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The human adenovirus E4orf6 and E1B55K proteins promote viral replication by targeting several cellular
proteins for degradation. The E4orf6 product has been shown by our group and others to form an E3 ubiquitin
ligase complex that contains elongins B and C and cullin family member Cul5. E1B55K associates with this
complex, where it is believed to function primarily to introduce bound substrates for degradation via protea-
somes. In addition to p53, its first known substrate, the E4orf6/E1B 55-kDa complex (E4orf6/E1B55K) was
shown to promote the degradation of Mrell and DNA ligase IV; however, additional substrates are believed to
exist. This notion is strengthened by the fact that none of these substrates seems likely to be associated with
additional functions shown to be mediated by the E4orf6-associated E3 ubiquitin ligase complex, including
export of late viral mRNAs and blockage of export of the bulk cellular mRNAs from the nucleus. In an attempt
to identify new E4orf6/E1B55K substrates, we undertook a proteomic screen using human p53-null, non-small-
cell lung carcinoma H1299 cells expressing either E4orf6 protein alone or in combination with E1B55K
through infection by appropriate adenovirus vectors. One cellular protein that appeared to be degraded by
E1B55K in combination with the E4orf6 protein was a species of molecular mass ~130 kDa that was identified
as the integrin o3 subunit (i.e., very late activation antigen 3 alpha subunit). Preliminary analyses suggested

that degradation of a3 may play a role in promoting release and spread of progeny virions.

Viruses are well known to promote replication by inhibiting
or enhancing endogenous cellular machinery or, in some cases,
by reprogramming key cellular pathways. Human adenoviruses
have developed effective ways to modulate the immune re-
sponse, apoptosis, double-strand break repair, mRNA export,
and translation to optimize virus replication and the spreading
of progeny virions. The expression of adenovirus E1A proteins
stabilizes p53 and induces apoptosis (8, 33); however, this
effect is reversed in infected cells by the action of two early
products: the E1B 55-kDa (E1B55K) and E4orf6 proteins (35,
36). We and others have shown that these proteins act through
the formation of an E3 ubiquitin ligase complex analogous to
the SCF and VBC complexes but which contains, in addition to
elongins B and C and the RING protein Rbx1, the cullin family
member Cul5 (18, 41, 43). This E4orf6-mediated E3 ligase
complex blocks p53-induced apoptosis (35, 36) by promoting
the ubiquitination of p53, followed by its degradation by pro-
teasomes (41, 43). E4orf6 protein mediates the assembly of the
complex by its interaction with elongin C through its three BC
boxes (11, 41, 43). E1B55K, which appears to associate with
the E4orf6 protein only when present in the ligase complex (4),
is thought to function as a substrate recognition factor that
brings substrates to the complex because, although both
E4orf6 and E1B55K bind p53 independently, interaction of
E1B55K with p53 is essential for the efficient degradation of
p53 (41, 48). In addition to protecting infected cells from early
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lysis via p53-induced apoptosis, the E4orf6/E1BS55K ligase
complex performs other functions essential for virus replica-
tion. Two other substrates of the complex have been identified:
a member of the MRN DNA repair complex, Mrell, and the
central component of the nonhomologous end-joining DNA
repair system, DNA ligase IV (2, 56). Degradation of both of
these proteins prevents viral genome concatenation, which in-
terferes with the packaging of viral DNA into virions (2, 56).
E1B55K binds to p53, Mrell, and DNA ligase IV and has been
demonstrated to colocalize with pS3 and Mrell in perinuclear
cytoplasmic bodies termed aggresomes (1, 2, 32). More re-
cently, we and others have obtained results that suggest that
the Edorf6-associated E3 ligase complex regulates viral and
cellular mRNA export (5, 66). The Cul5-based ligase activity
was shown to be essential for selective viral mRNA export and
the block of cellular mRNA export from the nucleus (66), thus
contributing to the shutoff of cellular protein synthesis initiated
by L4-100K (20). The actual substrates of the complex respon-
sible for regulating mRNA export are currently unknown.

As discussed in detail below, our efforts to identify substrates
of the E4orf6/E1B55K complex led us to consider a member of
the integrin family as a potential substrate. Integrins are mem-
bers of a family of surface receptors that function in several
ways through the formation of cell-extracellular matrices and
cell-cell interactions (reviewed in references 21, 26, and 63).
Integrins are typically composed of two transmembrane glyco-
proteins forming heterodimers of « and B subunits each of
approximately 80 to 150 kDa. There are at least 18 a subunits
and 8 B subunits in mammals that can dimerize in limited
combinations to form more than 20 functionally distinct inte-
grins with different ligand specificities. Integrin heterodimers
function as transmembrane receptors that link external factors
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to intracellular signaling pathways. In addition to roles in cell
adhesion, these communication events are implicated in a
large range of cellular processes, including proliferation, dif-
ferentiation, translation, migration, and apoptosis. Some of
these processes depend on the intracellular trafficking path-
ways of the integrins (reviewed in references 9, 24, 40, and 44),
including the long-loop recycling pathway in which integrins
present in clathrin-coated endosomes move first to the perinu-
clear recycling center, where some accumulate, including the
B1 integrin subunit (31), before returning to the plasma mem-
brane. The integrin o331 is a member of the B1 integrin sub-
family in which the a3 subunit (VLA-3a) is coupled to the B1
subunit to form the very late activation antigen (VLA-3 or
CD49c) (21, 59, 60). a3B1 is expressed in a wide range of
tissues in which it binds a variety of extracellular matrix sub-
strates, including fibronectin, collagen, thrombospondin 1, and
laminins 1, 5, 8, 10, and 11 (13). These associations allow the
integrin a3B1 to fill its primary role in cell adhesion. a3B1 also
participates in intercellular adhesion through several protein-
protein interactions (10, 27, 53, 55, 58), making it a major
contributor in the regulation of cellular adhesion.

