region. Among the three mutants, mu-
tant A2—11 induced slightly higher numbers of foci than the other
two (A26-35 and A120-140). In contrast, when the E1A mutant
constructs contained a deletion of the C-terminal region (residues
178 t0 238 [A178-238]), mutant A2—-11 did not cause a significant
reduction in focus formation. Even though mutant A120-140 was
strongly defective, it still induced a detectable number of foci.
However, mutant A26-35 was strongly defective in the absence or
presence of the C-terminal region. These results suggested that the
E1A region encompassing amino acid residues 26 to 35 might be
the most critical transforming domain of E1A. These results fur-
ther suggested that the N-terminal region encompassing residues
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FIG 2 Interaction of c-MYC with E1A. (A to C) Interaction of exogenously expressed c-MYC and MYCBP. HeLa cells were transfected with the expression
vectors for Flag-MYC, EGFP, EGFP-MYC, and Flag-MYCBP. Twenty-four hours after transfection, the cells were infected with hAd5 dI312 (E1A null), 12S wt,
or di1102 (100 PFU/cell). The whole-cell lysates (WCL) were immunoprecipitated (IP) with the Flag Ab (A and B) or the E1A Ab (M73) (C). The blots were
probed with the E1A Ab (M73) (A to C) or the EGFP Ab (C). (D and E) Interaction of endogenous c-MYC and MAX. (D) HeLa cells were infected with hAd5
12S wt or mutant d/1102, and the WCLs were immunoprecipitated with the EIA Ab (M73). The Western blots were probed with the Abs for pRb (IF8), c-MYC,
MAX, p400, and TRRAP. (E) Interaction of c-MYC with E1A in transformed cells. The WCLs of HeLa or 293 cells were immunoprecipitated with the E1A Ab

(M73), and the Western blots were probed for pRb (C15), c-MYC, and MAX.

2 to 11 (which interacts with p300/CBP) might play a role in re-
lieving the transformation suppression activity of the C-terminal
region (26).

Proteomic analysis of E1A. A number of previous immuno-
precipitation studies using the well-defined hAd5 E1A mutant
dl1102 (18) have identified the interaction of TRRAP (8, 10) and
p400 (11) with the E1A domain encompassing residues 26 to 35.
During our unbiased proteomic analyses of cellular proteins asso-
ciated with L-E1A and S-E1A (20, 22), we detected associations of
several proteins (in addition to TRRAP, p400, and GCN5) that we
reasoned might be constituents of the TRRAP/p400 and TRRAP-
GCNS5 complexes. These proteins included Tip49, Tip50, BAF53,
¢-MYC, MYCBP, and ENY2. Among these proteins, we chose to
further investigate the interaction of c-MYC and ENY2 (homolog
of enhancer of yellow 2).

