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The Mre11-Rad50-Nbs1 (MRN) complex plays a key role in the DNA damage response, presenting challenges for DNA viruses
and retroviruses. To inactivate this complex, adenovirus (Ad) makes use of the E1B-55K and E4-open reading frame 6 (ORF6)
proteins for ubiquitin (Ub)-mediated, proteasome-dependent degradation of MRN and the E4-ORF3 protein for relocalization
and sequestration of MRN within infected-cell nuclei. Here, we report that Mre11 is modified by the Ub-related modifier SUMO-2 and
Nbs1 is modified by both SUMO-1 and SUMO-2. We found that Mre11 and Nbs1 are sumoylated during Ad5 infection and that
the E4-ORF3 protein is necessary and sufficient to induce SUMO conjugation. Relocalization of Mre11 and Nbs1 into E4-ORF3
nuclear tracks is required for this modification to occur. E4-ORF3-mediated SUMO-1 conjugation to Nbs1 and SUMO-2 conju-
gation to Mre11 and Nbs1 are transient during wild-type Ad type 5 (Ad5) infection. In contrast, SUMO-1 conjugation to Nbs1 is
stable in cells infected with E1B-55K or E4-ORF6 mutant viruses, suggesting that Ad regulates paralog-specific desumoylation of
Nbs1. Inhibition of viral DNA replication blocks deconjugation of SUMO-2 from Mre11 and Nbs1, indicating that a late-phase
process is involved in Mre11 and Nbs1 desumoylation. Our results provide direct evidence of Mre11 and Nbs1 sumoylation in-
duced by the Ad5 E4-ORF3 protein and an important example showing that modification of a single substrate by both SUMO-1
and SUMO-2 is regulated through distinct mechanisms. Our findings suggest how E4-ORF3-mediated relocalization of the MRN
complex influences the cellular DNA damage response.

The Mre11-Rad50-Nbs1 (MRN) complex is a sensor and effec-
tor of the DNA damage response (DDR) and plays an impor-

tant role in DNA repair pathways (reviewed in reference 31). It is
composed of meiotic recombination 11 (Mre11), radiation-sensi-
tive 50 (Rad50), and Nijmegen breakage syndrome 1 (Nbs1) pro-
teins. Mre11 binds DNA and has endo- and exonuclease activities,
Rad50 contains coiled-coil domains that tether DNA termini, and
Nbs1 mediates protein-protein interactions at the DNA damage
sites through the forkhead-associated (FHA) and BRCA1 carboxyl-
terminal (BRCT) domains (31). Nbs1 is phosphorylated by kinase
ataxia-telangiectasia mutated (ATM), and the MRN complex is
required for full activation of ATM- and ATM-Rad3-related
(ATR) signaling in response to DNA damage (31). The ends of the
adenovirus (Ad) linear double-stranded DNA (dsDNA) genome
are recognized by cellular sensors as DNA damage, initiating a
DDR (51). If unabated, the DDR will result in ligation of Ad ge-
nomes in an end-to-end manner and the formation of concatem-
ers (51). The DDR severely inhibits viral DNA replication. Ad has
evolved two mechanisms to inhibit this process. The Ad type 5
(Ad5) E1B-55K and E4-open reading frame 6 (ORF6) proteins
form an E3 ubiquitin (Ub) ligase complex with cellular proteins
cullin 5 (CUL5), Rbx1, and elongins B and C (24, 42) and inacti-
vate the MRN complex by directing Ub-mediated, proteasome-
dependent degradation (47). The Ad5 E4-ORF3 protein seques-
ters MRN in nuclear track structures within infected-cell nuclei to
inhibit MRN activity (18, 47). E4-ORF3 recruits numerous nu-
clear proteins into these structures, including promyelocytic leu-
kemia (PML) and other PML-nuclear body (PML-NB) associated
proteins, such as Sp100 and Daxx, to inactivate cellular antiviral
defense mechanisms induced by interferon and a DDR (51).

Ubiquitination and sumoylation have emerged as important
posttranslational modifications that regulate DDRs and DNA re-
pair (reviewed in references 5 and 15). Proliferating cell nuclear
antigen (PCNA) is a well-known example and is modified by ei-

ther Ub or SUMO at the same Lys residue (K164) (20). Monou-
biquitination of PCNA promotes DNA repair by recruitment of
translesion synthesis DNA polymerases to sites of DNA damage.
PCNA residue K164 may be polyubiquitinated, which promotes
DNA damage repair by a template-switching mechanism. PCNA
is sumoylated at residue K164 during S phase, which recruits the
DNA helicase Srs2 via a SUMO interaction motif (SIM) to restrict
DNA recombination. The importance of the role of protein su-
moylation in the regulation of a DDR is becoming increasingly
apparent (reviewed in references 5 and 15). The SUMOs (SUMO-1,
SUMO-2, and SUMO-3), as well as components of the SUMO
machinery, accumulate at sites of DNA damage to direct the su-
moylation of proteins involved in DNA repair, such as BRCA1
(21, 35). Sumoylation increases BRCA1 Ub ligase activity. The E3
SUMO ligases, protein inhibitor of activated STAT-1 (PIAS1) and
PIAS4, localize at sites of DNA damage and are required to recruit
other effectors involved in a DDR and for efficient DNA repair to
occur (21, 35). The exact role(s) that SUMOs play during a DDR
remains to be elucidated.

In mammals, at least four SUMO isoforms have been identified
(reviewed in reference 22). SUMO-2 and SUMO-3 share 95%
amino acid homology in precursor forms and 97% homology in
mature forms; thus, they are often termed SUMO-2/3. SUMO-1
and SUMO-2/3 have only 50% homology and modify different
substrates. It is thought that SUMO-2/3 modification is regulated
more dynamically in response to various stimuli, such as heat
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shock, oxidative stress, and pathogens, since the unconjugated,
free SUMO-2/3 population is larger than SUMO-1 in mammalian
cells (22). It remains mostly unclear how the sumoylation system
confers substrate specificity and SUMO paralog specificity on a
wide range of substrates using the only E2 SUMO enzyme, Ub-like
conjugase 9 (Ubc9), and a limited number of E3 SUMO ligases
(22).