Human adenovirus type 5 (AdS) particles interact with cell
surface receptors to facilitate internalization into target cells.
In the high-affinity interacting model (reviewed in reference
29), the viral fiber knob polypeptide binds the coxsackie ade-
novirus receptor (CAR) protein on the surface of cells as the
primary cell binding event (primary receptor). The penton
base polypeptide then binds a cell surface integrin (secondary
receptor), leading to entry of the capsid into the cell by a
process termed receptor-mediated endocytosis or clathrin-me-
diated endocytosis. Several types of integrins have been iden-
tified as being used by Ad5 to mediate virus internalization:
aMB1, aMB2, aVB1, a VB3, a VRS, and a5B1 (22, 30, 49, 65).
Salone et al. have shown that «3B1 serves as an alternative
cellular receptor for adenovirus serotype 5 (49). It promotes
entry of the virus into cells, transduction of DNA, and medi-
ates adenovirus infection in both CAR-positive and CAR-neg-
ative cell lines. Thus, in addition to functions related to cell
adhesion, integrin a3B1 plays an important role in the adeno-
virus infection cycle.

To identify new targets for degradation by the Ed4orf6/
E1B55K ubiquitin ligase, we used a proteomic screen covering
most cellular proteins to look for any polypeptide that exhib-
ited a significant decrease in amount following the coexpres-
sion from appropriate adenovirus vectors of the E4orf6 protein
and E1B55K. This screen revealed several interesting candi-
dates, including integrin a3, a species of 130 kDa that also was
found to be reduced in wild-type (wt) virus infection. The
degradation of a3 was seen to be dependent on the Cul5-based
ligase complex driven by E4orf6 and E1B55K. We also found
evidence that the E4orf6/E1B55K ligase complex appears to be
involved in cell detachment from the extracellular matrix, a
function that could play a role in virus spread.

MATERIALS AND METHODS

Cell lines, plasmids and viruses. Human non-small-cell lung carcinoma H1299
cells (ATCC CRL-5803) were grown in Dulbecco modified Eagle medium
(Gibco) supplemented with 10% fetal bovine serum (HyClone) at 37°C in 5%
CO,. The H1299 Cul5 knockdown cell line (H1299 Cul5 KD) and the H1299
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control cell line (H1299 pCDNA3) were described previously (11) and grown as
with the H1299 cells but with the addition of 1 mg of puromycin/liter.

All pCDNA plasmids, adenoviral vectors and virus mutants used have
been described previously: pCDNA3-E4orf6 (43), pCDNA3-E1B55K (38),
AdEI1B55K (34, 42), AdE4orf6 (34, 42), AdLacZ (3), H5pg4100 (wt) (17),
H5pm4154 (E4orf6™) (5), and H5pm4149 (E1B55K™; K. Kindsmuller, S.
Schreiner, F. Leinenkugel, P. Groitl, and T. Dobner, unpublished data).

Antibodies and reagents. Rabbit polyclonal antibodies to E4orf6 (1807) (7),
Mrell (catalog no. pNB 100-142; Novus Biologicals, Inc.), integrin a3 (catalog
no. AB1920; Millipore), and Cul-5 H-300 (catalog no. sc-13014; Santa Cruz)
were used. Monoclonal antibodies were as follows: E1B55K, mouse monoclonal
2A6 (50) or rat monoclonal 7C11 (19); E4orf3, rat monoclonal 6A11 (37); E2A
DNA-binding protein, mouse monoclonal B6-8 (47); human integrin «3p1,
mouse monoclonal M-KID2 (catalog no. MAB1992; Millipore); integrin a3A,
mouse monoclonal 29A3 (catalog no. MAB2290; Millipore); actin, mouse mono-
clonal C4 (catalog no. 691001; MP Biomedicals); and normal mouse immuno-
globulin G1 (IgG1) as a negative control for flow cytometry (catalog no. CBL600;
Millipore). The secondary antibodies conjugated to horseradish peroxidase for
detection in Western blotting were goat anti-mouse IgG, goat anti-rabbit IgG,
and goat anti-rat IgG (Jackson Immunoresearch Laboratories). Secondary anti-
bodies for immunofluorescence and flow cytometry coupled Alexa fluorophores
were from Invitrogen and included anti-mouse Alexa 488 (A-11029), Alexa 594
(A-11032), and Alexa 405 (A-31553); anti-rabbit Alexa 488 (A-11008) and Alexa
594 (A-11037); and anti-rat Alexa 594 (A-11007). Additional reagents included
DAPI (4',6’-diamidino-2-phenylindole; Invitrogen), propidium iodide (catalog
no. PP1777; BioShop), paraformaldehyde (Electron Microscopy Sciences), and
Lipofectamine 2000 reagent (Invitrogen).

Infections and DNA transfections. For infections, cells were plated in six-well
dishes and infected with viruses diluted in infection medium (0.2 mM CaCl,, 0.2
mM MgCl,, and 2% serum in phosphate-buffered saline [PBS]) for 90 min before
its removal and the addition of normal growth medium. A multiplicity of infec-
tion (MOI) of 35 PFU per cell was used for viral vectors, whereas MOIs of 5
PFU/cell for wt virus time course studies and 1 PFU/cell for virus mutants were
used. The final amounts of viral vectors per well were adjusted to a total MOT of
70 using the viral vector AdLacZ. For infections and cotransfections, cells were
either mock infected or infected with AdLacZ at an MOI of 35 PFU/cell for 90
min; the cells were then transfected with 0.75 ug of pPCDNA3-E4orf6 and/or 1.75
g of pPCDNA3-E1B55K plasmid DNAs using Lipofectamine 2000 reagent ac-
cording to the manufacturer’s recommendations. The final amount of DNA per
well was adjusted to 2.5 pg using the vector plasmid pcDNA3.