c-MYCinteracts with the E1A transforming domain. We ob-
served the presence of a single trypsin-generated c-MYC peptide
(residues 428 to 436) in three different LC-MS analyses of E1A
proteomes. These analyses also revealed the presence of two dif-
ferent peptides of MYCBP, a protein that has previously been
reported to bind with the N terminus of c-MYC (27). We carried
out coimmunoprecipitation (co-IP) and Western blot analyses to
substantiate the interaction of c-MYC and MYCBP with E1A.
HeLa cells were transiently transfected with Flag-tagged c-MYC
(Fig. 2A), Flag-tagged MYCBP (Fig. 2B), or enhanced green fluo-
rescent protein (EGFP)-tagged c-MYC (Fig. 2C). The transfected
cells were infected with hAd5 12S wild type (wt) (S-E1A) or di1102
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(A26-35), and the proteins were immunoprecipitated with the
Flag Ab (Fig. 2A and B) or E1A Ab (M73) (Fig. 2C) and probed
with E1A or EGFP Abs in Western blots. These analyses indicated
strong interaction of exogenously expressed Flag-MYC, Flag-
MYCBP, and EGFP-MYC with wt S-E1A and not with d/1102.
Interestingly, the immunoprecipitates from cells that expressed wt
S-E1A also contained endogenous MAX (Fig. 2C, lowermost gel).
Next, we determined the interaction of endogenous c-MYC and
MAX with E1A in HelLa cells infected with hAd5 E1A 12S wt or
di1102. The Western blots (Fig. 2D) were probed with Abs specific
to different E1A-interacting proteins. This analysis also revealed
potent interaction of c-MYC and MAX with wt S-E1A and not
with dI1102. As expected, there was no detectable interaction of
TRRAP or p400 with dl1102, while pRb interacted with wt E1A as
well as dI1102. Similarly, there was strong interaction of c-MYC
and MAX with E1A in hAd5-transformed 293 cells compared to
their interactions in control HeLa cells (Fig. 2E). Together, these
results indicated potent interaction of c-MYC and the MYC-bind-
ing proteins MAX and MYCBP with the E1A region encompassing
residues 26 to 35 that also interacts with TRRAP and p400.
c-MYCinteracts through TRRAP. Since the transforming do-
main of E1A spanning residues 26 to 35 formed complexes with
¢-MYC, MYCBP, TRRAP, and p400, we wanted to determine
whether ¢-MYC interacted with E1A through any of the other
proteins. HeLa cells were depleted of TRRAP, p400, or MYCBP by
transient siRNA transfection and infected with hAd5 FH-12S
(Flag- and HA-tagged 12S) wt. The proteins were immunopre-
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FIG 3 Mode of c-MYC interaction with E1A. (A) HeLa cells were transfected
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Thirty-six hours after transfection, cells were infected with hAd5 125 wt, and
WCLs were immunoprecipitated with the E1A Ab (M73). The Western blots
were probed with Abs against TRRAP, p400, c-MYC, and MYCBP.

cipitated with the E1A Ab (M73) and analyzed by Western blot-
ting (Fig. 3). The presence of c-MYC in the E1A protein complex
was greatly diminished in TRRAP-depleted cells. In contrast, there
was no significant reduction in the levels of c-MYC present in the
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E1A complex in cells that were depleted of p400 or MYCBP. These
results suggested that c-MYC interacted with E1A through
TRRAP. Additionally, there was a pronounced reduction in the
interaction of p400 with E1A in cells that were depleted of TRRAP,
suggesting that p400 may also interact with E1A via TRRAP.

ENY2 and USP22 interact with the E1A transforming do-
main. Our proteomics analysis indicated the interaction of ENY2
(three different peptides) with E1A. ENY2 has been reported to be
a component of a deubiquitinase (DUB) complex consisting of
ATXN7, ATXN7L3, and the ubiquitin-specific peptidase USP22
(28). The USP22 DUB complex has been reported to be a distinct
subcomplex of the larger TRRAP-GCNS5 (or SAGA) protein com-
plex (28, 29). The TRRAP-GCN5 complex has been previously
reported to interact with the E1A sequences spanning residues 26
to 35 (10). Therefore, we carried out co-IP studies to determine
whether the transforming domain also interacted with the USP22
complex. KB cells were infected with hAd5 12S wt or di1102, pro-
teins were immunoprecipitated with the E1A Ab, and the Western
blot was probed for the components of the ENY2 complex (Fig.
4A). These results showed the interaction of GCN5, ATXN?7,
ATXN7L3, ENY2, and USP22 with wt S-E1A. The E1A mutant
dl1102 was deficient in interaction with these proteins, suggesting
that the transforming domain spanning residues 26 to 35 also
interacted with the ENY2-USP22 DUB complex. The interaction
of GCN5 with dl1102 was only partially reduced, suggesting that
GCN5 may interact with additional E1A regions. We note that a
previous study reported that the E1A N-terminal 29-amino-acid
region interacted with the yeast GCN5 (30).

