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Adenovirus E4-ORF3 Targets PIAS3 and Together with E1B-55K
Remodels SUMO Interactions in the Nucleus and at Virus Genome
Replication Domains

Jennifer M. Higginbotham, Clodagh C. O’Shea
Molecular and Cell Biology Laboratory, The Salk Institute for Biological Studies, La Jolla, California, USA

ABSTRACT

Adenovirus E4-ORF3 and E1B-55K converge in subverting critical overlapping cellular pathways to facilitate virus replication.
Here, we show that E1B-55K and E4-ORF3 induce sumoylation and the assembly of SUMO2/3 viral genome replication domains.
Using a conjugation-deficient SUMO2 construct, we demonstrate that SUMO2/3 is recruited to E2A viral genome replication
domains through noncovalent interactions. E1B-55K and E4-ORF3 have critical functions in inactivating MRN and ATM to fa-
cilitate viral genome replication. We show that ATM kinase inhibitors rescue AE1B-55K/AE4-ORF3 viral genome replication
and that the assembly of E2A domains recruits SUMO2/3 independently of E1B-55K and E4-ORF3. However, the morphology
and organization of SUMO2/3-associated E2A domains is strikingly different from that in wild-type Ad5-infected cells. These
data reveal that E1B-55K and E4-ORF3 specify the nuclear compartmentalization and structure of SUMO2/3-associated E2A
domains, which could have important functions in viral replication. We show that E4-ORF3 specifically targets and sequesters
the cellular E3 SUMO ligase PIAS3 but not PIAS1, PIAS2, or PIAS4. The assembly of E4-ORF3 into a multivalent nuclear matrix
is required to target PIAS3. In contrast to MRN, PIAS3 is targeted by E4-ORF3 proteins from disparate adenovirus subgroups.
Our studies reveal that PIAS3 is a novel and evolutionarily conserved target of E4-ORF3 in human adenovirus infections. Fur-
thermore, we reveal that viral proteins not only disrupt but also usurp SUMO2/3 to transform the nucleus and assemble novel
genomic domains that could facilitate pathological viral replication.

IMPORTANCE

SUMO is a key posttranslational modification that modulates the function, localization, and assembly of protein complexes. In
the ever-escalating host-pathogen arms race, viruses have evolved strategies to subvert sumoylation. Adenovirus is a small DNA
tumor virus that is a global human pathogen and key biomedical agent in basic research and therapy. We show that adenovirus
infection induces global changes in SUMO localization and conjugation. Using virus and SUMO mutants, we demonstrate that
E1B-55K and E4-ORF3 disrupt and usurp SUMO2/3 interactions to transform the nucleus and assemble highly structured and
compartmentalized viral genome domains. We reveal that the cellular E3 SUMO ligase PIAS3 is a novel and conserved target of
E4-ORF3 proteins from disparate adenovirus subgroups. The induction of sumoylation and SUMO2/3 viral replication domains
by early viral proteins could play an important role in determining the outcome of viral infection.

iruses usurp and trigger cellular signaling cascades that have

dynamic and system-wide consequences for host-pathogen
interactions. Protein posttranslational modifications have the
power to alter the functions, structural interactions, and localiza-
tion of cellular and viral proteins to determine the outcome of
infection. For example, studies with polyomavirus middle T anti-
gen and v-Src-associated kinase activities led to the discovery of
protein tyrosine phosphorylation (1, 2). Phosphorylation subse-
quently was found to be a critical signaling nexus that is deregu-
lated in response to viral and cellular oncogenes (3). Interferon
signaling cascades and the induction of ISGylation, ubiquitina-
tion, or sumoylation also can be triggered by viral infection as
critical host antiviral signaling defenses that engage innate and
systemic immunity (4-8).

Sumoylation, i.e., the conjugation of a small ubiquitin-like
modifier, can affect a protein’s activity, intracellular localization,
stability, and interaction partners. Changes in SUMO levels and
conjugation can be triggered by the cell cycle (9), differentiation
(10), heat shock (11), DNA damage (12), and viral infection (6, 7).
The regulation of sumoylation can occur at the level of transcrip-
tion, translation, or degradation of different SUMO pathway
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components (13). In vertebrates, there are two SUMO subfami-
lies, SUMO1 and SUMO2/3. SUMO1 and SUMO?2/3 share only
about 50% sequence identity, while SUMO2 and SUMO3 share
97% sequence similarity and appear to be functionally indistin-
guishable. SUMOL1 is predominantly conjugated with target pro-
teins, while SUMO2 and SUMO3 are found in a larger pool of free,
unconjugated SUMO, which is readily available for responding to
external stimuli (14). SUMO-conjugated proteins are recognized
and bound by proteins containing SUMO interacting motifs
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(SIMs) (13). The interactions between sumoylated proteins and
SIM-containing proteins can act as a scaffold to promote the self-
assembly of large multiprotein complexes. For example, PML is
conjugated to SUMO and contains SIM motifs that drive PML
assembly into nuclear bodies (15). Sumoylation is critical for the
assembly of PML nuclear bodies and the recruitment of additional
SUMO-SIM proteins, such as DAXX and Sp100 (16-18). SUMO-
SIM-driven assembly creates subnuclear compartments that are
physically distinct from the surrounding nucleoplasm despite the
lack of a defining membrane. SUMO-SIM nuclear bodies can
function as hubs for a particular activity, such as transcription, or
induce the local concentration of components within the nucleo-
plasm (19). Thus, sumoylation is a means to induce the dynamic
structural organization and compartmentalization of molecular
interactions.