Protein extraction. Cells were washed with PBS and removed at different times
postinfection by incubation for 5 min with gentle agitation with 0.53 mM EDTA.
Cells were collected by centrifugation, and the pellets were incubated for 5 min
on ice in CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfon-
ate} buffer (4% CHAPS [BioShop], 30 mM Tris-HCI [pH 8.5], 50 mM NacCl)
plus inhibitors (protease inhibitor cocktail [Sigma], 1 mM Na;VO,, 10 mM
NaPP;, 10 mM NaF). Cells were then lysed by sonication, and the protein
concentrations of the lysates determined using Bio-Rad DC protein assay re-
agents according to manufacturer’s protocol. Extracts were brought to 7 M of
urea-2 M thiourea (GE Healthcare Biosciences) and clarified by centrifugation
at 13,000 X g for 5 min, and the protein concentrations were recalculated
according to the increase in volume.

2D-DIGE and image analysis. H1299 cells infected with AJE1B55K and/or
AdE4ort6 adenovirus vectors were harvested at 48 h postinfection (hpi), and cell
extracts were prepared in CHAPS buffer (see above) to reach a protein concen-
tration of ~10 mg/ml. The following procedures were carried out using the CIAN
two-dimensional difference gel electrophoresis (2D-DIGE) platform (McGill
University). Portions (50 pg) of protein were minimally labeled with CyDye (GE
Healthcare) according to the manufacturer’s recommendations (400 pmol of
dye/50 wg of protein). The control sample consisting of a mixture of 50 pg of
each sample was labeled with Cy2. Labeled samples were combined (with 50 g
of Cy2-labeled control) in 2D-DIGE rehydration buffer (7 M urea, 2 M thiourea,
4% CHAPS, 0.002% bromophenol blue, 0.5% immobilized pH gradient [IPG]
buffer [pH 4 to 7], and 18 mM dithiothreitol) according to the method illustrated
in Fig. 1A. IPG strips (pH 4 to 7, 24 cm; GE Healthcare) were rehydrated with
Cy-labeled samples in the dark at 30 V and 50 wA/strip 20°C for 15 h. First-
dimension isoelectric focusing (IEF) was performed using an Ettan IPGPhor II
electrophoresis system (GE Healthcare) as recommended by the supplier. After
reduction and alkylation of disulfide bonds with 1% dithiothreitol and 4%
iodoacetamide, respectively, in equilibration buffer (50.25 mM Tris-HCI [pH
8.8], 6 M urea, 30% glycerol, 2% sodium dodecyl sulfate [SDS], 0.00125%
bromophenol blue), the second-dimension separation was performed by SDS-
polyacrylamide gel electrophoresis (PAGE) using 10% polyacrylamide gels in an
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FIG. 1. 2D-DIGE proteomic screen. VLA-3a is decreased in cells expressing E4orf6/E1BS5K. (A) The upper panel shows the experimental
design of the 2D-DIGE identification procedure. The lower panel shows the sample labeling and mixing strategy for the three replicates to generate
2D gels. (B) The top panel shows an example of a three-channel 2D-DIGE overlay image comparing H1299 cells expressing E4orf6/E1B55K to
cells expressing E4orf6 alone. The boxed region shows a region of interest containing spot 612. In the middle and bottom panels, grayscale images
represent individual scans, as well as 3D images, of the spot 612 intensity for each condition. (C) Summary of the VLA-3a 2D-DIGE and mass

spectrometry data.

Ettan DALT VI electrophoresis system (GE Healthcare) according to the man-
ufacturer’s recommendations. A slow entry phase at 30 V for 1 h at room
temperature was followed by a 1-W/gel constant at 15°C until the front exited the
gel. The 2D gels were scanned on a Typhoon 9400 imager (GE Healthcare).
Excitation and emission wavelengths were chosen specifically for each dye ac-
cording to the manufacturer’s recommendations. Intra- and intergel matching,
statistical analysis (Student ¢ test, P < 0.05), and spot filtering were performed
using DeCyder software v6.5 (GE Healthcare).

Preparative 2D gels for protein identification were prepared as follows. Por-
tions (500 to 1,000 pg) of unlabeled samples were rehydrated individually, as
described above, and loaded onto IPG strips (pH 4 to 7, 13 cm; GE Healthcare)
for the first-dimension IEF according to the manufacturer’s recommendations.
After reduction and alkylation of the disulfide bonds, the second-dimension
SDS-PAGE was performed in Hoefer Ruby SE600 (GE Healthcare) using a slow
entry phase at 30 V for 1 h at room temperature and then a 50- to 75-V constant
at 4°C until the front exited the gel. The 2D gels were silver stained by using a
procedure adapted from Blum et al. (6). The protein spots of interest were
manually excised from the gel. In-gel trypsin digestion was performed on a
MassPrep robotic workstation (Perkin-Elmer), and digested peptides were pro-
cessed by using tandem mass spectrometry on an LC-QTof Micro apparatus
(Waters) operated by the McGill University and Genome Quebec Innovation
Center. Subsequent identification of peptides and proteins from complex mix-
tures was done by using Mascot (Matrix Science) with the NCBI nonredundant
database as a reference.