We then determined whether the components ENY2 and
USP22 of the DUB complex interacted with E1A in hAd5-trans-
formed 293 cells. HeLa and 293 cells were either mock infected or
infected with hAd5 12S wt, and the proteins were immunoprecipi-
tated with the E1A Ab and analyzed by Western blotting (Fig. 4B).
In 293 and HeLa cells infected with hAd5 12S wt, there was profi-
cient interaction of ATXN7L3, USP22, and ENY2. Similar levels of
interaction of USP22 and ATXN7L3 with E1A (i.e., endogenous
E1A) were observed in uninfected 293 cells. However, the interac-
tion of ENY2 with endogenous E1A was reduced in uninfected 293
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FIG 4 Interaction of ENY2-USP22 complex with E1A. (A) KB cells were infected with hAd5 12S wt or mutant d/1102, and the WCLs were immunoprecipitated
with the EIA Ab (M73). The Western blots were probed with Abs for ENY2, ATXN7L3, ATXN7, USP22, GCN5, or E1A (M73). (B) 293 or HeLa cells were either
mock infected or infected with hAd5 12S wt, and the E1A-interacting proteins were analyzed as described for panel A.
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FIG 5 Mode of interaction of ENY2 with E1A. (A) Effect of TRRAP depletion. HeLa cells were transfected with siRNAs directed against TRRAP or control siRNA,
the WCLs were immunoprecipitated with the E1IA Ab (M73), and the Western blots were probed with Abs against TRRAP, USP22, ATXN7L3, ENY2, and E1A
(M73). (B) GST pulldown assay for E1A-interacting proteins. The WCLs from HeLa cells were incubated with GST or GST-E1A recombinant proteins, and the
interacting proteins were purified by using the glutathione-agarose affinity beads. The proteins bound to the beads were analyzed in the flowthrough fractions by
Western blotting using Abs against various E1A-interacting proteins. (C) Competitive interaction of ENY2 and TRRAP. HeLa cells were transfected with E1A 128
wt (pLPC-12S) with or without TRRAP and two different concentrations of ENY2. The interactions of TRRAP, ENY2, and pRb with E1A were analyzed by

immunoprecipitation with the E1A Ab (M73) and Western blotting.

cells. These results suggested that endogenous E1A (L-E1A and
S-E1A) expressed in 293 cells interacted with reduced levels of
ENY2 compared to the relative levels of USP22 and ATXN7L3.
However, the expression of S-E1A (through viral infection) in 293
cells substantially enhanced the interaction with ENY2. It is un-
clear whether there is any difference in the relative affinities of
ENY2 for L-E1A versus S-E1A or whether transiently overex-
pressed E1A via viral infection may have enhanced affinity for
ENY2.

ENY?2 interacts independently of TRRAP and USP22 inter-
acts through TRRAP. To determine the mode of interaction of
ENY?2 and USP22 with E1A, we carried out coimmunoprecipita-
tion analysis in HeLa cells that were depleted of TRRAP by tran-
sient transfection of siRNA and infected with hAd5 12S wt (Fig.
5A). While the interactions of USP22 and ATXN7L3 with S-E1A
were reduced in TRRAP-depleted cells, the interaction of ENY2
was enhanced. These results suggested that USP22 and ATXN7L3
interacted with E1A through TRRAP, while ENY2 interacted in-
dependently of TRRAP. However, it should be noted that our
results did not rule out additional interaction of ENY2 (as a con-
stituent of the USP22 DUB subcomplex) with TRRAP. Since the
interaction of ENY2 was enhanced in TRRAP-depleted cells, it
appears that ENY2 and TRRAP may interact with E1A competi-
tively.

We then determined whether ENY2 interacted with E1A in
vitro by pulldown with the GST-E1A (S-E1A) fusion protein.
The whole-cell extract from uninfected HeLa cells was incu-
bated with GST or GST-E1A, and the interacting proteins were
purified by affinity chromatography on glutathione-agarose
beads. Western blot analysis of the proteins bound to GST or
GST-E1A revealed significantly more interaction of ENY2 with
GST-E1A than with GST (Fig. 5B). These results provided ad-
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ditional support for the idea that ENY2 interacts with E1A
avidly, similar to other in vitro interactions of p400, p300,
DYRKI1A, and CtBP1 with GST-E1A. Our analysis was not sen-
sitive enough to determine whether TRRAP interacted with
GST-E1A.