The potential for controlling transcriptional regulation and
immunity makes it unsurprising that many viral proteins usurp
the SUMO pathway (6, 7). For example, to evade the immune
response, some viral proteins target the PIAS family of E3 SUMO
ligases, which are associated with the suppression of innate im-
mune signaling through the inhibition of STAT proteins, interfer-
on-regulatory factors, and NF-kB (20, 21). There is also mounting
evidence for viruses targeting the SUMO pathway to promote nu-
clear reorganization. One well-characterized example of viruses
modulating nuclear organization is the disruption of nuclear PML
bodies, which are targeted by many DNA tumor virus proteins via
SUMO-mediated mechanisms (7). Thus, an interesting question
is whether viral proteins utilize SUMO to assemble new nuclear
bodies such as viral genome replication domains.

Many viruses utilize cytoplasmic membranes and cytoskeletal
components to create a physical boundary to concentrate compo-
nents involved in viral genome replication (22, 23). Adenovirus is
a small double-stranded DNA tumor virus that replicates in the
cell nucleus. After the initial rounds of DNA replication, single-
and double-stranded virus genomes assemble with the viral E2A
DNA-binding protein (DBP) to form specialized replication com-
partments that concentrate viral genomes, proteins, and RNA
(24). E2A viral replication domains change in morphology and
size at different stages in the viral life cycle (25). Therefore, an
interesting question is whether sumoylation and/or SUMO-SIM
interactions are associated with the assembly of adenovirus repli-
cation centers in the nucleus.

In adenovirus infection, the early viral proteins E1B-55K and
E4-ORF3 have overlapping cellular targets and functions in viral
replication. E1B-55K and E4-ORF3 converge in disrupting the
MRE11/RAD50/NBS1 (MRN) complex and preventing p53-acti-
vated transcription via independent mechanisms (26, 27). E1B-
55K targets p53 and MRE11 for ubiquitination and degradation in
the proteasome (28, 29). E4-ORF3 assembles a multivalent nu-
clear scaffold that sequesters MRN and induces repressive hetero-
chromatin silencing at the p53 target gene (26, 27). In addition to
their overlapping roles in inactivating MRN and p53, E1B-55K
and E4-ORF3 also have been implicated in the SUMO pathway
(Fig. 1A). E1B-55K has been shown to function as an E3 SUMO
ligase toward p53 (30, 31) and to interact with the E2 SUMO ligase
UBC9 (32). E4-ORF3 forms a nuclear polymer that disrupts PML
bodies (33) and mislocalizes TRIM24 and TRIM33 (26, 34, 35), all
of which are sumoylated. Recently, E4-ORF3 was reported to
modulate the sumoylation of MRN and other substrates (36, 37).
The crystal structure of E4-ORF3 indicates that it is not a struc-
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tural homolog of cellular proteins involved in sumoylation (38).
Thus, a key question is whether E4-ORF3 targets cellular SUMO
enzymes to modulate SUMO conjugation and interactions in viral
infection (Fig. 1A).

Here, we show that E1B-55K and E4-ORF3 are required for the
induction of sumoylation and the assembly of SUMO2/3-associ-
ated viral genome replication domains in Ad5-infected cells. We
show that the assembly of E2A viral genome replication domains
is sufficient to recruit SUMO2/3 independently of E1B-55K/E4-
ORF3 and SUMO2/3 conjugation. However, E1B-55K/E4-ORF3
determine the structure and nuclear organization of SUMO2/3-
associated E2A domains. We show that E4-ORF3 specifically tar-
gets and mislocalizes the cellular E3 SUMO ligase PIAS3 into a
nuclear scaffold but not related protein family members PIASI,
PIAS2, or PIAS4. We show that in contrast to MRN, PIAS3 is a
target of E4-ORF3 proteins from disparate human adenovirus
subgroups, indicating that it is an important and conserved target
in virus evolution.

MATERIALS AND METHODS

Cells, culturing conditions, and viral infections. U20S cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% heat-inactivated fetal bovine serum (FBS) without antibiotics.
Infection was performed at an experimentally determined multiplicity of
infection (MOI) of 30 PFU in DMEM containing 2% heat-inactivated
FBS. Superinfection was performed at an MOI of 250 PFU.

Viruses. Titers of viruses were determined on 293/E4/pIX cells as de-
scribed previously (39). The wild-type (WT) virus is Ad5. The AE1B-55K
virus (AdSyn-CO124) was created by mutating the start codon of E1B-
55K (ATG to GTG) and 190 of E1B-55K to a stop codon (ATT to
TAG). The AE4-ORF3 virus (AdSyn-CO118) was created by deleting
the coding region of E4-ORF3. The AE1B-55K/AE4-ORF3 virus
(AdSyn-CO140) is the same as AE1B-55K, except the E4-ORF3 coding
region also is deleted (38).

Drugs. KU-55933 (Calbiochem) was used at 10 uM and was added 2
h after adenovirus infection. Dimethyl sulfoxide (DMSO) was used as a
vehicle control.

Plasmids and transfections. SUMO2, SUMO3, UBCY, and PIAS fam-
ily plasmids first were cloned into pDONR221 and then recombined into
a cytomegalovirus expression vector with an N-terminal tag using the
Gateway cloning system (Invitrogen). The GFP-4xSUMO2AA construct
was obtained from Tony Hunter’s laboratory. E4-ORF3 constructs were
generated as described previously (38). Lipofectamine 2000 (Invitrogen)
was used for transfection of U20S cells according to the manufacturer’s
instructions.

Immunofluorescence. Cells were fixed in 4% paraformaldehyde for
30 min at room temperature, permeabilized in 0.1% Triton X-100 and
phosphate-buffered saline (PBS), and stained as described previously (39,
40). Primary antibodies were Flag (F742 from Sigma), E4-ORF3 (6A11),
E2A (B6-8), SUMO2/3 (C terminus from Abgent), and NBS1 (NB 100
from Novus Biologicals). Alexa 488-, 555-, and 633-conjugated secondary
antibodies (Molecular Probes) were used for the detection of primary
antibodies. Hoechst-33342 was used to stain DNA. Images were acquired
with a Zeiss LSM780 imaging system with a 63X objective. Images are
single z-planes.