Immunoblotting. Equal amounts of proteins were separated by SDS-PAGE
and then transferred to polyvinylidene difluoride membranes (Millipore) that
had been blocked using 5% skimmed milk. Primary antibodies were added on
membranes for 2 to 3 h at room temperature or overnight at 4°C. Membranes
were washed with PBS containing 0.1% Tween 20, and the secondary antibody
was added for 1 h at room temperature. Detection was performed using Western
Lightning Chemiluminescence Reagent Plus (Perkin-Elmer).

Immunofluorescence microscopy. Cells grown on coverslips and infected as
described above were washed once in PBS and fixed with ice-cold methanol for
15 min at —20°C. Methanol was then replaced by TBS-BG blocking buffer (20
mM Tris-HCI [pH 7.4], 137 mM NaCl, 3 mM KClI, 1.5 mM MgCl,, 0.05% Tween
20, 66 mM glycine, 5 g of bovine serum albumin/liter) for 20 min at room
temperature. Cells were incubated with primary antibody diluted in PBS for 2 h
at room temperature and then washed two times for 5 min each time with PBS,
followed by incubation with secondary antibody diluted in PBS for 1 h at room
temperature in the dark. Coverslips were washed again and incubated with DAPI
diluted in PBS for 10 min at room temperature in the dark. Cells were washed
twice with PBS and once with water before being mounted on slides in mounting
medium (Immu-Mount; Thermo Scientific). Images were acquired at the McGill
Life Sciences Complex Imaging Facility on a Axiovert 200M fully motorized
confocal microscope using Zeiss LSM 5 Pascal software.

Flow cytometry. Cells were removed from the plate using EDTA as described
above and washed twice with PBS containing 2% fetal calf serum (FCS). One
million cells were incubated with primary antibody (anti-integrin a331 M-KID2
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or isotype-matched normal mouse IgG1) diluted in PBS-2% FCS for 20 min at
37°C. Cells were washed once in PBS-2% FCS and then incubated with anti-
mouse antibody labeled with Alexa 488 for 20 min at 37°C in the dark. The cells
were washed again with PBS-2% FCS and resuspended in 0.6 ml of PBS-2%
FCS containing propidium iodide for 10 min at 37°C in the dark. Cells were
washed twice as described above, fixed in 0.5 ml of 2% paraformaldehyde, and
analyzed immediately by flow cytometry using a FACScan analyzer (Becton
Dickinson). The data were analyzed by using FCS Express software (De NoVo
Software) with dead cells excluded from the analysis using the propidium iodide
gate.

Detachment assay. Cells grown and infected in six-well plates were washed
once with PBS and incubated in 1 ml of 0.13 mM EDTA with gentle agitation.
Photographs of cells at the center of the well were taken at 0 min of EDTA
treatment and every 2 min thereafter.

RESULTS

Establishment of a proteomic screen using E4orf6/E1B55K-
expressing cells. In previous work we studied the activity of the
Ad5 E4orf6/E1B55K E3 ubiquitin ligase complex using p53-
null H1299 cells transfected with plasmid DNAs expressing
these AdS proteins in the absence of other viral products (4, 5,
41, 43). We were also able to show degradation of endogenous
Mrell using adenovirus vectors expressing these two viral pro-
teins (data not shown). We thus utilized the adenovirus vector
system to establish a proteomic screen to identify additional
E4orf6/E1B55K substrates. Preliminary experiments were con-
ducted using endogenous Mrell protein as control, and the
results indicated that optimal levels of degradation of this
substrate were observed using H1299 cells harvested 48 h after
infection with both the adenovirus vectors AdE4orf6 and
AdE1B55K, at an MOI of 35 PFU/cell, with cells infected with
AdE4orf6 alone as controls (data not shown). Thus, these
conditions were used in a screen to evaluate the degradation of
substrates according to the experimental procedure depicted in
Fig. 1A, upper panel.

Three independent 2D-DIGE gel analyses were performed
comparing the proteomes of H1299 cells expressing E4orf6
alone to those expressing both E4orf6 protein and E1B55K
(Fig. 1A, bottom panel). An internal control containing pro-
tein extracts of all of the samples in the study was labeled with
Cy2 and included in all gels to serve as a reference for spot
normalization. Dye swapping was also performed to minimize
labeling-dependent bias. Analysis of the Cy2, Cy3, and Cy5 gel
images using the DeCyder software revealed the presence of a
number of protein spots that differed significantly in levels,
with statistical variance of the E4orf6/E1B55K versus E4orf6
spot volume ratios within the 95th confidence level (Student ¢
test: P < 0.05). We intend to publish full details of the entire
proteomic analyses elsewhere; however, Fig. 1B shows an ex-
ample of a three-channel 2D-DIGE overlay image that exhibits
several proteins (red, Cy5) that were significantly increased
in E4orf6/E1B55K-expressing cells compared to proteins not
varying in intensity (yellow, Cy5 and Cy3 combination). Be-
cause our interest was on species that decreased in response to
expression of E4orf6 protein, we focused on spots (green, Cy3)
showing a significant decrease in intensity in E4orf6/E1B55K-
expressing cells relative to the E4orf6 alone control, with an
average ratio less than or equal to —1.5. The 12 species
showing the lowest average ratios and confirmed visually to
decrease in at least two of three gels were excised from
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preparative 2D gels, and the species were identified by mass
spectrometry.