To determine whether ENY2 interaction with E1A may alter
the level of TRRAP interaction, we transfected two different
concentrations of an ENY2 expression vector, with or without
the TRRAP expression vector, along with a plasmid that ex-
pressed E1A 12S wt. The proteins were immunoprecipitated
with the E1A Ab (M73) and analyzed by Western blotting (Fig.
5C). The transfected ENY2 decreased the levels of interaction
of endogenously and exogenously expressed TRRAP. Interest-
ingly, cells transfected with ENY2 contained significantly in-
creased levels of E1A, suggesting that ENY2 may enhance the
expression of E1A.

c-MYC is required for E1A-mediated cell transformation.
Having established the interaction of c-MYC and ENY2 with E1A,
we decided to determine the roles of these proteins, as well as
MAX, in E1A-mediated cell transformation. Human normal kid-
ney (HNK) cells were infected with retro and lentiviruses that
express an E1A hyper-transforming mutant (A178-238 mutant)
(26), the activated H-Ras oncogene, and specific sShRNAs targeted
against c-MYC, ENY2, MAX, or GFP and assayed for focus for-
mation by selection with puromycin (Fig. 6). The expression of
shRNA directed against c-MYC drastically reduced the frequency
of transformation compared to the rate in cells that expressed the
GFP shRNA (Fig. 6A). In contrast, the expression of shRNA di-
rected against ENY2 (Fig. 6B) or MAX (Fig. 6C) did not cause a
reduction in the frequency of transformation. These results sug-
gested that c-MYC may play a direct role in E1A-mediated trans-
formation, independently of the interaction with MAX.
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FIG 6 Effect of c-MYC depletion on E1A-Ras cooperative transformation. (A to C) HNK cells were infected with retroviral vectors that express the A178—-238
E1A mutant and the activated H-Ras oncogene, along with lentiviral vectors that express specific siRNAs targeted against c-MYC (A), ENY2 (B), MAX (C), or
GFP. The cells were then selected with puromycin. The foci were stained with crystal violet and counted (graphs). The transduction of retroviral vectors that
expressed only E1A-12S-177-9 (A178-238) or H-Ras induced low numbers of lightly stained (with crystal violet) colonies that were readily distinguished and
discarded during quantification. The activities of ShRNA vectors in the downregulation of c-MYC (A), ENY2 (B), and MAX (C) were determined in HeLa cells
with different lentiviral vectors and selection with puromycin (blots). (D) Western blot analysis of E1A and Ras proteins. Seventy-two hours after transduction
with different retroviral vectors and shRNA lentiviral vectors, HNK cells were analyzed by Western blotting using the E1IA Ab (M58) and Ras antibodies.

DISCUSSION

Although three different N-terminal domains of E1A determine
its transforming activity, at present, there is a consensus on the
understanding of the activity of the CR2 domain, which mediates
cell proliferation by disrupting the activities of the pRb family
proteins (reviewed in reference 4). Here, we provide evidence that
a second essential transforming domain that spans E1A residues
26 to 35 mediates transformation, at least partially, through the
cellular oncogene c-MYC. Previously, the activity of this domain
was attributed to the recruitment of p400 (11) and/or TRRAP
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(8-10). Our results suggest that c-MYC recruited via TRRAP may
play a critical role in E1A-mediated cell transformation. This con-
clusion is based on our results that revealed the presence of c-MYC
in E1A-containing protein complexes and showed that shRNA-
mediated depletion of c-MYC reduced the E1A transforming ac-
tivity. Although the recruitment of c-MYC by E1A has not been
previously reported, such an interaction would be consistent with
the previously published results showing that TRRAP is a c-MYC
binding factor (31). Our analysis of E1A proteomes additionally
identified previously known c-MYC-associated factors, such as
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BAF53, Tip49, and Tip50 (32, 33). These proteins were also shown
to be constituents of a larger protein complex consisting of
TRRAP and p400 (also known as the Tip60 complex) (11-13).
The mechanistic basis of the role of c-MYC in E1A-mediated
transformation remains to be elucidated. However, depletion of
MAX did not reduce the transforming activity of E1A, suggesting
that the activity may be independent of the MYC-MAX heterodi-
meric complex (reviewed in reference 34). Cell proliferation and
oncogenic activities of c-MYC that are independent of the MYC-
MAX axis have been described previously (reviewed in references
35 to 37). For example, in Drosophila melanogaster, a mutant of
MYC that is deficient in interaction with MAX retains substantial
MYC functions (38). The c-MYC transactivation domain was re-
ported to induce global phosphorylation of the RNA polymerase
II C-terminal domain (CTD) and associate with the transcription
initiation complex regulating the expression of some of its target
genes (39). c-MYC has also been reported to exert translational
and DNA replication activities independently of MAX (37). Since
our analyses revealed significant levels of MAX in E1A immuno-
precipitates, a role of MYC-MAX in certain other E1A activities is
also possible. A previous report showed transcriptional activation
of a set of c-MYC target genes in E1A-expressing cells (19). What
are the roles of TRRAP and p400 in c-MYC-dependent E1A trans-
forming activity? Our results are consistent with a model that
TRRAP may serve as a scaffold for the recruitment of various
components of the TRRAP complex that includes p400, as well as
¢-MYC, by E1A to impart a collective effect on cell transforma-
tion, with c-MYC playing a critical role. It has been reported that
E1A expression increased the stability of c-MYC (19, 40). This
phenomenon was attributed to the interaction of E1A with p400
(19). Here, we show that siRNA-mediated depletion of p400 did
not significantly affect c-MYC’s interaction with E1A. The possi-
bility that the association of c-MYC with the E1A protein com-
plex, along with certain protein-stabilizing cofactors (see below),
may contribute to the stability of c-MYC remains to be investi-
gated. E1A has also been reported to induce c-MYC activation and
S-phase entry through interacting with p300/CBP via its N-termi-
nal region (41). Thus, it appears that E1A may employ redundant
strategies to garner c-MYC to promote cell proliferation and
transformation.