Quantification of immunofluorescence colocalization and statis-
tics. Colocalization was measured using Imaris software, which analyzes
the intensity of each fluorescent label. The Pearson correlation coefficient
was used as a measure of colocalization with values between —1 and +1,
with positive values indicating a positive correlation (41). Statistical anal-
yses consisted of Student’s ¢ tests with significance set at 0.05.

Protein lysates, dot blot analysis, and Western blot analysis. Protein
lysates were harvested in reducing SDS-PAGE sample buffer containing
50 mM Tris, pH 8, 2% SDS, 10% glycerol, 100 mM dithiothreitol, and
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FIG1 In Ad5-infected cells, SUMO2/3 is mislocalized by E4-ORF3 and recruited to E2A viral genome replication centers. (A) Schematic of premise for these studies and
role of adenovirus proteins E1B-55K and E4-ORF3 in subverting SUMO to facilitate viral replication. (B) U20S cells were transfected with Flag-SUMO2 or Flag-SUMO3
and then infected with wild-type (WT) Ad5 virus. Cells were fixed at 0, 12, 24, and 36 h p.i. and immunostained for Flag (green), E4-ORF3 (white), and E2A (red). Nuclei
were counterstained with Hoechst-33342. (C) Uninfected (UI) and WT Ad5-infected U20S cells were fixed at 36 h p.i. and immunostained for SUMO2/3 (green),
E4-ORF3 (white), and E2A (red). Nuclei were counterstained with Hoechst-33342. (D) U20S cells were transfected with GFP-SUMO2 or GFP-4xSUMO2AA and left
uninfected or were infected with WT Ad5. Cells were fixed at 36 h p.i. and immunostained for E4-ORF3 (red) and E2A (white) Box indicates 4x zoom. (E) Additional
images of WT Ad5-infected U20S cells transfected with either GFP-SUMO2 or GFP-4XSUMO2AA. (F) U20S cells were cotransfected with either GFP-SUMO2 or
GFP-4XSUMO2AA and E4-ORF3 and then fixed 24 h later and immunostained for E4-ORF3 (red). Nuclei were counterstained with Hoechst-33342. (G) Quantitative
analysis of colocalization of transfected E4-ORF3 with GFP-SUMO2 and GFP-4X SUMO2AA. Pearson’s correlation coefficients were calculated using Imaris colocal-
ization (see Materials and Methods) (41). Bars represent the means = standard errors of the means. ***, P < 0.001, which indicates a significant difference between
GFP-SUMO2 and GFP-4xSUMO2AA by  test.
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0.1% bromophenol blue. Lysates were boiled for 10 min and sonicated. For
dot blotting, samples were spotted onto a nitrocellulose membrane. For
Western blotting, samples were analyzed by SDS-PAGE and transferred to
nitrocellulose membranes. The membranes were blocked using 5% milk. Pri-
mary antibodies were SUMO2/3 (8A2 from Abcam) and B-actin (AC-15
from Sigma). B-Actin expression was used as a loading control. Primary an-
tibodies were detected with secondary antibodies labeled with either
IRDye800 (Rockland) or Alexa Fluor 680 (Molecular Probes). Fluorescent
antibodies were visualized using a LI-COR Odyssey scanner. The quantifica-
tion of dot blots was performed using LI-COR Odyssey software (42).

RT-qPCR analysis. Real-time quantitative PCR (RT-qPCR) quantifi-
cation of SUMO2 and SUMO3 mRNA was performed using the Bio-Rad
CFX96 and analyzed using Bio-Rad CFX Manager 3.0 software. RNA (1
jLg) was reverse transcribed with an iScript cDNA synthesis kit (Bio-Rad).
TagMan primers and probe sets for SUMO2 and SUMO3 were obtained
from Life Technologies. RT-qPCRs were set up using TagMan Fast Mix
(ABI) and run in triplicate. For 18S rRNA analysis, 10 ng input cDNA was
used; for SUMO2 and SUMO3 analysis, 40 ng of input cDNA was used.
Normalized gene expression (AAC,) was determined using 185 rRNA asa
reference gene, and fold change was determined by setting gene expres-
sion levels of uninfected samples to 1. Error bars represent standard errors
of the means from triplicates.

Quantification of viral genome replication. Total DNA was extracted
using the QiaAMP DNA Micro kit (Qiagen) by following the manufac-
turer’s protocol. TagMan probes for quantifying adenovirus DNA were
described previously (43). gPCRs were set up using TagMan fast mix
(ABI) and run in triplicate. Input DNA (5 ng) was used for Ad5 genomes
and 18S rDNA analysis. QPCR quantification of viral genomes was per-
formed using the Bio-Rad CFX96. Viral DNA was quantified relative to
the 18S rDNA to obtain a change in threshold cycle (AC;) for each sample
(44). Error bars represent standard deviations from triplicates.