Identification of the VLA-3 alpha subunit as a substrate of
the E4orf6/E1B55K complex. Figure 1B illustrates one of these
12 species (termed 612 in our analysis) that migrated as a
polypeptide of ~130 kDa and that exhibited an E4orf6/
E1B55K versus Edorf6 alone average ratio of —1.69 at P <
0.027 (highlighted area in the top panel and isolated in the
middle panel; the grayscale images in the lower panel repre-
sent individual scans as well as 3D images of the spot intensity
for each condition). Figure 1C shows that analysis by mass
spectrometry revealed that this species corresponded to the
VLA-3 alpha subunit («3 subunit). Two peptides were identi-
fied covering 2% of the whole protein sequence (Fig. 1C and
data not shown). Individual ion scores for the two peptides
were 62 and 47 for a total of 109, where ion scores greater than
36 indicate identity or extensive homology (P < 0.05) (Matrix
Science). The peptides identified by mass spectrometry spanned
the whole protein and were present both in the alpha and beta
spliced forms of the &3 integrin (14; data not shown).

An observed decrease in spot intensity in this type of 2D gel
analysis may be explained either by a decrease in protein level
or by a change in migration position of the species due to one
or more newly induced posttranslational modifications that
could affect molecular mass and/or the pl. To validate that the
decrease in o3 was due to a general decrease in protein levels,
this ~130-kDa species was analyzed by Western blotting with
an antibody specific for the a3 subunit (clone 29A3). Figure 2A
(top panel) shows that the expression of either E4orf6 or
E1B55K proteins alone by viral vectors had little or no effect
on o3, whereas the presence of both viral proteins dramatically
decreased o3 protein levels (Fig. 2A). This decrease was not
due to stress caused by higher viral vector content with E4orf6/
E1B55K coexpression because cells received the same amount
of total virus through infection by a control adenovirus vector
expressing (-galactosidase (3). In addition to these immuno-
blotting experiments, the identity of the a3 species was also
confirmed by immunoprecipitation and RNA interference
studies using reagents specific for a3 (data not shown).

The o3B1 integrin is composed of the a3 and 1 subunits.
Although much of a3B1 integrin at any one time is intracellu-
lar, a portion is present at the cell surface and functions as an
attachment factor to the extracellular matrix and in cell-cell
adhesion (reviewed in references 21, 26, and 63). To determine
whether the surface pool of a3B1 is also influenced by the
presence of E4orf6 and E1B55K proteins, surface levels of
a3B1 were evaluated by flow cytometry using the mouse mono-
clonal anti-integrin «3p1 M-KID2 antibody in a triplicate la-
beling of the same pool of cells. Figures 2B and C show that a
small but significant decrease in surface a3B1 was evident
when both Edorf6 and E1B55K were expressed. A more
significant decrease in a3pB1 was observed when the cells
were permeabilized before flow cytometry staining (data not
shown), confirming the immunoblotting data addressing the
status of total and/or intracellular a3 subunit pool. Thus, the
data in Fig. 2A to C suggested that the total cellular pool of a3
was highly reduced in the presence E4orf6 protein and
E1B55K but that decreases in the small extracellular pool of
a3B1 were more modest, at least after 48 h in the presence of
these two viral polypeptides.
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FIG. 2. Analysis of total and surface a3B1 pools in cells expressing E4orf6 protein and E1B55K. (A) H1299 cells were infected with viral vectors
expressing E4orf6, E1B55K, or with both at an MOI of 35 PFU/cell per vector. The final amounts of vectors per well were kept to an MOI of 70
using the AdLacZ control vector. Cells were harvested at 48 hpi, and cell extracts were analyzed by SDS-PAGE, followed by Western blotting with
appropriate antibodies (anti-a3 clone 29A3 and anti-E1B55K 2A6). (B) Representative histograms of the surface levels of a3p1 integrin are shown.
H1299 cells expressing E4orf6, E1B55K, or both proteins were gated for the removal of dead cells. Solid black lines represent the isotype control
and the solid gray lines represent the anti-integrin a3p1 M-KID2. (C) Bar diagrams of median value (top panel) or percentages (bottom panel)
of H1299 cells positive for surface a3B1 marker. To evaluate the percentage of cells expressing surface a3p1, a marker was set just after the
isotype-matched IgG1 control median peak, and this marker was translated to the a3B1 antibody peak. The results shown are averages obtained
from three independent labelings of the same pool of cells. Error bars indicate the standard errors of the means.

Degradation of a3 requires infection of cells by adenovirus
particles. We had previously developed a plasmid-based deg-
radation assay to evaluate the activity of the E4orf6-mediated
E3 ligase complex (4, 41, 43) and thus, instead of using ade-
novirus vectors, we applied this approach to examine the deg-
radation of o3. H1299 cells were transfected with plasmid
DNAs that express the E4orf6 and E1B55K proteins, and the
degradation of endogenous a3 and Mrell was examined by
Western blotting with appropriate antibodies. Figure 3 (lanes
marked “Mock”) indicated that although Mrell clearly was
degraded specifically in response to E4orf6 and E1B55K, re-
peated studies indicated only at best a very modest reduction
of o3 levels. Because these results differed so markedly from
those presented in Fig. 1B and 2A in studies that used adeno-
virus vectors to express E4orf6 and E1B55K, we sought to
determine whether the effect of E4orf6 and E1B55K on o3
required cells to be infected with adenovirus particles to pro-
mote the degradation. Thus, the same degradation assay was

repeated; however, in this case prior to DNA transfection, cells
were infected with a control adenovirus vector expressing the
LacZ protein. Figure 3 (lanes marked “AdLacZ”) indicates
that both o3 and Mrell were efficiently degraded by Edorf6
and E1BS55K. These results clearly suggested that, unlike
Mrell degradation, the degradation of a3 requires factors or
processes associated with adenovirus infection to proceed. This
somewhat surprising finding is discussed in more detail below.