Viruses activate, exploit, or inhibit the host sumoylation sys-
tem (reviewed in references 52 and 53). Several studies have
shown that sumoylation of cellular proteins is enhanced by viral
proteins. For example, Daxx sumoylation is stimulated by human
cytomegalovirus (HCMV) protein pp71 (26), and PML sumoyla-
tion is stimulated by Kaposi’s sarcoma-associated herpesvirus
(KSHV) K-bZIP and latency-associated nuclear antigen 2
(LANA2) proteins (12, 34). KSHV K-bZIP is a SUMO-2/3-specific
SUMO ligase that stimulates sumoylation of cellular binding part-
ners, such as p53 and the retinoblastoma tumor suppressor (pRb)
(12). The Ad E1B-55K protein has intrinsic E3 SUMO-1 ligase
activity and directs the sumoylation of p53 (37, 39). Sumoylation
may be exploited by viral infection. With herpes simplex virus
type 1 (HSV-1), the viral protein ICP0 induces the global protea-
somal degradation of sumoylated host cell proteins, including
PML (9). With Epstein-Barr virus (EBV), the viral protein LMP1
targets Ubc9 and causes increased global protein sumoylation (6).
Finally, viral infection may interfere with sumoylation pathways.
With human Ad, the E1A proteins function as negative regulators
of sumoylation. E1A interaction with pRb represses SUMO con-
jugation to pRb (32), and interaction with the E2 SUMO conju-
gase Ubc9 interferes with the polysumoylation process (56). The
avian Ad CELO expresses a protein, GAM1, that promotes degra-
dation of the SUMO E1 and E2 enzymes and inhibits global pro-
tein sumoylation (8). The human papillomavirus type 16
(HPV16) E6 protein binds PIAS4 and inhibits sumoylation of
PIAS4 substrates (7). There also are numerous examples of viral
proteins that are sumoylated. With Ad, the human Ad5 E1B-55K
protein is sumoylated at Lys104, and this modification is required
for transformation of primary baby rat kidney cells (17). Sumoy-
lation of E1B-55K blocks its own nuclear export (30) but pro-
motes p53 export to the cytoplasmic aggresome (39). E1B-55K
sumoylation also regulates its binding to cellular PML isoforms,
where E1B-55K binds to PML isoform IV (PML-IV) in a sumoy-
lation-dependent manner but binds to PML-V in a sumoylation-
independent manner (54).

We found that Ad5 infection relocalizes SUMO proteins into
nuclear tracks containing the E4-ORF3 protein. Since Ad infec-
tion has been shown to induce Ub-mediated degradation of the
MRN complex, we examined whether Ad infection modulates su-
moylation of this complex. Here, we show that the MRN complex
components, Mre11 and Nbs1, are sumoylated following Ad5 in-
fection and that E4-ORF3-mediated relocalization of the MRN
complex into nuclear tracks is critical for this process. Upon wild-
type Ad5 infection, Mre11 and Nbs1 sumoylation reaches a peak
at early times after infection and declines thereafter. SUMO-1 de-
conjugation from Nbs1 depends on degradation of Mre11 by the
viral E3 ligase complex containing E1B-55K and E4-ORF6,
whereas SUMO-2 deconjugation is independent of viral early-
gene products. Ad-induced sumoylation of Nbs1 and Mre11 is
serotype specific, since only subgroup C Ad5 E4-ORF3 directs this
process, whereas E4-ORF3 proteins from other Ad subgroups do
not. Our findings suggest a molecular mechanism of Ad-mediated

SUMO conjugation and deconjugation of components of the
MRN complex and a clue to study consequences of MRN protein
sumoylation during a DDR.

MATERIALS AND METHODS
Cells and viruses. HeLa cells were grown in Dulbecco’s modified Eagle
medium supplemented with 10% fetal bovine serum. Three HeLa cell
lines stably expressing hexahistidine (6His)-tagged SUMOs (49), gener-
ously provided by R. T. Hay (University of Dundee), were maintained in
the same medium containing 1 �g/ml of puromycin. The following vi-
ruses were used in these studies: dl309 (phenotypically wild-type Ad5) (27);
inORF3 (�E4-ORF3) (25); dl355 (�E4-ORF6) (25); dl355/inORF3 (�E4-
ORF3/�E4-ORF6) (25); dl355/pmD105A/L106A (18), dl355/pmL103A (19),
and dl355/pmN82A (19) (�E4-ORF6/point mutations in E4-ORF3); dl338
(�E1B-55K) (41); dl1520 (�E1B-55K) (4); dl367 (�E1B-55K/�E4-ORF6)
(14); and dl366 (�E4) (25). E1 replacement viruses that express hemaggluti-
nin (HA)-tagged E4-ORF3 of Ad3, -4, -5, -9, and -12 and mutant Ad5 E4-
ORF3 proteins under the control of the CMV promoter were described pre-
viously (18, 19). E1B-55K mutant H354 (55) was a gift from A. J. Berk
(University of California—Los Angeles). Viral preparation and infection
were performed as described previously (18).

Plasmids. The E4-ORF3 expression plasmid pcDNA3-E4-ORF3-WT
was generated by insertion of the PCR fragment corresponding to the Ad5
E4-ORF3 coding region into the pcDNA3 vector. The SENP-1 coding
region was amplified by PCR and inserted into the pEGFP-C1 plasmid
(Clontech) at the EcoRI site.

Antibodies. The anti-E4-ORF3 rat monoclonal antibody (6A-11) was
provided by T. Dobner (Heinrich-Pette Institute), the anti-DBP (B6-8)
and anti-E1B-55K (2A6) mouse monoclonal antibodies were from A. J.
Levine (Princeton University), and the rabbit polyclonal anti-DBP anti-
body was from P. van der Vliet (University of Utrecht). The anti-E1A
rabbit polyclonal antibody and anti-RanGAP1 and anti-p53 mouse
monoclonal antibodies were purchased from Santa Cruz Biotechnology,
the anti-Mrell and anti-Nbs1 mouse monoclonal antibodies were from
Genetex, the anti-Mre11 and anti-Nbs1 rabbit polyclonal antibodies were
from Novus, the anti-SUMO-1 and anti-SUMO-2/3 rabbit polyclonal
antibodies were from Zymed, and the anti-HA rabbit polyclonal antibody
was from Rockland.