RESULTS

In Ad5-infected cells, SUMO2/3 is mislocalized by E4-ORF3 and
recruited to E2A viral genome replication centers. Adenovirus
infection and replication transforms the cell nucleus and remodels
nuclear protein complexes, including PML bodies and MRN, both
of which are targeted by sumoylation (26, 33, 36). We reasoned
that adenoviral proteins could subvert SUMO conjugation and
localization to reorganize cellular proteins and compartments
within the nucleus to facilitate virus replication. SUMO?2 and
SUMO3 are the predominant SUMO conjugates that modify pro-
teins in response to external stimuli and cell stress (14). SUMO?2
and SUMO3 share 97% sequence homology and cannot be distin-
guished using endogenous cellular antibodies. Therefore, to ana-
lyze SUMO?2 and SUMO3 in adenovirus infection, we transfected
U20S cells with either Flag-SUMO?2 or Flag-SUMO3 and exam-
ined SUMO localization over the time course of wild-type (WT)
Ad5 infection. In uninfected cells, Flag-SUMO2 and Flag-SUMO3
are distributed throughout the nucleus and PML bodies. At an
early time, 12 h postinfection (h p.i.), E4-ORF3 colocalizes with
Flag-SUMO2- and Flag-SUMO3-associated nuclear bodies. The
latter is consistent with the well-established role of E4-ORF3 in
targeting and disrupting sumoylated proteins at PML nuclear
bodies (33). However, as the viral life cycle progresses, Flag-
SUMO?2 and Flag-SUMO3 are induced at viral genome replication
domains demarcated by the viral E2A protein (24 h p.i. and 36 h
p.i.) (Fig. 1B). Flag-tagged SUMO2 and SUMO3 have indistin-
guishable localization patterns. Therefore, for the remainder of
these studies we used SUMO2, as it appears to be interchangeable
with SUMO3. Furthermore, we confirmed that endogenous SU-
MO2/3 localizes to viral genome replication domains using an
antibody that recognizes both SUMO2 and SUMO3 (Fig. 1C). We
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conclude that Ad5 infection mislocalizes sumoylated proteins into
the E4-ORF3 nuclear matrix and induces SUMO2/3 at E2A viral
genome replication domains, suggesting a larger role for SU-
MO2/3 in adenovirus infection than was previously appreciated.

SUMOZ2/3 is recruited to E2A viral genome replication do-
mains independently of SUMO conjugation. The modulation of
SUMO?2/3 localization in viral infection could be due to covalent
SUMO2/3 conjugation or noncovalent SUMO2/3 interactions
with cellular or viral SIM-containing proteins. To distinguish be-
tween these possibilities, we used a green fluorescent protein (GFP)
construct that has four SUMO2 tandem repeats that can interact with
SIM-containing proteins but cannot be conjugated to target proteins
(GFP-4xSUMO2AA). In uninfected cells, GFP-4xSUMQO2AA is dif-
fuse and does not form nuclear bodies (Fig. 1D). The latter likely
represents the failure of GFP-4xSUMO2AA to be conjugated to pro-
teins at PML bodies. In WT virus-infected cells, GFP-4xSUMO2AA
does not colocalize with E4-ORF3 but is induced at E2A viral genome
replication domains (Fig. 1D and E). Furthermore, we show that
E4-ORF3 does not mislocalize GFP-4xSUMO2AA in cotransfected
cells (Fig. 1F and G). We conclude that SUMO2/3 localization at E2A
viral genome replication domains does not require covalent SUMO
conjugation and can be mediated through noncovalent SUMO inter-
actions with cellular and/or viral components.

E1B-55K and E4-ORF3 determine the morphology and nu-
clear organization of SUMO2/3-associated E2A viral genome
replication domains. We hypothesized that SUMO localization at
E2A viral genome replication domains is modulated by early viral
oncoproteins. E1B-55K has been reported to have SUMO ligase
activity (30, 31) and to interact with the cellular E2 SUMO ligase
UBC9 (32). E4-ORF3 recently has been reported to modulate su-
moylation of MRN and other substrates (36, 37), although the
mechanism remains unknown. To determine if E1B-55K and E4-
ORF3 modulate SUMO localization at E2A domains, we analyzed
Flag-SUMO2 localization in cells infected with WT Ad5 or mutant
viruses in which E1B-55K and/or E4-ORF3 sequences are deleted.
In WT, AE1B-55K, and AE4-ORF3 virus-infected cells, Flag-
SUMO?2 is induced at E2A viral genome replication domains.
However, AE1B-55K/AE4-ORF3 viruses fail to induce E2A- and
SUMO2-associated viral genome replication domains (Fig. 2A).
Similar results were observed with endogenous SUMO2/3 (data
not shown).

E1B-55K or E4-ORF3 is required to inactivate a critical early
MRN-ATM checkpoint to viral genome replication (45). There-
fore, the lack of SUMO2 at E2A domains could be an indirect
consequence of an upstream block in viral genome replication in
AE1B-55K/AE4-ORF3-infected cells. Alternatively, it could re-
flect a direct role of E1B-55K/E4-ORF3 in regulating SUMO2
localization and organization at E2A domains. To distinguish
between these possibilities, we used the ATM kinase inhibitor KU-
55933 (46) to rescue viral genome replication in AE1B-55K/AE4-
ORF3-infected cells (45). We also analyzed AE1B-55K/AE4-ORF3
superinfected cells (MOI of 250), as previous studies have shown
that high MOIs can rescue the replication defect of E4-deleted
viruses (47-49).

KU-55933 has no effect on virus genome replication or the
localization and morphology of SUMO2-associated viral genome
replication domains in WT virus-infected cells. However, KU-
55933 rescues viral genome replication by 15-fold in AE1B-55K/
AE4-ORF3-infected U20S cells (Fig. 2B). Similar to KU-55933,
high MOIs also rescue viral genome replication and the assembly
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FIG 2 E1B-55K and E4-ORF3 determine the morphology and nuclear organization of SUMO2/3-associated E2A viral genome replication domains. (A) U20S
cells were transfected with Flag-SUMO2 and then infected as indicated. Cells were fixed at 36 h p.i. and immunostained for Flag (green), E4-ORF3 (white), and
E2A (red). Nuclei were counterstained with Hoechst-33342. (B) U20S cells were infected as indicated and then treated with DMSO or 10 wuM KU-55933 at 2 h
p-i. and harvested at 36 h p.i. Viral genomes were quantified by qPCR and normalized relative to 18S rDNA levels. Error bars indicate standard deviations from
triplicate samples. (C) U20S cells were transfected with Flag-SUMO?2 and then infected as indicated. Cells were treated with DMSO or 10 puM KU-55933 at 2 h
p.i. fixed at 36 h p.i., and immunostained for Flag (green) and E2A (red). Nuclei were counterstained with Hoechst-33342. (D) U20S cells were transfected with
Flag-SUMO?2 and then infected with WT Ad5 or AE1B-55K/AE4-ORF3 virus. MOI 250 indicates a multiplicity of infection of 250 PFU. Cells were treated with