a3 is decreased in wt adenovirus infection. To determine
whether a reduction of a3 protein levels was apparent during
a wt adenovirus infection, cells were infected, and cell extracts
prepared at various times after infection were analyzed by
Western blotting for the presence of a3 and Mrell, as well as
for several virus proteins, using appropriate antibodies. Figure
4A shows that the level of o3 started to decrease by 16 hpi, the
time at which E1B55K and E4orf6 proteins were first detected,
and by 48 hpi a3 was completely undetectable. Figure 4A also
shows a very similar pattern of degradation of Mrell, suggest-
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FIG. 3. Effect of infection by adenovirus particles on degradation
of a3. H1299 cells were sequentially mock infected or infected with
AdLacZ at an MOI of 35 PFU/cell and then transfected with either
pcDNA3, pcDNA3-E4orf6, pcDNA3-E1B55K, or pcDNA3-E4orf6/
pcDNA3-E1BS5K. Cells were harvested at 48 h posttransfection, and
cell extracts were analyzed by SDS-PAGE, followed by Western blot-
ting with appropriate antibodies indicated on the right (anti-VLA-3a
clone 29A3 and anti-E1B55K 2A6).

ing that the E4orf6/E1B55K complex affects both proteins in a
similar manner. To confirm the dependency on E4orf6 and
E1B55K for the degradation of a3 and Mrell in the virus
context, H1299 cells were infected either by wt AdS or mutants
in the same genetic background that fail to produce either
E4orf6 protein or E1B55K. The E1B55K™ virus contains mu-
tations that convert the codons encoding the first four amino-
terminal methionine residues to “stop” codons to prevent any
translation initiation from the first or cryptic start sites. The
E4orf6-null virus contains a “stop” codon after Pro66, thus
yielding a severely truncated unstable E4orf6 product (5). Fig-
ure 4B shows that in cells infected with wt virus and harvested
at 24 hpi most of the o3 had been degraded; however, in the
absence of either E4orf6 or E1B55K, clearly higher levels of o3
were present, although in both cases these were lower than in
wt-infected cells. Comparable results were also obtained with
Mrell (Fig. 4B), suggesting that in the context of virus infec-
tion, although the E4orf6/E1B55K E3 ubiquitin ligase complex
seems to be implicated in the degradation of both Mrell and
a3, other processes may also affect their stability.

a3 is degraded by the Cul5-mediated E3 ligase complex. The
proteins p53, Mrell, and DNA ligase IV are all substrates of
the E4orf6-associated E3 ligase complex containing the cullin
family member Cul, elongins B and C, and the RING protein
Rbx1 (2, 4, 18, 41, 43, 51, 56). Cul5 seems to be a key player
because it is the only cullin family member found to interact
with the E4orf6 complex (41). A dominant-negative mutant of
Cul5 was shown to prevent the degradation of the all three
known E4orf6 substrates (2, 66), and our group has shown
previously that the degradation of p53 is impaired in a Cul5
knockdown cell line (11). To confirm that the E4orf6/E1B55K-
dependent decrease of a3 is mediated by the E4orf6-CulS E3
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FIG. 4. Analysis of a3 levels during adenovirus infection. (A) H1299
cells were infected with HS5pg4100 (wt) at an MOI of 5 fluorescence-
forming units/cell. Cells were harvested at several different times, and cell
extracts were analyzed by SDS-PAGE, followed by Western blotting with
appropriate antibodies indicated on the right (anti-VLA-3a clone 29A3,
anti-E1B55K 2A6). (B) H1299 cells were infected with H5pg4100 (wt),
H5pm4154 (Edorf6™), or H5Spm4149 (E1B55K™) at an MOI of 1 fluo-
rescence-forming unit/cell (MOI of 4 for H5pm4149). Cells were har-
vested at 24 hpi, and cell extracts were analyzed by SDS-PAGE, followed
by Western blotting as indicated above.

ligase complex, our Cul5 knockdown cell line was used to
examine the dependence of a3 degradation on the presence of
Culs. Figure 5 shows that in control H1299 cells (pCDNA3)
significant reductions in both endogenous o3 and Mrell levels
again occurred in the presence of both E4orf6 and E1B55K. In
the Cul5 KD cell line a modest relief of the E4orf6/E1B55K-
mediated degradation was detected, an effect that was also
apparent with the substrate Mrell. We had expected to ob-
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FIG. 5. Analysis of protein degradation in cells expressing reduced
levels of Cul5. Control (pCDNA3) or Cul5 knockdown (Cul5 KD) H1299
cell lines were infected and harvested, and cell extracts were analyzed as
indicated in Fig. 2A. The level of Cul5 in these cell lines was determined
by Western blotting with the anti-Cul5 antibody H-300.

serve a greater inhibition of a3 and Mrell degradation in
these cells; however, although the Cul5 knockdown seemed
very efficient, as seen by the virtually undetectable levels of
Cul5 protein indicated in Fig. 5 by Western blotting analysis,
the remaining significant reductions in a3 levels may have been
due to residual amounts of Cul5 that were sufficient for deg-
radation by the E4orf6-associated E3 ligase. Nevertheless, our
results suggested that significant degradation of both proteins
occurs via the Cul5-based E3 ligase complex.