In vivo sumoylation assay. HeLa cells (1 � 107) expressing 6His-
tagged SUMO-1 or SUMO-2 were infected with the viruses indicated in
the text, and SUMO conjugates were prepared as described previously
(49). Briefly, cell pellets were resuspended in lysis buffer (6 M guani-
dinium-HCl, 10 mM Tris, 100 mM sodium phosphate, pH 8.0, 5 mM
imidazole, and 5 mM �-mercaptoethanol) and sonicated (10 strokes at
40% duty cycle). The lysates were incubated with Ni2�-nitrilotriacetic
acid (NTA) beads (Qiagen) at room temperature for 3 h. The beads were
washed once with lysis buffer, once with pH 8.0 wash buffer (8 M urea, 10
mM Tris, 100 mM sodium phosphate buffer, pH 8.0, 0.1% Triton X-100,
5 mM imidazole, and 5 mM �-mercaptoethanol), and three times with
pH 6.3 wash buffer (same as pH 8.0 wash buffer except for sodium phos-
phate buffer, pH 6.3). 6His-SUMOs were eluted from Ni2�-NTA beads in
buffer containing 200 mM imidazole, and the eluted proteins were ana-
lyzed by Western blotting as described previously (45).

Immunofluorescence. HeLa cells grown on glass coverslips in a 24-
well plate were transfected with 0.2 �g pEGFP or pEGFP-SENP1 per well
using polyethylenimine (PEI) (Polysciences). Twenty-four hours later,
the cells were infected with 200 particles/cell of dl309. At 8 h postinfection
(p.i.), the cells were fixed with 4% formaldehyde and permeabilized with
phosphate-buffered saline (PBS) buffer containing 0.5% Triton X-100.
After blocking in 10% goat serum, Ad DNA-binding protein (DBP) and
Mre11 and Nbs1 were detected with rabbit anti-DBP and mouse anti-
Mre11 or anti-Nbs1 antibodies. Ad DBP and SUMO-2/3 were detected
using mouse anti-DBP and rabbit anti-SUMO-2/3 antibodies. Alexa 350-
conjugated (Molecular Probes) and tetramethyl rhodamine isocyanate
(TRITC)-conjugated (Zymed) antibodies were used as secondary antibodies.
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Cell images were acquired on an Axiovert 200 M digital deconvolution mi-
croscope (Zeiss) and analyzed using Axiovision software. For the analysis of
E4-ORF3 proteins of different Ad serotypes, HeLa cells were infected with 500
particles/cell of E1 replacement viruses expressing HA-tagged E4-ORF3 pro-
teins of Ad serotypes 3, 4, 5, 9, and 12 for 24 h and immunostained using
mouse anti-Nbs1 and rabbit anti-HA antibodies. Immunofluorescence as-
says of SUMO-1 and -2/3 were performed using HeLa cells infected with
dl309 or inORF3 for 8 h, and virus-infected cells were monitored using DBP-
and E4-ORF3-specific antibodies, respectively.

Immunoprecipitation. HeLa cells were infected with 200 particles/
cell of dl309 and incubated for 8 h. The cell monolayers were lysed in 0.5
ml SDS lysis buffer (50 mM Tris, pH 8.0, 10 mM EDTA, 1% SDS, 1 mM
phenylmethylsulfonyl fluoride [PMSF], 10 mM N-ethylmaleimide, and
0.2 mM iodoacetamide) per 107 cells, incubated on ice for 5 min, and
boiled for 20 min. After centrifugation at 12,000 � g for 10 min, 2.5 ml
immunoprecipitation (IP) dilution buffer (16.7 mM Tris, pH 8.0, 167
mM NaCl, 1.2 mM EDTA, 0.01% SDS, 1.1% Triton X-100, and 1 mM
PMSF) was added to the supernatant. The lysates were precleared with
protein A-agarose beads (Roche) for 1 h and incubated with anti-SUMO-
2/3 antibody overnight, followed by addition of protein A-agarose for 3 h.
The beads were washed five times with IP dilution buffer and analyzed by
SDS PAGE and Western blotting.

RESULTS
Ad infection induces SUMO-1 and SUMO-2 conjugation of
Nbs1 and SUMO-2 conjugation of Mre11. Previous studies
showed that the MRN complex is degraded through a Ub-protea-
some pathway during Ad infection (47). To investigate whether
the MRN complex is also a substrate of sumoylation, we examined
sumoylation using HeLa cells stably expressing 6His-tagged
SUMO-1, SUMO-2, or SUMO-3 (49). These cell lines express the
mature forms of the SUMO proteins. The SUMO-2 and SUMO-3
proteins share 97% amino acid sequence homology and are often
termed SUMO-2/3. The parental HeLa and 6His–SUMO-1- and
6His–SUMO-2-expressing HeLa cells were mock infected or in-
fected with wild-type Ad5 dl309 for 8 h. SUMO conjugates were
isolated with Ni2�-NTA beads under denaturing conditions, and
Mre11 and Nbs1 were analyzed by Western blotting. We detected
at least three high-molecular-weight bands corresponding to su-
moylated Mre11 and Nbs1 from lysates of Ad5-infected SUMO-
2-expressing HeLa cells (Fig. 1A). We also observed SUMO-1 con-
jugation to Nbs1, but it was weaker than that of SUMO-2;
SUMO-1 conjugation to Mre11 was undetectable in these assays.
This is the first observation of SUMO modification of Mre11 and
Nbs1 in mammalian cells. Sumoylation of Rad50, another com-
ponent of the MRN complex, was not detected using this assay
system. When we examined SUMO-2 and SUMO-3 separately,
identical sumoylation patterns were observed (data not shown).
No change in the sumoylation pattern of RanGAP1 was observed
during Ad infection (Fig. 1A). Unmodified forms of Nbs1 and
Mre11 migrate at �95 kDa and �80 kDa in SDS-PAGE, respec-
tively. Since each SUMO conjugate reduces the mobility of a mod-
ified protein by �20 kDa, the reductions in Nbs1 and Mre11 mo-
bilities due to Ad-induced sumoylation indicate that two SUMO
conjugations occurred with the fastest-migrating SUMO-modi-
fied forms and that slower-migrating proteins reflect additional
SUMO conjugates on these proteins. Only a small percentage of
the total levels of Nbs1 and Mre11 were sumoylated during Ad
infection. This is a common observation with sumoylated pro-
teins (49). Sumoylation of Nbs1 was confirmed by immunopre-
cipitating endogenous SUMO-2/3 from Ad-infected HeLa cell ex-
tracts, followed by Western blot analysis (Fig. 1B, IP). We note

that the total levels of SUMO-1 and SUMO-2/3 conjugates were
not changed in Ad-infected cells (Fig. 1B, input). These results
demonstrate that components of the MRN complex, Mre11 and
Nbs1, are sumoylated during Ad5 infection.