10 pM KU-55933 at 2 h p.i. as indicated, fixed at 36 h p.i., and immunostained for Flag (green) and E2A (red).

of SUMO2-associated E2A domains (Fig. 2Cand D). We conclude
that the assembly of E2A viral genome replication domains is suf-
ficient to recruit SUMO?2 independently of E1B-55K/E4-ORF3.
However, the morphology of SUMO2/E2A domains in AE1B-
55K/AE4-ORF3-infected cells is strikingly different from that in
WT virus-infected cells (Fig. 2D). In contrast to WT virus-infected
cells, the SUMO2-associated E2A domains are globular and amor-
phous in AE1B-55K/AE4-ORF3-infected cells treated with KU-
55933 or infected at high MOI. The SUMO-associated E2A
domains are fewer and larger in size in the absence of E1B-55K/
E4-ORF3 and appear to be fused together into giant clusters as
opposed to distinct compartments. These data indicate that E1B-
55K and E4-ORF3 have important roles in determining the archi-
tecture and compartmentalization of SUMO2-associated E2A vi-
ral genome replication domains.

Ad5 infection induces SUMO2/3-modified proteins. To de-
termine if adenovirus infection induces SUMO2/3 levels and con-
jugation, we first used a dot blot analysis. There is an almost 5-fold
increase in total SUMO2/3 levels in protein lysates from Ad5-
infected cells relative to that of uninfected control U20S cells (Fig.
3A). SUMO2 and SUMO3 share 97% sequence homology, but
their transcription is differentially regulated (50). For example,
the transcription of SUMO3, but not SUMO?2, is downregulated
in response to oxidative stress (51). To determine if adenovirus
infection induces the transcription of SUMO2 or SUMO3, we
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compared mRNA levels of SUMO2 and SUMO3 in infected versus
uninfected U20S cells. SUMO2 and SUMO3 mRNA levels are
similar in both infected and uninfected cells (Fig. 3B).

Unconjugated forms of SUMO2 and SUMO3 are 8 kDa. How-
ever, SUMO2 and SUMO3 form higher-molecular-weight bands
on SDS-PAGE gels when they are covalently attached to protein
substrates (42). In WT Ad5-infected U20S cells, there is a sub-
stantial increase in the levels of high-molecular-weight SUMO2/
3-conjugated proteins compared to those of uninfected cells (Fig.
3C). Taken together, these data demonstrate that WT adenovirus
infection induces SUMO2/3 conjugation of cellular and/or viral
proteins.

E1B-55K and E4-ORF3 induce SUMO2/3-conjugated pro-
teins in Ad5-infected cells. We hypothesized that E1B-55K and
E4-ORF3 are required to induce sumoylation as well as SUMO
nuclear organization in Ad5-infected cells. To determine if
SUMO?2/3 levels and conjugated proteins are induced in WT- ver-
sus AE1B-55K/AE4-ORF3-infected cells, we performed dot blot-
ting and Western blotting for SUMO2/3. Total SUMO2/3 levels
are induced 3- to 4-fold in WT-, AE1B-55K-, and AE4-ORF3-
infected cells. However, in AE1B-55K/AE4-ORF3-infected cells,
SUMO?2/3 levels are only nominally increased relative to those of
uninfected cells (1.6-fold relative to that for uninfected cells) (Fig.
4A). By Western blotting, we show that compared to uninfected
and AE1B-55K/AE4-ORF3 virus-infected cells, there is an in-
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crease in the levels of high-molecular-weight SUMO2/3-conju-
gated proteins in WT-, AE1B-55K-, and AE4-ORF3-infected cells
(Fig. 4B). We conclude that either E1B-55K or E4-ORF3 is re-
quired to induce SUMO2/3-conjugated proteins in Ad5-infected
cells.

E4-ORF3 does not mislocalize or destabilize the E2 SUMO
ligase UBC9. Our data demonstrate that E1B-55K and E4-ORF3
modulate SUMO2/3 localization and conjugation during Ad5 in-
fection. E1B-55K has been reported to have SUMO ligase activity
itself (30, 31) and to interact with the cellular E2 SUMO ligase
UBC9 (32). The recently determined crystal structure of an Ad5
E4-ORF3 dimer indicates that it is not a structural homolog of
sumoylation enzymes (38). Therefore, to determine if E4-ORF3
targets cellular proteins that regulate sumoylation, we conducted a
candidate screen. Conjugation of SUMO proteins requires pro-
cessing by a SUMO protease to reveal a diglycine motif, followed
by conjugation by the E1 ligase SAE1/SAE2 and the E2 SUMO
ligase UBC9. From here, SUMO can be conjugated directly to a
substrate or be targeted through one of about a dozen E3 SUMO
ligases, such as the PIAS protein family (Fig. 5A). The single E2
SUMO ligase UBC9 is a particularly compelling candidate due to
its central role in the SUMO pathway. Some viral proteins modu-
late sumoylation by regulating UBC9 protein levels, such as the
avian adenovirus protein Gam1 (52). To determine if UBC9 pro-
tein levels are modulated by E1B-55K or E4-ORF3 during adeno-
virus infection, we infected U20S cells with WT Ad5, AE1B-55K,
AE4-ORF3, or AEIB-55K/AE4-ORF3 viruses (Fig. 5B). UBC9
protein levels are not changed upon infection. To determine if
E4-ORF3 mislocalizes UBC9, we cotransfected U20S cells with
Flag-UBC9 and E4-ORF3. Flag-UBC9 is not mislocalized by E4-
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OREF3 (Fig. 5C). We conclude that E4-ORF3 does not target the
central E2 SUMO ligase UBC9.