E1B55K colocalizes with 3. E1B55K is known to interact
with p53, Mrell, and DNA ligase IV and has been shown to
colocalize with p53 and Mrell in perinuclear bodies (1, 2, 32).
The presence of Mrell in these bodies (called aggresomes) is
believed to accelerate its degradation by proteasomes after
ubiquitination by the E4orf6-mediated E3 ligase complex (32).
The presence of Mrell and p53 in these bodies is dependent
on E1B55K (32) or E4orf3 (1). To determine whether E1BS5K
colocalizes with «3, immunofluorescence studies were con-
ducted in H1299 cells infected with wt Ad5 and treated at 24
hpi with appropriate antibodies. Figure 6 shows that in unin-
fected cells (labeled as “u” in Fig. 6A), as well as in infected
cells (labeled as “i” in Fig. 6A; see also cells in Fig. 6B), a3 is
present in a diffuse intracellular pattern but also concentrated
at the plasma membrane (this is particularly evident in Fig.
6Be and h) and in a small perinuclear bodies (indicated by
arrows). These bodies may correspond to perinuclear recycling
centers of membrane receptors in uninfected cells; however, in
infected cells these structures are much larger with brighter
fluorescence (compare the “u” and “i” in Fig. 6A), and they
coincide with aggresomes since E1B55K also localizes to these
structures (see merge pictures) in virtually all cells infected
with wt virus (Fig. 6A and Ba to d) and cells infected with viral
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FIG. 6. o3 colocalizes with E1BS5K in H1299 cells. (A) Uninfected
cells (u) and infected cells (i) were compared for a3 perinuclear ag-
gregates. H1299 cells were infected with H5pg4100 (wt) at an MOI of
1 for 24 h. Cells were fixed and stained for a3 (AB1920) and E1B55K
(2A6). Two equivalent fields are shown for each channel. (B) H1299
cells were infected with H5pg4100 (wt) at an MOI of 5 for 24 h (a to
d), with viral vectors expressing EIB55K (e to h) or both E4orf6 and
E1B55K (i to 1) at 35 PFU/cell per vector for 48 h. Cells were fixed and
stained for a3, E1B55K (2A6), and DAPI as indicated above.

vectors expressing E1IB55K (Fig. 6Be to h) or both EIB55K
and E4orf6 (Fig. 6Bi to 1). A vimentin cage is also frequently
seen surrounding these structures (not shown), as is often the
case around aggresomes (23). Thus, a3 and E1B55K appear to
colocalize largely in aggresomes.

The presence of E4orf6 protein and E1B55K promotes cell
detachment from extracellular matrix. Kaabeche et al. (25)
showed previously that Cbl triggers a5 integrin degradation by
the proteasome, resulting in reduced osteoblast attachment via
fibronectin and in caspase-dependent apoptosis. Because the
surface pool of a3B1 was seen to be at least somewhat de-
creased in the presence of E4orf6/E1B55K, studies were con-
ducted to determine whether this decrease affected the cell
monolayer integrity and cellular attachment. E4orf6 protein
and E1B55K were expressed in cells for 48 h using adenovirus
vectors, and then the medium was removed and replaced with
EDTA at low concentration with gentle agitation. Figure 7A
shows photographs of these cells at several times after the
addition of EDTA. Mock-infected cells were relatively unaf-
fected by this treatment over 14 min. Some detachment was
observed after 8 min in the presence of either Edorf6 or
E1B55K alone; however, significant cell detachment was evi-
dent almost immediately after addition of EDTA when both
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FIG. 7. Analysis of cell adhesion in the presence of E4orf6 and
E1B55K proteins. (A) H1299 cells were infected with viral vectors ex-
pressing Edorf6, E1B55K, or both proteins at an MOI of 35 PFU/cell per
vector for 48 h. Cells were placed in 0.13 mM EDTA with gentle agitation,
and photographs of cells were taken at the indicated times. (B) Compar-
ison of cell detachment in control (pCDNA3) or Cul5 knockdown (Cul5
KD) H1299 cell lines in the presence of E4orf6 and E1B55K proteins.

E4orf6 and E1B55K were expressed. These results suggested
that the presence of E4orf6 and E1B55K proteins reduced the
attachment of cells to the matrix.

To correlate the variation of cell attachment to the a3 pro-
tein levels, the same assay was performed in the Cul5 KD cell

J. VIROL.

line in which the degradation of a3 was found to be reduced
compared to the control cell line (Fig. 5). Figure 7B shows that
the cells lifted quite rapidly after E4orf6/E1B55K coexpression
in the control cell line in a pattern similar to that seen in Fig.
7A; however, in the Cul5 KD cell line the detachment was
significantly delayed (Fig. 7B). Altogether, these results sug-
gest that the degree of binding of cells to the matrix correlates
with the a3 protein levels observed in these cell lines.

DISCUSSION

Degradation of the previously identified substrates of the
E4orf6-associated E3 ligase complex appears to play a role in
enhancing viral replication (2, 18, 41, 43, 56). Degradation of
p53 may prevent early apoptotic death of infected cells, thus
permitting the replication cycle to be completed (35, 36). Deg-
radation of Mrell, a member of the DNA repair complex, and
DNA ligase IV, a central component of the nonhomologous
end-joining DNA repair system, may protect from viral ge-
nome concatenation that could interfere with viral DNA pack-
aging into virions (2, 56). We and others have demonstrated a
role for the E4orf6-associated ligase in the regulation of viral
and cellular mRNA export, although the identity of the sub-
strate(s) involved remains unknown (5, 66). With this growing
list of roles of the E3 ligase complex, one might suppose that
additional functions regulated by degradation of as yet
unknown substrates may be identified. Analysis by 2D elec-
trophoresis of proteins provides a reasonable approach to
identifying new substrates since it allows separation and
visualization of most cellular proteins to evaluate variations in
protein intensity. Using this proteomic approach, we have
identified the integrin o3 subunit as a substrate of the E4orf6/
E1B55K complex. The identity of the ~130-kDa species as the
a3 subunit seen to be reduced in the screen and identified by
mass spectroscopy was confirmed by Western blotting analysis
with a &3 subunit-specific antibody. Another integrin known to
be a target of an E3 ligase complex is the integrin a5 subunit,
which is ubiquitinated and degraded by Cbl E3 ubiquitin ligase
complex after FGFR2 activation in osteoblasts (25).