Ad5 E4-ORF3 is necessary and sufficient to induce sumoyla-
tion of Mre11 and Nbs1. During the early stage of Ad infection,
the E4-ORF3 protein reorganizes the MRN complex into filamen-
tous nuclear structures referred to as tracks (11, 16). A previous
report showed that ectopically expressed SUMO-1, but not en-
dogenous SUMO-1, is relocalized into nuclear dot- or track-like
structures in rat kidney cells stably expressing Ad5 E1B-55K (17).
Since we observed Ad-mediated sumoylation of the MRN com-
plex at 8 h p.i. (Fig. 1), we decided to examine the subcellular
localization of endogenous SUMO proteins in Ad-infected cells
before E1B-55K expression is detectable. The SUMO-1 and
SUMO-2/3 proteins colocalized with E4-ORF3 in nuclear
tracks in Ad5-infected HeLa cells at 8 h p.i., while infection
with an E4-ORF3-deficient mutant virus, inORF3, did not
change SUMO localization (Fig. 2A) and displayed a punctate
pattern observed in uninfected cells (data not shown).

We examined the effect of the E4-ORF3 protein on Ad-in-
duced sumoylation of the MRN complex. HeLa cells expressing
6His-SUMO proteins were infected with wild-type Ad5 (dl309) or
the E4 ORF3-deficient mutant virus (inORF3) for 8 h, and Mre11/
Nbs1 sumoylation was analyzed as described above. Interestingly,
SUMO-1 and SUMO-2 conjugation of Mre11 and Nbs1 was com-
pletely ablated in inORF3-infected cells (Fig. 2B), indicating that
the E4-ORF3 protein is essential to induce sumoylation of Mre11
and Nbs1. Since the Ad E1B-55K and E4-ORF6 proteins function
to recruit a Ub ligase complex to the MRN complex (24, 42) and
E1B-55K itself is a known substrate (17) and ligase (37, 39) of
sumoylation, we tested whether E1B-55K and E4-ORF6 are re-
quired for E4-ORF3-induced sumoylation of Mre11 and Nbs1.
6His–SUMO-2–HeLa cells infected with mutant viruses dl338
(�E1B-55K), dl355 (�E4-ORF6), and dl367 (�E1B-55K/�E4-
ORF6) showed levels of Mre11 and Nbs1 sumoylation similar to
those in wild-type Ad5 infection (Fig. 2C), demonstrating that
E1B-55K and E4-ORF6 do not affect SUMO-2 conjugation of
Mre11 and Nbs1.

To further investigate whether E4-ORF3 is sufficient to induce
Mre11 and Nbs1 sumoylation, 6His–SUMO-2–HeLa cells were
transfected with an empty or an E4-ORF3-containing expression
vector, followed by mock infection or infection with dl366 (�E4)
or inORF3 (�E4-ORF3) virus. SUMO-conjugated proteins were
analyzed as described above. Interestingly, E4-ORF3 expression
alone was sufficient to induce Nbs1 sumoylation; there were no
significant differences between uninfected and �E4- or �E4-
ORF3-infected cells (Fig. 2D). These data demonstrate that E4-
ORF3 expression induces sumoylation of the Nbs1 and Mre11
proteins and that this process does not require any other Ad gene
products.

E4-ORF3-mediated sumoylation of Mre11 and Nbs1 re-
quires relocalization into nuclear track structures. As the major
strategy employed by E4-ORF3 to inactivate components of the
cellular DNA damage response is reorganization into nuclear
tracks (19, 47), we examined whether relocalization of the MRN
complex is critical for E4-ORF3-induced sumoylation of Mre11
and Nbs1. We used several well-characterized E4-ORF3 point
mutants, including N82A, which is completely nonfunctional (19,
47), and D105A/L106A, which forms nuclear track structures and
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relocalizes PML, but not the MRN complex (19). The D105A/
L106A mutant is able to relocalize SUMO proteins into nuclear
track structures (data not shown). Mre11 and Nbs1 sumoylation
was not observed in cells infected with viruses harboring either of
these E4-ORF3 point mutations (Fig. 3A), indicating that relocal-
ization of the MRN complex by E4-ORF3 may be required for
Mre11 and Nbs1 sumoylation.

It has been shown that only Ad5 E4-ORF3, but not E4-ORF3
from Ad4 and Ad12, relocalizes the MRN complex into nuclear
tracks, although the E4-ORF3 proteins of all three Ad serotypes
disrupt PML-NB (48). To test the E4-ORF3 serotype specificity
for sumoylation of Mre11 and Nbs1 and to examine the correla-
tion between relocalization and sumoylation, 6His–SUMO-2–
HeLa cells were infected with E1-deleted recombinant Ad vectors
expressing HA-tagged E4-ORF3 proteins of Ad3, -4, -5, -9, and

-12 (Ad subgroups B, E, C, D, and A, respectively. Consistent with
the results using the E4-ORF3 point mutant D105A/L106A (Fig.
3A), only Ad5 E4-ORF3, but not the E4-ORF3 proteins from any
other Ad subgroups, induced sumoylation of Mre11 and Nbs1
(Fig. 3B). As previously reported for Ad4, -5, and -12 (48), only
subgroup C Ad5 relocalized Nbs1 into E4-ORF3-containing
tracks in infected HeLa cells, while Ad3, -4, -9, and -12 did not
(Fig. 3C, top three rows). In contrast, the E4-ORF3 proteins of all
of these serotypes were able to redirect SUMO-2/3 from punctate
structures observed in uninfected and inORF3-infected cells (Fig.
2A) into nuclear tracks (Fig. 3C, bottom row). Taken together, our
findings indicate that relocalization of MRN into nuclear tracks is
required for E4-ORF3-induced sumoylation of Mre11 and Nbs1.