In our proteomic analysis, we identified the interaction of
ENY2 with E1A. A high-throughput yeast two-hybrid protein in-
teraction analysis using various viral protein baits also identified
the interaction between E1A and ENY2 (42). ENY2 (and its fly and
yeast homologs), along with the homologs of USP22, ATXN7, and
ATXN7L3, have been shown to be constituents of a DUB subcom-
plex of the SAGA complex that deubiquitinates histone H2B (28,
29, 43, 44). The DUB activity of the USP22 complex is controlled
by allosteric interactions of all four proteins (45). Crystal struc-
tures of the yeast DUB complex have revealed that the ENY2 ho-
molog (Sus1) was stabilized by interaction between the homologs
of USP22 and ATXN7L3 (46, 47). Our Western blot analysis re-
vealed the association of various components of the USP22 DUB
complex with E1A (Fig. 4), and depletion of TRRAP reduced the
levels of interaction of USP22, ATXN7, and ATXN7L3 with E1A
(Fig. 5A). However, our data cannot suggest that the E1A-associ-
ated USP22 subcomplex also contained ENY2, since TRRAP de-
pletion enhanced the interaction of ENY2 with E1A (Fig. 5). Our
GST-E1A pulldown experiment showed strong in vitro interaction
between ENY2 and E1A (Fig. 5B). These results suggest that ENY2
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might competitively bind with E1A at the sequences that are also
required for TRRAP interaction. Such interaction of ENY2 with
E1A may regulate the stability of the SAGA-associated USP22
DUB complex. ENY2 has been reported to be a constituent of at
least two other protein complexes that mediate mRNA export and
RNA polymerase II loading to nascent mRNA (reviewed in refer-
ence 48). The possibility that E1A-associated ENY2 may mediate a
role in mRNA transport and/or transcriptional activation remains
to be investigated.