E4-ORF3 specifically targets PIAS3 from the E3 SUMO ligase
family of proteins. E3 SUMO ligases determine the substrate
specificity of sumoylation (53). The PIAS family of E3 SUMO
ligases, including PIAS1, PIAS2 (PIASx), PIAS3, and PIAS4
(PIASy), has important roles in regulating transcription and im-
munity (54). To determine if the PIAS E3 SUMO ligases are tar-
geted by E4-ORF3, we created epitope-tagged cDNA constructs of
the four human PIAS family members and cotransfected them
with E4-ORF3. E4-ORF3 fails to mislocalize Flag-PIAS1, Flag-
PIAS2, and Flag-PIAS4 into nuclear track structures (Fig. 6A). In
contrast, E4-ORF3 specifically targets and mislocalizes Flag-
PIAS3 (Fig. 6B and C).

We also determined if PIAS3 is mislocalized by E4-ORF3 in the
context of viral infection. Consistent with the conclusions of E4-
ORF3 transfection experiments, PIAS3 is mislocalized by E4-
ORF3 in WT- and AE1B-55K virus-infected cells. PIAS3 is not
mislocalized in AE1B-55K/AE4-ORF3 virus-infected cells and has
a localization pattern similar to that of uninfected cells. Interest-
ingly, in AE4-ORF3-infected cells, although PIAS3 is not mislo-
calized by E4-ORF3, it appears to form larger, more fibrillar struc-
tures in the nucleus than uninfected and AE1B-55K/AE4-ORF3
virus-infected cells. These data suggest that virus infection and
proteins could modulate PIAS3 distribution in the absence of E4-
ORF3 (Fig. 6D). We conclude that PIAS3, but not other PIAS
family members, is targeted and mislocalized by E4-ORF3.

E4-ORF3 higher-order assembly is required to mislocalize
PIAS3 and is independent of binding to MRN. E4-ORF3 assem-
bles an insoluble nuclear polymer that makes conventional bio-
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chemical and structural analyses challenging. However, the struc-
ture of Ad5 E4-ORF3 was recently solved using N* point
mutations (26, 55, 56) that prevent the higher-order assembly of
dimer subunits (38). E4-ORF3 forms a dimer with a central
B-core that is sealed at the front and back by the C-terminal tail
(residues 99 to 116) containing a short 34 strand (Fig. 7A and B).
Multiple lines of evidence support a model in which N® residue
mutations lock the B-core into a closed conformation that pre-
vents the further assembly of dimer subunits through C-terminal
swapping (Fig. 7A) (38). E4-ORF3 higher-order assembly is re-
quired for interactions with PML, TRIM24, and MRN and inac-
tivation of p53 target genes (26, 34, 38, 55, 56). To determine if the
higher-order assembly of E4-ORF3 dimers is also required for
targeting PIAS3, we cotransfected U20S cells with Flag-PIAS3 and
either WT E4-ORF3 or E4-ORF3 N82A. In contrast to WT E4-
ORF3, E4-ORF3 N82A mutants do not assemble a higher-order
polymer and exhibit a diffuse nuclear and cytoplasmic localiza-
tion. Furthermore, we show that E4-ORF3 N82A dimers fail to
mislocalize PIAS3 (Fig. 7C). We conclude that the higher-order
assembly of E4-ORF3 dimer subunits is required for targeting and
mislocalizing PIAS3.

The higher-order assembly of E4-ORF3 dimers creates avidity-
driven interactions with PML and an emergent interface between
residues V'°! and D'% in the C-terminal tail that is required for
mislocalizing MRN (Fig. 7D) (38). MRN mislocalization has been
suggested to be a prerequisite for MRN sumoylation by E4-ORF3
(36). Therefore, we hypothesized that residues in the E4-ORF3
C-terminal tail required for mislocalizing MRN also are required
to target PIAS3. To test this, we determined if WT E4-ORF3, E4-
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ORF3 V101A, and E4-ORF3 D105A/L106A mislocalize PIAS3 in
cotransfected U20S cells. Consistent with previous studies, E4-
ORF3 V101A and E4-ORF3 D105A/L106A point mutants fail to
mislocalize NBS1, which is part of the MRN complex (38, 55).
However, E4-ORF3 V101A and D105A/L106A mutants behave
analogously to WT E4-ORF3 with respect to their ability to mis-
localize PIAS3 (Fig. 7E). Thus, the functions of Ad5 E4-ORF3 in
mislocalizing MRN and PIAS3 can be biochemically separated.
We conclude that Ad5 E4-ORF3 targets and mislocalizes PIAS3
independently of its interactions with MRN.

PIAS3 is a conserved target of E4-ORF3 proteins from dispa-
rate human adenovirus subgroups. There are 68 human adeno-
viruses that are divided into 7 subgroups (A to G) based on se-
quence homology and biophysical and biochemical criteria. There
is 37.6% pairwise amino acid identity and 55.2% pairwise similar-
ity between Ad5 E4-ORF3 (subgroup C) and E4-ORF3 proteins
from disparate adenoviral subgroups: Ad9 (subgroup D), Ad12
(subgroup A), and Ad34 (subgroup B) (Fig. 8A). The ability of
E4-ORF3 to bind and mislocalize MRN appears to be peculiar to
subgroup C virus proteins (57). However, interactions with PML,
TRIM24, and TRIM33 are conserved functions of E4-ORF3 pro-
teins across subgroups (34, 35, 58). To determine if PIAS3 is a
conserved target of E4-ORF3 proteins from disparate adenovirus
subgroups, we cotransfected Flag-PIAS3 with Myc-tagged Ad5,
Ad9, Ad12, or Ad34 E4-OREF3 constructs. We show that E4-ORF3
proteins from Ad5, Ad9, Ad12, and Ad34 all target and mislocalize
PIAS3 (Fig. 8B). We conclude that PIAS3 is an evolutionarily con-
served cellular target of E4-ORF3 proteins from disparate human
adenovirus subgroups.
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FIG 5 E4-ORF3 does not mislocalize or destabilize the E2 SUMO ligase
UBC9. (A) Schematic representation of the sumoylation pathway. (B) U20S
cells were infected as indicated. Protein lysates were collected at 36 h p.i. and
immunoblotted for UBC9. B-Actin is a loading control. (C) U20S cells were
cotransfected with Flag-UBC9 and E4-ORF3, fixed 24 h later, and immuno-
stained for Flag (green) and E4-ORF3 (red). Nuclei were counterstained with
Hoechst-33342.