These results do not reveal if Mre11 and Nbs1 sumoylation is
the result or the cause of MRN relocalization into E4-ORF3-con-

FIG 1 Ad infection induces sumoylation of Mre11 and Nbs1. (A) HeLa and 6His-tagged-SUMO-1- and SUMO-2-expressing HeLa cells were uninfected or
infected with 200 particles/cell using wild-type Ad5 dl309 for 8 h. SUMO conjugates were prepared using Ni2�-NTA beads under denaturing condition and
analyzed by Western blotting using anti-Mre11 and anti-Nbs1 antibodies (Ni-NTA bound). RanGAP1 was analyzed as a sumoylation control. Total cell lysates
(Lysate) were analyzed by Western blotting using anti-Mre11 and anti-Nbs1 antibodies; E1A served as a marker of Ad infection. (B) Total cell lysates from
dl309-infected HeLa cells were prepared (Input), and anti-SUMO-2/3 antibody (Ab) was used for immunoprecipitation, followed by Western blot analysis using
anti-Nbs1 antibody (IP).
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taining nuclear tracks. If inhibition of sumoylation results in a
defect in MRN complex relocalization, it would indicate that su-
moylation is required for E4-ORF3-mediated MRN relocaliza-
tion. To test this, the cellular sumoylation system was suppressed
by ectopically expressing SUMO-specific protease 1 (SENP1) to
direct SUMO deconjugation (2) (Fig. 4). In uninfected cells,
SUMO-2/3 expression levels and localization did not change upon
transfection of a control enhanced green fluorescent protein
(EGFP) expression vector in comparison to nontransfected cells
(Fig. 4, uninf. SUMO-2/3, EGFP). In contrast, a significant reduc-
tion in nuclear SUMO-2/3 staining was observed in cells trans-
fected with an EGFP-SENP1 expression vector (Fig. 4, uninf.
SUMO-2/3, EGFP-SENP1); such a decrease was previously re-
ported with SUMO-1 and ectopic expression of SENP1 (2). In
dl309-infected cells, SUMO-2/3 relocalization into nuclear tracks
was not altered by EGFP expression (Fig. 4, dl309 SUMO-2/3,
EGFP), but SUMO-2/3 expression was significantly ablated by
EGFP-SENP1 expression (Fig. 4, dl309 SUMO-2/3, EGFP-
SENP1). The same results were obtained with SUMO-1 and
EGFP-SENP1 expression (data not shown). Mre11 and Nbs1 lo-
calization was examined at 8 h postinfection, as described above.
Both Mre11 and Nbs1 were effectively relocalized by Ad5 infection in
EGFP-SENP1-expressing cells (Fig. 4, dl309 Mre11/Nbs1, EGFP-
SENP1). Since SUMO levels were effectively suppressed by EGFP-
SENP1 expression but Mre11 and Nbs1 were still relocalized by
E4-ORF3, these results suggest that Mre11 and Nbs1 sumoylation
occurs after relocalization into nuclear tracks rather than as a pre-
requisite for MRN relocalization.

Mre11- and Nbs1-SUMO conjugates are transient during
wild-type Ad5 infection. During the late phase of Ad infection,
E4-ORF3 nuclear tracks are maintained (18), but MRN compo-
nents are translocated into viral replication centers (19) and/or
cytoplasmic aggresomes (1, 33). This led us to question if Mre11-
and Nbs1-SUMO conjugates were stable into the late phase of Ad
infection. 6His–SUMO-1- and -2-expressing HeLa cells were in-
fected with wild-type Ad5 for 4, 8, 12, 16, and 24 h, and Mre11 and
Nbs1 SUMO conjugation levels were determined as described
above. Mre11 and Nbs1 sumoylation reached a peak at 8 h p.i.,
when E4-ORF3 expression was evident, and then all Mre11- and
Nbs1-SUMO conjugates significantly decreased by 12 h p.i. and
became undetectable later than 16 h p.i. (Fig. 5). This was not
surprising, since the E1B-55K/E4-ORF6 Ub-ligase complex medi-
ates proteasomal degradation of the MRN complex at late times
after infection. Consistent with the previous reports that Mre11 is
degraded faster than Nbs1 and Rad50 during Ad infection (29,
47), Mre11 protein levels were greatly diminished by 12 to 16 h
p.i., whereas Nbs1 protein levels were constant until 16 h p.i. (Fig.
5). These results are consistent with the observation that E4-ORF3
cannot relocalize Nbs1 in the absence of Mre11 (1) and suggest
that sustained Nbs1 sumoylation requires continued colocaliza-
tion with E4-ORF3 in nuclear tracks. These results also demon-
strate that the conjugation of SUMO-1 and SUMO-2 to Nbs1 and
SUMO-2 to Mre11 is transient during wild-type Ad5 infection.
No changes in the pattern of RanGAP1 sumoylation by SUMO-1
or SUMO-2 were evident throughout the time course of Ad infec-
tion (Fig. 5).