The USP22 DUB complex that is associated with the SAGA
complex has been linked to transcriptional activation by the nu-
clear receptors (28) and c-MYC (29) via deubiquitination of his-
tone H2B. The human SAGA-associated USP22 DUB complex, in
addition to targeting histone H2B, has been reported to target
nonhistone proteins, such as the telomerase maintenance factor
TRX1 (49) and the protein deacetylase SIRT1 (50, 51), to enhance
their stability. The interaction between USP22 and SIRT1 resulted
in deubiquitination of SIRT1 (50, 51). SIRT1 deacetylated differ-
ent components of the SAGA complex (50) and ¢-MYC (52).
Deacetylation of ¢-MYC by SIRT1 at K63 resulted in enhanced
stability of c-MYC by preventing ubiquitination at K63 (52). In
light of these reports, it will be of interest to determine whether the
E1A-associated USP22 also recruits SIRT1. It has been previously
reported that c-MYC was stabilized as a result of E1A expression
through inhibition of the ubiquitination of ¢-MYC (19). These
authors attributed this phenomenon to the interaction of p400
with E1A and not to any specific DUB activity (19). It remains to
be investigated whether USP22 plays any significant role in the
stability of c-MYC associated with E1A. USP22 associated with the
SAGA complex may also contribute to the transcriptional activity
of E1A-associated c-MYC by regulating histone H2B ubiquitina-
tion. It is interesting to note that E1A also targets (via the N-ter-
minal 25-amino-acid region) the hBrel/RNF20 complex to block
the host interferon response by blocking histone H2B monoubiq-
uitination (53). Thus, the significance of E1A targeting two differ-
ent protein complexes that regulate the ubiquitination status of
histone H2B remains to be investigated.

Our results suggest a complex pattern of interaction of cellular
proteins with the transforming domain of E1A encompassing res-
idues 26 to 35 (summarized in Fig. 7). In addition to TRRAP
(8-10), this domain has been shown to interact with p400 (11).
Although E1A interaction with TRRAP and p400 has been known
for many years, the mode of their interaction remained unknown.
Our GST-E1A pulldown assay suggests an in vitro interaction of
p400 with E1A. Whether TRRAP may also interact with E1A in a
similar fashion still remains unresolved. Potential independent
interactions of TRRAP and p400 with E1A were hinted at in some
earlier co-1P studies using mutants with different mutations of the
E1A N-terminal region (19, 54). The region comprising E1A res-
idues 10 to 39, when fused to a c-MYC deletion mutant (defective
in interaction with TRRAP), was shown to interact with TRRAP
and not with Tip49, a component of the p400 complex (9). The
possibility of independent interactions of p400 and TRRAP is puz-
zling, considering that both proteins are generally believed to be in
a single complex (i.e., the TRRAP-p400 complex, also known as
the Tip60 complex [12, 13, 16]). Our results showed that siRNA-
mediated depletion of TRRAP significantly reduced the interac-
tion of p400 with E1A (Fig. 3). It is possible that interaction of
TRRAP with E1A may facilitate the stable interaction of p400 with
E1A. In addition to the p400 complex, the transforming domain is

jviasm.org 1077


http://jvi.asm.org

Vijayalingam et al.

FIG 7 Interaction of cellular proteins with the transforming domain of E1A.
The interactions of TRRAP, p400, and GCN5 with the EIA domain spanning
residues 26 to 35 were previously known. These interactions were not seen with
the mutant d/1102. Our present results revealed the interactions of other pro-
teins shown in the figure via TRRAP and p400. The interaction of Tip60 (in-
dicated by the question mark) was not detected in our LC-MS or by E1A co-IP
experiments. Our results suggest that ENY2 may interact with E1A indepen-
dently of TRRAP. Since ENY?2 is an integral part of the USP22 DUB complex,
we postulate that ENY2 may additionally interact with E1A via the USP22 DUB
complex.

known to interact with GCNS5, a critical component of the
TRRAP-SAGA complex (Fig. 4) (10). Our results suggest that the
components of the USP22 DUB complex, USP22 and ATXN7L3,
also interact with E1A via TRRAP (Fig. 5). These results suggest
that the USP22 subcomplex might interact with E1A via the
TRRAP-SAGA complex. Since TRRAP depletion enhanced the
level of ENY2 interaction with the transforming domain, it is pos-
sible that ENY2 may displace TRRAP’s interaction with E1A.
Since ENY?2 is an integral part of the USP22 DUB complex (46,
47), independent interaction of ENY2 with E1A may also specifi-
cally disrupt the assembly and activity of the USP22 DUB com-
plex. The competitive interaction of ENY2 with E1A might play a
role in the regulation of E1A-mediated cell proliferation and cell
transformation. Thus, our studies have illuminated the complex-
ity of the short E1A domain in regulating cell proliferation and
transformation.
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