A quite unexpected observation was that infection by ade-
novirus virions appeared to greatly enhance E4orf6-dependent
degradation of a3 since E4orf6 and E1B55K expressed from
plasmid DNAs were not capable of inducing significant degra-
dation of a3. Such was not the case with the substrate Mrell.
In addition, immunofluorescence data indicated that the perinu-
clear o3 aggregates present in infected cells tended to be larger
than those present in uninfected cells and that they colocalize
with E1B55K (and probably E4orf3), which are known to localize
in aggresomes. One possibility to explain these observations is
that adenovirus infection may promote internalization of the sec-
ondary receptor and cause a stress signal which decreases the rate
of trafficking to the cell surface. This process may result in an
increased accumulation of the internalized and intracellular pool
of the integrin at the perinuclear recycling centers, which coin-
cides with the aggresomes. In these structures E1B55K could trap
the integrin, thus preventing its recycling to the plasma membrane
and enhancing its degradation by the E4orf6/E1B55K complex.
Clearly, additional studies will be required to explain this phe-
nomenon further.

A rather striking observation was the difference in degrada-
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tion of a3B1 at the cell surface relative to the total cellular a3
pool. The data shown in Fig. 2C indicated that the surface pool
of a3 appeared to be only modestly reduced by expression of
E4orf6 and E1B55K proteins. It could be that in H1299 cells
the levels of a3 at the cell surface represent only a minor
fraction of the total in the cell, as suggested by Fig. 6B. This
distribution pattern of a3 could explain why in spite of only a
modest decrease in levels of a3B1 present at the cell surface in
the presence of E4orf6 and E1B55K, a dramatic reduction in
total cell a3 took place. Additionally and despite the fact that
a3B1 has been shown to be a secondary receptor for adenovi-
rus, it may be utilized far less than the well-known aVB5
secondary receptor, and thus the internalization and further
degradation of the surface pool may be proportional to the
degree of receptor utilization. As mentioned previously, the
degradation of the internal pool may also simply be triggered
by an adenovirus infection but independently of the type of
receptor utilized. An alternative explanation for this observed
difference of degradation between the surface and intracellular
pools could be that degradation of a3 within the cell may
induce a vastly increased rate of transport of the remaining
intracellular a3 to the cell surface, thus maintaining reasonably
high levels on the surface of cells.

In the context of infection with viral vectors (Fig. 2A) or in
DNA transfection experiments, with prior infection with the
LacZ viral vector, the degradation of a3 appears to be com-
pletely dependent on the presence of both E4orf6 and E1B55K
proteins; however, in the context of a full virus infection, only
a partial rescue of degradation was observed by eliminating
either E4orf6 or E1B55K. A similar effect was also observed
with Mrell, suggesting that with these two substrates another
pathway of degradation likely is also active during infection.
Interestingly, both of these substrates are at least partially
localized at the aggresomes (1, 32) (Fig. 6), suggesting that
localization at this structure may be part of the alternate mech-
anism of degradation, and perhaps also involving E4orf3,
which also localizes at the aggresomes (1, 32). It is possible that
the formation of the aggresomes is sufficient to induce degra-
dation of o3 and Mrell, which both accumulate there, since
aggresomes may be able to attract ubiquitin-conjugating ma-
chinery as well as proteasomes (15, 28).

In our simple studies there appeared to be a good correla-
tion between the levels of a3 and the tendency of the cells to
detach from the extracellular matrix. Although only one inte-
grin has been identified as a substrate of the E4orf6-mediated
E3 ligase complex, other adhesion molecules may also be af-
fected by E4orf6/E1B55K, and a well-planned effort seems to
be warranted to examine the stability of this class of proteins.
Additional targets of this type may explain why such a striking
detachment phenotype was observed with such modest de-
creases in surface a3B1. The degradation of integrins followed
by cell detachment may cause some form of apoptosis, a phe-
nomenon observed with integrin a5 subunit (39). This detach-
ment-mediated apoptosis, termed anoikis (12, 16, 46), has been
observed in other types of virus infections (45, 52, 54). Adeno-
viruses may use this effect as an alternative virus release mech-
anism to the action of the E3 adenovirus death protein, which
stimulates cell lysis by apoptosis to allow virus exit and spread-
ing from the cells (57, 61, 62, 67, 68). Another mechanism that
improves virus spreading has been demonstrated by Walters et

INTEGRIN o3, A NEW SUBSTRATE OF E4orf6/E1B55K COMPLEX 5337

al. (64). The excess fiber proteins not encapsulated or present
on defective viruses compete with the CAR receptor on adja-
cent cells to interrupt cell-cell adhesion mediated by CAR-
CAR interactions. This process allows the virus to cross tissue
barriers and spread to distal sites for further infection and
prevents the virus binding to cells that have already been in-
fected, thus spreading of progeny away from the initial site of
infection. The decrease of a3 may affect cell-cell interactions
and improve virus spreading in a similar fashion.

Adenoviruses very typically utilize several alternative but
related mechanisms to promote replication and virus spread.
Thus, cell surface molecules may represent important new
targets for degradation by the E4orf6-E1B55K E3 ubiquitin
ligase, and further studies are under way to examine more
carefully this class of cell proteins.
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