FIG 2 E4-ORF3 is necessary and sufficient to induce sumoylation of Mre11 and Nbs1. (A) Subcellular localization of endogenous SUMO-1 and -2/3 was
determined in dl309- or inORF3-infected HeLa cells by immunofluorescence (IF) at 8 h p.i. Rabbit anti-SUMO-1 and anti-SUMO-2/3, rat anti-E4-ORF3, and
mouse anti-DBP antibodies were used for immunostaining. TRITC-conjugated anti-rabbit secondary antibodies were used with dl309-infected cells to detect
SUMO proteins, and fluorescein isothiocyanate (FITC)-conjugated anti-rat secondary antibody was used to detect E4-ORF3. FITC-conjugated anti-rabbit
secondary antibodies were used with inORF3-infected cells to detect SUMO proteins, and Alexa 350-conjugated anti-mouse secondary antibody was used to
detect Ad DBP as a marker of infected cells. (Right) Merged images. (B) 6His-SUMO-expressing HeLa cells were left uninfected (uninf.) or infected with dl309
or inORF3 (�E4-ORF3) for 8 h. SUMO conjugates were analyzed as described for Fig. 1. (C) 6His–SUMO-2-expressing HeLa cells (�SUMO-2) were left
uninfected or infected with dl309, dl355 (�E4-ORF6), dl338 (�E1B-55K), or dl367 (�E1B-55K/�E4-ORF6) for 8 h. SUMO conjugates were analyzed as described
for Fig. 1. Parent HeLa cells (�SUMO-2) infected with dl309 were used as a negative control. E4-ORF3 expression levels were analyzed using whole-cell lysates.
(D) SUMO-2-expressing HeLa cells were transfected with an empty vector (�E4-ORF3) or an Ad5 E4-ORF3 expression vector (�E4-ORF3). Twenty-four hours
later, the cells were left uninfected or infected with dl366 (�E4) or inORF3 (�E4-ORF3) for 8 h, followed by analysis of SUMO conjugates as described for Fig.
1. E4-ORF3 expression levels were analyzed using whole-cell lysates.
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Deconjugation of SUMO-1 and SUMO-2 from Nbs1 displays
different kinetics during infection with E1B-55K and E4-ORF6
mutant viruses. To further study desumoylation mechanisms at
late times after Ad infection, E1B-55K/E4-ORF6-mediated MRN
degradation was prevented by infecting cells with the E4-ORF6
mutant virus dl355. Mre11 and Nbs1 sumoylation levels were de-
termined at 4, 8, 12, 16, 20, and 24 h postinfection. A more com-
plex pattern of Nbs1 SUMO-1 and SUMO-2 conjugation was ob-
served in dl355-infected cells (Fig. 6A and B); we do not know the
basis of this effect. Deconjugation of SUMO-2 from Mre11 and
Nbs1 showed the same pattern observed during wild-type Ad5
infection (Fig. 6B). In contrast to results observed with wild-type
Ad5, E4-ORF3-induced SUMO-1 conjugation to Nbs1 was con-
stant even at late times after infection with the E4-ORF6 mutant
virus (Fig. 6A), implying that conjugation/deconjugation of
SUMO-1 and SUMO-2 to Nbs1 is regulated by distinct mecha-
nisms during the late phase of Ad infection. We next examined
SUMO-1 and SUMO-2 conjugation to Nbs1 at 8 and 18 h p.i. with
wild-type Ad5 or E1B-55K and E4-ORF6 mutant viruses. Conju-
gation of both SUMO-1 and SUMO-2 to Nbs1 was significantly
decreased during the late phase of wild-type Ad5 (dl309) infec-
tion, whereas only SUMO-2 conjugation was reduced during in-
fection with E4-ORF6 (dl355) or E1B-55K (dl1520) mutant virus
infection (Fig. 6C). SUMO-1 conjugation to Nbs1 was not re-
duced at late times after infection with either mutant virus (Fig.
6C), suggesting that E4-ORF6 and E1B-55K play an important
role in deconjugation of SUMO-1 from Nbs1.

To ascertain if E1B-55K/E4-ORF6-mediated proteasomal
degradation of Mre11 results in deconjugation of SUMO-1

from Nbs1 during Ad infection, we analyzed Nbs1 sumoylation
in cells infected with the E1B-55K insertion mutant H354, that
interferes with MRN degradation but still allows the degrada-
tion of p53. At 20 h p.i., SUMO-1 conjugation to Nbs1 was
retained in cells infected with dl1520 (E1B-55K-null) and
H354, while wild-type Ad5 infection abrogated Nbs1 sumoyla-
tion (Fig. 7A). Taken together, these results show that E4-
ORF3-induced SUMO-1 conjugation to Nbs1 is stable at late
times of Ad infection, when the E1B-55K/E4-ORF6 E3 Ub-
ligase complex is inactive for Mre11 degradation.

Inhibition of viral DNA replication and late-gene expression
restores SUMO-2 conjugation of Nbs1. To determine whether
any early Ad gene products other than E1B-55K and E4-ORF6
play a role in deconjugation of SUMO-2 from Nbs1, we analyzed
Nbs1 sumoylation in the presence of AraC, a nucleoside analog
that inhibits DNA synthesis and consequently late gene expres-
sion. 6His–SUMO-2 HeLa cells were infected with the E4-ORF6
mutant virus dl355, and culture medium containing AraC was
added for 8 and 20 h p.i. AraC treatment did not affect Nbs1
sumoylation in uninfected cells (Fig. 7B), although the drug is
known to induce stalled replication forks and a DNA damage re-
sponse. AraC-treated and untreated dl355-infected cells showed
similar levels of Nbs1 sumoylation at 8 h p.i., but SUMO-2 con-
jugation to Nbs1 was retained until 20 h p.i. only in AraC-treated
cells (Fig. 7B). This result suggests that viral DNA replication, an
Ad late-gene product(s), or a process induced during the late
phase of infection is required for deconjugation of SUMO-2 from
Nbs1.

FIG 3 Relocalization of Mre11 and Nbs1 into nuclear tracks is required for E4-ORF3-induced sumoylation. (A) 6His–SUMO-2-expressing HeLa cells were left
uninfected or infected with dl355 (�E4-ORF6), dl355/in (�E4-ORF6/�E4-ORF3), dl355/N82A (�E4-ORF6/E4-ORF3-N82A point mutation), or dl355/DL
(�E4-ORF6/E4ORF3-D105A/L106A point mutations) for 8 h. SUMO conjugates were analyzed as described for Fig. 1. E4-ORF3 expression levels were analyzed
using whole-cell lysates. (B) E1 replacement Ad vectors expressing HA-tagged E4-ORF3 proteins of Ad12, -3, -5, -9, and -4, representing subgroups A, B, C, D,
and E, respectively, were used to infect 6His–SUMO-2–HeLa cells. After 24 h, SUMO conjugates were analyzed as described for Fig. 1. E4-ORF3 levels were
determined in whole-cell lysates using anti-HA antibody. rAd, recombinant Ad. (C) HeLa cells were infected with E1 replacement Ad vectors as described for
panel B. Nbs1 localization (FITC-conjugated secondary antibody) and E4-ORF3 localization (TRITC-conjugated secondary antibody) were analyzed by IF using
anti-Nbs1 and anti-HA antibodies, respectively. Merged images are shown in the third row from the top. SUMO-2/3 localization in cells infected with these
viruses is shown in the bottom row.
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DISCUSSION

