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Virus infections have dramatic effects on structural and morphological characteristics of the host cell. The
gene product of open reading frame 3 in the early region 4 (E4orf3) of adenovirus serotype 5 (Ad5) is involved
in efficient replication and late protein synthesis. During infection with adenovirus mutants lacking the E4
region, the viral genomic DNA is joined into concatemers by cellular DNA repair factors, and this requires the
Mrell/Rad50/Nbs1 complex. Concatemer formation can be prevented by the E4orf3 protein, which causes the
cellular redistribution of the Mrell complex. Here we show that E4orf3 colocalizes with components of the
Mrell complex in nuclear tracks and also in large cytoplasmic accumulations. Rearrangement of Mrell and
Rad50 by Ad5 E4orf3 is not dependent on interactions with Nbs1 or promyelocytic leukemia protein nuclear
bodies. Late in infection the cytoplasmic inclusions appear as a distinct juxtanuclear accumulation at the
centrosome and this requires an intact microtubule cytoskeleton. The large cytoplasmic accumulations meet
the criteria defined for aggresomes, including y-tubulin colocalization and formation of a surrounding vimen-
tin cage. E4orf3 also appears to alter the solubility of the cellular Mrell complex. These data suggest that
E4orf3 can target the Mrell complex to an aggresome and may explain how the cellular repair complex is

inactivated during adenovirus infection.

There are numerous approaches that viruses utilize to mod-
ify the host cell environment and promote efficient viral repli-
cation. Viral infections show remarkable spatial regulation and
are often accompanied by dynamic rearrangement of cellular
structures. Adenovirus replicates within the nucleus of the host
cell and induces distinct sites called replication centers, where
viral transcription and replication occur (36). The earliest de-
tected ultrastructural changes in adenovirus-infected cells are
small masses of thin fibrils (37, 38). As infection progresses
these structures rapidly increase in size and are observed as
pleiomorphic shapes of crescents and rings (36, 38) that can be
localized by immunostaining with an antibody to the viral sin-
gle-stranded DNA binding protein. Cellular proteins involved
in viral replication are also recruited to these replication foci
(2). In addition to the formation of viral replication centers,
infection is also accompanied by disruption of certain cellular
structures. During adenovirus infection discrete nuclear struc-
tures containing the promyelocytic leukemia protein PML and
known as oncogenic domains (PODs/ND10) are disrupted (8,
12), and the PML protein is redistributed into track-like struc-
tures.

Early region 4 (E4) of adenovirus serotype 5 (AdS) encodes
at least six gene products (reviewed in references 28 and 46).
Deletions of the E4 region result in a number of severe phe-
notypes, including defects in viral mRNA accumulation, tran-
scription, splicing, late protein synthesis, host cell shutoff, and
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viral DNA replication (20, 22). During infection with an E4-
deleted adenovirus the viral genome becomes joined together
into large concatemers (48). Concatemerization requires cel-
lular proteins involved in the nonhomologous end-joining
pathway (3, 43), including a cellular repair complex containing
the Mre11, Rad50, and Nbsl proteins that is referred to as the
Mrell complex (43). Concatemerization can be prevented by
E4 gene products, which lead to the mislocalization and deg-
radation of the Mrell complex (43). The product of open
reading frame 3 of the E4 region in Ad5 (AdS E4orf3) can
redistribute Mrel1, Rad50, and Nbs1 from their normal diffuse
nuclear localization into large nuclear and cytoplasmic accu-
mulations (43). The E4orf3 protein is also the viral factor
responsible for reorganization of the PODs/ND10 (8, 12). Re-
distribution of cellular proteins by E4orf3 may play an impor-
tant role in aiding viral replication and inactivating cellular
antiviral defenses (12, 15, 43).

The E4orf3 protein is tightly associated with the nuclear
matrix and localizes mainly to the nucleus, but is also found in
cytoplasmic accumulations (8, 26, 40, 41). Edorf3 physically
interacts with the adenoviral E1b55K protein (29). A complex
distribution pattern has been reported for the E1b55K protein
during adenovirus infections (18, 35). The protein is found in
the cytoplasm, in a perinuclear body, in nuclear tracks and
spicules, and at viral replication centers (12, 35). At late times
of infection E1b55K becomes associated with viral replication
centers and this is dependent upon the E4orf6 protein (19, 35).
In cells infected with an E4-deleted adenovirus, the E1b55K
protein is found in a diffusely nuclear pattern (29, 35). When
expressed alone by transfection or in stable cell lines (7, 11,
51), the E1b55K protein is predominantly found in cytoplasmic
bodies but can be transported into the nucleus by expression of
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either E4orf3 (26) or Edorf6 (9, 11, 19, 34). The E1b5S5K
protein has also been suggested to associate with the nuclear
matrix independently of the E4orf3 protein and this is inhib-
ited by E4orf6 interaction (30).