DISCUSSION

Our studies demonstrate that adenovirus infection induces
SUMO2/3 conjugation and remodels SUMO2/3 subnuclear local-
ization. We show that the induction of sumoylation and SUMO2/
3-associated E2A viral genome replication centers in the nucleus
requires the expression of either E1B-55K or E4-ORF3. Further-
more, we identify the E3 SUMO ligase PIAS3 as a novel target of
E4-OREF3 proteins from disparate adenovirus subgroups, suggest-
ing a conserved evolutionary role in adenovirus infection.

Our data reveal a striking change in the nuclear distribution of
SUMO2/3 at different stages in adenovirus infection (Fig. 1B). While
the disruption of sumoylated proteins at PML bodies by E4-ORF3 is
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well established (7), the association of SUMO in E2A viral genome
replication domains has not been shown previously. Using conjuga-
tion-defective SUMO2 constructs, we reveal that SUMO can be re-
cruited to E2A viral genome replication domains though noncova-
lent interactions with cellular and/or viral proteins (Fig. 1D).
SUMO?2/3 could be recruited through interactions with SIM contain-
ing viral and cellular proteins and/or through novel interactions with
DNA, RNA, or other macromolecules concentrated at E2A domains.

In contrast to WT, AE1B-55K, and AE4-OREF3 viruses, AE1B-
55K/AE4-ORF3 viruses fail to induce SUMO2/3-associated E2A
viral genome replication domains (Fig. 2A). In addition to mod-
ulating sumoylation, E1B-55K and E4-ORF3 have a critical role in
inactivating MRN and ATM to facilitate viral genome replication
(45, 59-61). We show that the lack of SUMO2-associated E2A
domains in AE1B-55K/AE4-ORF3-infected cells is due to an up-
stream MRN-ATM-mediated checkpoint that prevents viral ge-
nome replication. Using ATM kinase inhibitors and high MOIs to
rescue AE1B-55K/AE4-OREF3 viral genome replication, we show
that the assembly of E2A domains recruits SUMO2/3 indepen-
dently of E1B-55K and E4-ORF3 (Fig. 2C and D). Thus, the as-
sembly of viral genome replication domains is sufficient to induce
the localization and recruitment of SUMO2/3 independently of
E1B-55K/E4-ORF3. Taken together, these data reveal that
SUMO?2/3 is recruited through noncovalent interactions with ad-
ditional adenoviral/cellular macromolecules concentrated at E2A
viral replication domains.

E2A viral replication domains exhibit dramatic morphological
differences and variations in size and number over the course of
the virus life cycle (25). The structural basis for these differences in
E2A domains and functional consequences is poorly understood.
Intriguingly, the structure and nuclear organization of E2A do-
mains in KU-55933-treated AE1B-55K/AE4-ORF3-infected cells
is strikingly different from that in WT virus-infected cells. The
E2A domains in KU-55933-treated AE1B-55K/AE4-ORF3 cells
are larger in size and have a more amorphous, uniform morphol-
ogy than WT virus-infected cells (Fig. 2D). Thus, although viral
genome replication is rescued by KU-55933, the E2A domains lack
internal structure and are not compartmentalized from each other
and the surrounding nucleoplasm in the absence of E1B-55K/E4-
ORF3. These data demonstrate that E1B-55K and E4-ORF3 have
novel roles in determining the structure and nuclear compart-
mentalization of E2A viral replication domains. Interestingly,
early confocal microscopy studies indicated that the morphologies of
E2A domains associated with sites of single-strand and double-strand
viral genome accumulation are distinct (62). In addition, these stud-
ies suggested that viral DNA replication and transcription/splicing
are spatially and functionally separated by distinct E2A domains at
specific sites in the nucleus (62). E1B-55K and E4-ORF3 have over-
lapping functions in facilitating transcription through late viral
mRNA exportand splicing (39, 40, 63). Thus, E1B-55K and E4-ORF3
may modulate sumoylation and SUMO-SIM interactions to specify
the function and dynamic structural reorganization of viral replica-
tion and transcription/splicing centers. This could play an important
role in compartmentalizing and catalyzing different activities in the
course of the virus life cycle.