Here, we provide the first evidence that Mre11 and Nbs1 are
SUMO substrates in mammalian cells and that the Ad5 E4-ORF3
protein modulates the cellular sumoylation system. We observed
at least three SUMO conjugates of Nbs1 and Mre11 (Fig. 1A); the
mobilities of the fastest-migrating sumoylated Nbs1 and Mre11
species are consistent with the conjugation of two SUMO moi-
eties. We expect that these species represent independent sumoy-
lation sites rather than polysumoylation at a single lysine residue,
since the numbers of bands are the same with SUMO-1 and
SUMO-2 and SUMO-1 is not reported to form multichain
linkages (22). We do not know if the E4-ORF3 protein induces
SUMO-1 and SUMO-2 conjugation at the same or different lysine
residues in Nbs1. Experiments are in progress to identify the sites
of Mre11 and Nbs1 sumoylation induced by E4-ORF3 protein
expression. Mapping the SUMO conjugation site(s) induced by
E4-ORF3 in Mre11 and Nbs1 will be important to analyze the
functional consequences of the MRN complex sumoylation in the
DDR. Sumoylation of the MRX components Mre11, Rad50, and
Xrs2 (Nbs1) was observed in Saccharomyces cerevisiae following
the induction of a DDR by replicative stress, and protein sumoy-
lation induced by a DDR is widespread in the organism (13). The
MRX complex serves as a positive regulator of sumoylation in the
organism, and sumoylation significantly promotes the DDR in

this system (13). It seems counterintuitive that E4-ORF3-induced
sumoylation of Mre11 and Nbs1 relates to an analogous process in
mammalian cells, since the function of the Ad5 E4-ORF3 protein
is to inhibit the MRN complex and a DDR in Ad-infected cells
(51). We did not observe the induction of MRN sumoylation fol-
lowing the induction of replicative stress or gamma irradiation in
HeLa cells (data not shown). E4-ORF3 inhibits ATR, but not
ATM, signaling through relocalization of the MRN complex (10),
and it will be interesting to explore whether sumoylation of the
MRN complex affects ATR signaling.

While we do not yet know the mechanism(s) by which the
E4-ORF3 protein regulates Mre11 and Nbs1 sumoylation, our
results indicate that E4-ORF3 may affect different aspects of the
SUMO conjugation and deconjugation system. This supposition
is based on the observation that E4-ORF3 induces SUMO-1 and
SUMO-2 conjugation to Nbs1 but only SUMO-2 conjugation to
Mre11 (Fig. 1A), suggesting that different SUMO ligases may be
involved in these SUMO-1 and SUMO-2 conjugation processes.
This idea is consistent with the observation that Ad5 infection did
not change total SUMO-1 or SUMO-2/3 conjugate levels (Fig.
1B), suggesting that specific components of the SUMO conjuga-
tion/deconjugation system are impacted by the E4-ORF3 protein.
In addition, the patterns of Nbs1–SUMO-1 and -SUMO-2 desu-
moylation differed over a time course in cells infected with the
E4-ORF6 mutant virus (Fig. 6A and B), suggesting that different
SUMO ligases or deconjugation enzymes may be involved in this
process. The fact that deconjugation of SUMO-1 from Nbs1 dif-
fered in cells infected with wild-type Ad5 (Fig. 5) and cells infected
with the E1B-55K and E4-ORF6 mutant viruses (Fig. 6C) demon-
strates that the E1B-55K and E4-ORF6 proteins regulate E4-
ORF3-induced Nbs1 desumoylation. The E1B-55K protein is it-
self a SUMO ligase, and it induces sumoylation of p53 (37, 39).
This activity, however, does not contribute to the induction of
Nbs1 sumoylation by E4-ORF3, since the E1B-55K mutant virus
induced Nbs1 sumoylation normally (Fig. 6C). It is well estab-

FIG 4 Mre11 and Nbs1 are relocalized into nuclear tracks by Ad infection in
SENP1-expressing cells. EGFP or EGFP-SENP1 expression plasmids were
transfected into HeLa cells. After 24 h, the cells were left uninfected (uninf.) or
infected with dl309 (dl309) for 8 h and analyzed by IF using rabbit anti-SUMO-
2/3 antibody or mouse anti-Mre11 and anti-Nbs1 antibodies and TRITC-
conjugated secondary antibodies. EGFP and EGFP-SENP1 were visualized us-
ing EGFP tags. Ad DBP was used to identify Ad-infected cells using a mouse
antibody for SUMO-2/3 IF and a rabbit antibody for Mre11/Nbs1 IF and Alexa
350-conjugated secondary antibodies. Merged images are shown on the right.

FIG 5 Sumoylation of Mre11 and Nbs1 during a time course of wild-type Ad5
infection. 6His–SUMO-1-expressing (A) and SUMO-2-expressing (B) HeLa
cells were infected with dl309 for different periods (4, 8, 12, 16, and 24 h).
SUMO conjugates were analyzed as described for Fig. 1. Total cell lysates were
examined by Western blotting using the indicated antibodies.
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lished that the E1B-55K/E4-ORF6 complex directs ubiquitin-de-
pendent proteasomal degradation of cellular substrates, such as
p53 and MRN, and sustained levels of MRN with the E4-ORF6
mutant virus (Fig. 6A) may allow sustained SUMO-1 conjugation.
The degradation of Mre11 in wild-type Ad5-infected cells corre-
lates precisely with the loss of Nbs1–SUMO-1 conjugates (Fig. 5),

and we speculate that the integrity of the MRN complex is re-
quired for SUMO-1 conjugation of its components. In contrast,
this is not the case with deconjugation of SUMO-2 from either
Mre11 or Nbs1, where the E1B-55K/E4-ORF6 complex did not
influence this process (Fig. 6C).