Cellular proteins that become misfolded and aggregated are
normally targeted for proteasomal degradation (25, 50). Ag-
gregated proteins can also become sequestered into specialized
cytoplasmic structures termed aggresomes (reviewed in refer-
ences 17 and 27). Particles of aggregated proteins form and are
transported by the motor protein dynein along microtubules
towards the microtubule-organizing center or centrosome,
where they assemble into a single spherical aggresome or in
some cases an extended ribbon structure. Aggresome forma-
tion can be inhibited by drugs such as nocodazole, which de-
polymerize microtubules (23). Chaperones and proteasomes
accumulate at aggresome structures, where they may aid clear-
ance of the aggregated protein. In cells with aggresomes the
cytoskeleton is rearranged, and the intermediate filament pro-
tein vimentin forms a cage around the aggresome (23). It has
been observed that the phase-dense cytoplasmic accumulations
of EIb55K are in close proximity to the centrosome and
costain with cellular proteins, including p53 and hsp70 (1, 5,
51). These cytoplasmic structures are highly insoluble and may
represent aggregates of misfolded protein.

The connections between Edorf3, E1bS5K, and aggresomes
have not been investigated. In this study we have further ana-
lyzed the cytoplasmic accumulation of E4orf3 and the mecha-
nism by which it targets the Mrell complex. We find that the
Mrel1/Rad50/Nbs1 proteins colocalize with E4orf3 in nuclear
tracks and at the cytoplasmic sites. The large cytoplasmic ag-
gregates that are juxtanuclear also costain with the centroso-
mal marker y-tubulin. Accumulation at a single cytoplasmic
aggregate is blocked by the microtubule-depolymerizing drug
nocodazole. Although the adenoviral E1b55K protein is also
found at the centrosome/microtubule-organizing center (5) ac-
cumulation of E4orf3 and the Mrell complex can occur inde-
pendently of E1b55K. Analysis of the requirements for redis-
tribution of Mrell and Rad50 by Ad5 E4orf3 demonstrated
that it is not dependent on interactions with Nbsl or PML
nuclear bodies. Together these results suggest that E4orf3 is
sufficient to form an aggresome and that it targets members of
the Mrell complex to these sites during infection and trans-
fection.

MATERIALS AND METHODS

Cell lines. HeLa, 293, A549, and U20S cells were obtained from the American
Type Culture Collection. The cell line W162 was used for growth of E4-deleted
viruses and was obtained from G. Ketner (49). Parental Nijmegen breakage
syndrome (NBS) cells (GM7166) were obtained from the Coriell Institute and
ataxia-telangiectasia-like disorder (A-TLD) cell lines were obtained from J.
Petrini. Mutant cells were transduced with retroviruses carrying wild-type
c¢DNAs for Nbsl and Mrell as previously described (7, 43). All cells were
maintained as monolayers in Dulbecco’s modified Eagle’s medium supple-
mented with 10 or 20% fetal bovine serum at 37°C in a humidified atmosphere
containing 5% CO,.

Plasmids. Plasmids containing the cDNAs for E4orf3 (12) and E1b55K (44) of
Ad5 expressed from the cytomegalovirus promoter were used for transfections.
Cells in monolayers were transfected with calcium phosphate or Effectene (QIA-
GEN) or Lipofectamine (Invitrogen) according to standard protocols and the
manufacturers’ protocols.

Viruses and infections. Wild-type adenovirus serotype 5 was obtained from the
American Type Culture Collection and propagated in 293 cells. The E4 mutant
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viruses d/1004 and dl1017 were gifts of G. Ketner and were propagated on W162
and 293 cells, respectively. Recombinant adenovirus expressing Ad5 E4orf3 was
generated using the Ad-Easy kit (Quantum) and was a gift from Sarah Malpel.
All viruses were purified by two sequential rounds of ultracentrifugation in CsCl
gradients and stored in 40% glycerol at —20°C. HeLa cells were infected at a
multiplicity of infection of 25 and NBS and A-TLD cells were infected at a
multiplicity of infection of 100. Cells were harvested for immunofluorescence 24
h following infection unless otherwise indicated.

Antibodies. The following antibodies were obtained from commercial sources
and used at the indicated dilutions: Rad50 (Novus Biologicals, 1:300), Mrell
(Novus Biologicals, 1:300), Nbs1 (Novus Biologicals, 1:500), PML (Santa-Cruz,
1:200), y-tubulin (Sigma, 1:2000), and vimentin (Amersham, 1:200). Other an-
tibodies to cellular proteins were polyclonal rabbit antiserum to RPA32 (a gift
from T. Melendy; 1:1,000) and giantin and the coat protein B-COP (both gifts
from V. Malhotra; 1:1,000). Antibodies to viral proteins included a monoclonal
mouse antibody to E1b55K (a gift from A. Levine, 1:200 of supernatant fluid),
and rabbit polyclonal antiserum to Edorf3 (a gift from G. Ketner, 1:2000) and
DNA-binding protein (a gift from P. van der Vliet, 1:1,000). Secondary antibod-
ies for immunofluorescence and immunoblotting were obtained from Sigma or
Jackson ImmunoResearch.