Adenovirus infection induces a global increase in SUMO2/3
conjugates (Fig. 3C). Sumoylation has strong links to transcrip-
tional regulation and immunity. Therefore, the induction of su-
moylation in Ad5-infected cells also could be a cellular antiviral
response to productive virus replication. Many transcription fac-
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tors and coregulators are proteins that are targeted and modulated
by sumoylation, which usually results in transcriptional repres-
sion (64). E1B-55K and E4-ORF3 inhibit the interferon-mediated
antiviral response (59). Thus, the induction of SUMO conjuga-
tion by E1B-55K and E4-ORF3 could inactivate a cellular antiviral
transcriptional response to virus replication (Fig. 4B). For exam-
ple, adenovirus-induced changes in sumoylation may regulate
proteins that are involved in the transcriptional repression of p53
and antiviral genes (27).
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FIG 6 E4-ORFS3 specifically targets PIAS3 from the E3 SUMO ligase family of proteins. (A) U20S cells were cotransfected with E4-ORF3 and either Flag-PIAS1,
Flag-PIAS2, or Flag-PIAS4, fixed 24 h posttransfection, and immunostained for Flag (green) and E4-ORF3 (red). Nuclei were counterstained with Hoechst-
33342. (B) U20S cells were transfected with E4-ORF3 and Flag-PIAS3 as indicated, fixed 24 h posttransfection, and immunostained for Flag (green)
and E4-ORF3 (red). Nuclei were counterstained with Hoechst-33342. (C) Zoomed (4X) images of the merged cell cotransfected with Flag-PIAS3 and E4-ORF3.
(D) U20S cells were transfected with Flag-PIAS3 and then infected as indicated. Cells were fixed 36 h p.i. and immunostained for Flag (green) and E4-ORF3
(red). Nuclei were counterstained with Hoechst-33342.

Either E1B-55K or E4-ORF3 is sufficient to mediate changes in
SUMO localization and conjugation in infected cells (Fig. 2A and
4B). E1B-55K functions as an E3 SUMO ligase that specifically
conjugates SUMO to p53, inhibiting its transcriptional activity (30,
31), and likely targets other proteins for sumoylation. We hypothe-
sized that E4-ORF3 usurps cellular SUMO enzymes to modulate the
SUMO pathway. E1B-55K has been shown to interact with UBC9
(32). However, E4-ORF3 does not mislocalize UBC9 or modulate
UBC9 protein levels in virus-infected cells (Fig. 5B and C). Instead,
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we show that E4-ORF3 specifically targets PIAS3 but not PIASI,
PIAS2, or PIAS4 E3 SUMO ligases (Fig. 6A and B).

The PIAS family of proteins share over 40% sequence identity
and have an N-terminal SAP domain, a PINIT motif, a RING-type
zinc-binding structure, a SIM, and a serine/threonine-rich (S/T)
C-terminal tail (20). The least conserved region is in the C-termi-
nal S/T region (65), which may account for the differences in
E4-ORF3 specificity in targeting the PIAS family. However, the
function of the C-terminal S/T region is poorly understood. The
role of PIAS3 mislocalization by E4-ORF3 remains to be deter-
mined. One possibility is that E4-ORF3 mislocalizes PIAS3 to fa-
cilitate the disruption of sumoylated proteins in PML nuclear
bodies and/or nuclear rearrangement, promoting the sumoyla-
tion of cellular targets that aid in the formation of E2A viral rep-
lication domains. An alternative but not mutually exclusive pos-
sibility is that PIAS3 plays a role in gene regulation during Ad5
infection, as it regulates the activity of many transcription factors,
including those involved in interferon pathways (20). E4-OREF3 is
key to suppressing the antiviral interferon response (59), but the
mechanism is unknown. E4-ORF3 may utilize PIAS3 to overcome
the cell’s defenses and antiviral response. Alternatively, mislocal-
ization of PIAS3 could be an indirect consequence of E4-ORF3
targeting a preexisting cellular protein complex that is associated
with PIAS3. For example, if PIAS3 is involved in the formation or
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maintenance of PML bodies, the entire multiprotein complex
could be disrupted by E4-ORF3.

Using oligomerization mutants, we show that the higher-order
assembly of E4-ORF3 into a multivalent scaffold is required for
targeting and mislocalizing PIAS3 (Fig. 7C). E4-ORF3 is necessary
and sufficient for inducing the sumoylation of the MRN complex
(36, 37). However, we show that E4-ORF3 V101A and D105A/
L106A mutants that are defective for binding and sumoylating
MRN still mislocalize PIAS3 (Fig. 7E). Thus, if E4-ORF3 induces
MRN sumoylation through PIAS3, it first requires MRN mislocal-
ization and sequestration in the E4-ORF3 nuclear scaffold. Alter-
natively, E4-ORF3-induced sumoylation of MRN could be medi-
ated through a distinct E3 SUMO ligase or the inhibition of
SUMO proteases. Lastly, in contrast to MRN, PIAS3 is a conserved
target of E4-ORF3 proteins from disparate adenovirus subgroups
(Fig. 8B). PML is also a conserved target of E4-ORF3. It will be
interesting to determine if E4-ORF3’s functions in targeting PML
and PIAS3 can be biochemically or functionally separated. We
conclude that PIAS3 is a conserved cellular target of E4-ORF3 that
may play an important role in facilitating the productive infection
of all human adenoviruses.

Our analysis of sumoylation during adenovirus infection dem-
onstrates that early viral proteins disrupt and induce SUMO2/3-
associated nuclear bodies and viral replication domains as well as
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FIG 8 PIAS3 is a conserved target of E4-ORF3 proteins from disparate human adenovirus subgroups. (A) Alignment of E4-ORF3 protein sequences from
subgroup A (Ad12), subgroup B (Ad34), subgroup C (Ad5), and subgroup D (Ad9). Blue, orange, and black letters denote conserved, semiconserved, and
nonconserved residues, respectively. (B) U20S cells were cotransfected with Flag-PIAS3 and Myc-tagged E4-ORF3 from Ad5, Ad9, Ad12, or Ad34. Cells were
fixed 24 h posttransfection and immunostained for Flag (green) and Myc (red). Nuclei were counterstained with Hoechst-33342.

SUMO conjugation. These data indicate an important role for
SUMO?2/3 in facilitating and/or responding to adenovirus repli-
cation that is targeted and modulated by E1B-55K and E4-ORF3
viral protein interactions. Our results reveal an increasingly im-
portant role for SUMO?2/3 in orchestrating the assembly of in-
tranuclear compartments and a new function for the SUMO path-
way in pathological infection.
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