The functional consequence(s) of the sumoylation of Mre11
and Nbs1 induced by E4-ORF3 is not known. With both cellular
proteins, recruitment into E4-ORF3-containing nuclear tracks is
required for sumoylation. Ad5 E4-ORF3 mutant proteins that are
defective in this process (N82A, L103A, and D015A/L106A), as
well as E4-ORF3 proteins from Ad subgroups other than sub-
group C (Ad3, -4, -9, and -12) that also are defective in this pro-
cess, were unable to induce sumoylation of Mre11 or Nbs1 (Fig.
3). This could reflect the need for sumoylation of Mre11 and Nbs1
to enter E4-ORF3-containing tracks or that these cellular proteins
are sumoylated once they enter these nuclear structures. The fact
that ectopic expression of the SUMO protease SENP1 did not
interfere with recruitment of Mre11 and Nbs1 into E4-ORF3 nu-
clear tracks but significantly ablated SUMO expression (Fig. 4 and
data not shown) favors the latter possibility. During Ad5 infec-
tion, MRN components are transported into cytoplasmic aggres-
somes, which accelerates their degradation by the E1B-55K and
E4-ORF6 proteins (1, 33). These aggresomes also contain the E4-
ORF3 protein, and the E4-ORF3 protein increases the formation
of E1B-55K-containing aggresomes and Mre11 recruitment in the
absence of the E4-ORF6 protein (33). We speculate that sumoy-
lation of Mre11 and Nbs1 induced by E4-ORF3 may facilitate this
process to promote MRN degradation. It has been postulated that
sumoylation and transport through the nuclear pore may be cou-
pled (40), and there are a number of examples where sumoylation
regulates this process to promote either nuclear or cytoplasmic
accumulation of a gene product (50). For example, p53 sumoyla-

FIG 6 SUMO-1 and SUMO-2 deconjugation from Nbs1 shows different kinetics during infection with E1B-55K- or E4-ORF6-deficient viruses than with
wild-type Ad5. (A) 6His–SUMO-1 conjugation to Nbs1 during a time course of infection with dl355 (�E4-ORF6) infection, analyzed as described for Fig. 1. (B)
6His–SUMO-2 conjugation to Mre11 and Nbs1 during a time course of dl355 (�E4-ORF6) infection, analyzed as described for Fig. 1. (C) 6His–SUMO-1- and
-2-expressing HeLa cells were infected with dl309, dl355 (�E4-ORF6), inORF3 (�E4-ORF3), or dl1520 (�E1B-55K) for 8 or 18 h. 6His–SUMO conjugation to
Nbs1 was analyzed as described for Fig. 1.

FIG 7 Distinct mechanisms of SUMO-1 and -2 deconjugation from Mre11
and Nbs1 are employed during Ad infection. (A) 6His–SUMO-1-expressing
HeLa cells were infected with dl309, dl1520 (�E1B-55K-null mutant), and the
E1B-55K point mutant H354 for 20 h, and Nbs1 sumoylation was analyzed as
described for Fig. 1. p53 was used to monitor the substrate-specific degrada-
tion defect of the E1B-55K H354 mutant virus. (B) 6His–SUMO-2-expressing
HeLa cells were left uninfected or infected with dl355 (�E4-ORF6) for 8 or 20
h in the absence (�) or presence (�) of 20 �g/ml AraC. 6His–SUMO-2 con-
jugation was analyzed as described for Fig. 1.
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tion is implicated in its nuclear export (50). Further, the import
and export of the Ad E1B-55K protein is regulated by sumoyla-
tion, and E1B-55K regulates p53 sumoylation and promotes the
nuclear export of p53 (30, 39).

Identifying the mechanism of SUMO-2 deconjugation from
Nbs1 is also of interest. It mostly remains an enigma how SUMO
substrate specificity and paralog selectivity are conferred by a lim-
ited number of E2 and E3 enzymes. SIM-mediated interactions
may answer part of this question. The SUMO proteases, SENPs,
also provide a clue to this puzzle. In humans, six SUMO proteases
(SENP-1, -2, -3, -5, -6, and -7) have been identified, and they
display different subnuclear localizations, enzyme activities, and
SUMO paralog preferences (reviewed in references 34 and 36).
Since SUMO-2 conjugation to RanGAP1 was sustained into the
late phase of infection with wild-type Ad5 and the E4-ORF6 mu-
tant virus (Fig. 5 and 6C), we assume that SUMO-2 deconjugation
is regulated by an Ad-specific and substrate-specific mechanism
during the late phase of viral infection. Interestingly, a previous
study showed that the Ad protease (AVP) deconjugates tetra-Ub
and cleaves pro-ISG15 in the presence of pVIc activating peptide
using an in vitro system (3). Future studies are needed to deter-
mine if AVP regulates Nbs1 desumoylation.

Ad has evolved a number of mechanisms to inhibit the induc-
tion of a DDR from the earliest stages to the late phase of infection.
The basic Ad core protein, protein VII, appears to protect the
incoming viral genome from recognition by the DDR until the
early-gene products E1B-55K, E4-ORF6, and E4-ORF3 are ex-
pressed (28). These early Ad gene products inhibit the induction
of a DDR as core protein VII is displaced from the viral genome
and into the late phase of infection (51). The results of the current
study add an additional level of complexity to this picture with the
induction of Mre11 and Nbs1 sumoylation by the E4-ORF3 pro-
tein. This multifunctional viral protein targets numerous cellular
effectors into nuclear tracks to sequester their activities (51), it
inhibits p53-induced gene expression by establishing heterochro-
matin in p53-responsive cellular promoter regions (46), and it
plays additional roles in the viral life cycle, including the promo-
tion of cell cycle-independent viral replication (23, 44), the regu-
lation of viral late mRNA splicing and cytoplasmic mRNA accu-
mulation (38), and the regulation of late protein translation (43).
Many of these E4-ORF3 functions have been investigated using
only subgroup C Ad. An exception is E4-ORF3 relocalization of
MRN into nuclear tracks, where Ad5, but not E4-ORF3 proteins
of other Ad subgroups, directs this process (48) (Fig. 3C). With
the regulation of MRN during Ad infection, subgroup C Ads have
evolved redundant mechanisms to inhibit MRN utilizing E1B-
55K/E4-ORF6-mediated MRN degradation and E4-ORF3-medi-
ated MRN sequestration. Perhaps the same principle holds true
for the process regulated by Ad5 E4-ORF3-induced Mre11 and
Nbs1 sumoylation, where another viral product plays a redundant
role with non-subgroup C Ads.
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