Immunofluorescence. Cells were grown on glass coverslips in 24-well dishes
and infected with virus or transfected. Where indicated the drug nocodazole
(Sigma) was included at a concentration of 10 mg/ml. Cells were harvested for
immunofluorescence at 24 h after infection/transfection unless indicated other-
wise. Cells were washed in phosphate-buffered saline (PBS) and in most cases
cells were fixed for 10 min at —20°C in ice-cold methanol-acetone (1:1). Cells
were rehydrated in PBS and blocked with PBS-B (5% bovine serum albumin in
PBS) for 30 min.

In the experiments to look at the solubility of the Mrell complex, HeLa cells
were washed and permeabilized prior to fixation by a 7-min incubation in 0.5%
Triton X-100 in 20 mM HEPES-KOH (pH 7.9), 50 mM NaCl, 3 mM MgCl, and
300 mM sucrose. Fixation with 4% paraformaldehyde was done at room tem-
perature for 20 min followed by three washes in PBS. Cells were extracted for a
second time by a 10-min incubation in 0.5% Triton X-100. Primary antibodies
were incubated for 1 h at room temperature in PBS-B and then washed three
times in PBS. Secondary antibodies were incubated with the cells for 1 h at room
temperature in PBS-B. Cells were washed four times in PBS and nuclear DNA
was stained with 4',6'-diamidino-2-phenylindol (DAPI). Coverslips were
mounted using Fluoromount-G (Southern Biotechnology Associates). In all
cases, control staining experiments showed no cross-reaction between the flu-
orophores, and images obtained by staining with individual antibodies were the
same as those shown for double labeling. Immunoreactivity was visualized using
a Nikon microscope in conjunction with a charge-coupled device camera (Cooke
Sensicam). Images were obtained in double or triple excitation mode and pro-
cessed using SlideBook and Adobe Photoshop. Where quantitation was re-
quired, 200 cells were counted under the microscope and scored for the presence
of multiple cytoplasmic aggregates or a single large aggresome.

Protein solubility. HeLa cells were transfected with the Edorf3 expression
vector and harvested for analysis of protein solubility after 24 h. Cells were lysed
in PBS containing 1% NP-40 and 0.1% sodium dodecyl sulfate. Supernatant and
pellet fractions were obtained by centrifugation (13 krpm, 20 min, 4°C) and
protein concentrations were determined by the standard Lowry assay (Bio-Rad).
Equal amounts of protein were loaded (40 pg) for analysis of supernatant
fractions on sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels. Pel-
lets were resuspended in 50 pl NuPAGE LDS sample buffer (Invitrogen) with 50
mM dithiothreitol and normalized to their respective supernatant fractions for
total protein. Proteins were separated by electrophoresis and transferred to
Hybond ECL membranes. Membranes were blocked overnight in PBS with 5%
dry milk. Primary antibodies were incubated with the membrane for 1 h at room
temperature in PBS with 3% bovine serum albumin. Proteins were visualized by
enhanced chemiluminescence (Perkin Elmer) after incubation with secondary
antibodies coupled to horseradish peroxidase (1:200 dilution) for 1 h at room
temperature.

RESULTS

AdS Edorf3 protein is located in intranuclear tracks and
cytoplasmic aggresomes. We used immunofluorescence to an-
alyze the localization of E4orf3 protein throughout infection
relative to other viral and cellular proteins. As previously re-
ported (8, 12, 14, 29, 41), E4orf3 was located in nuclear tracks
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FIG. 1. Localization of Ad5 E4orf3 in infected and transfected cells. (A) HeLa cells were infected with Ad5 and analyzed by immunofluo-
rescence at the indicated times after infection. The E4orf3 protein is found in nuclear track structures and cytoplasmic accumulations. At later
times the E4orf3 and E1b55K proteins are found colocalized in a large perinuclear cytoplasmic accumulation as indicated by arrows. (B) E1b55K
is not required for cytoplasmic accumulation of E4orf3. Similar patterns of localization were observed for E4orf3 when cells were infected with
the mutant virus d/1017, which does not express E1b55K and E4orf6. The PML protein partially colocalizes with E4orf3 in nuclear tracks but is
not found at the cytoplasmic accumulations. (C) Edorf3 is excluded from viral replication centers (stained with an antibody to RPA32) during
infections with wild-type Ad5 or d/1017. (D) Localization of E4orf3 and E1b55K proteins when expressed alone or together by transfection of

expression plasmids.

and cytoplasmic accumulations during Ad5 infection (Fig. 1A).
As infection progressed the majority of the protein was found
at later times in a single cytoplasmic accumulation in close
proximity to the nucleus. A physical interaction between
E1b55K and E4orf3 has been previously reported (29), but
E1b55K is not required for the formation of nuclear track-like
structures during infection (12). Costaining with an antibody to
Ad5-E1b55K revealed this protein to be in multiple patterns as
previously reported, and at late times colocalization with
E4orf3 was observed at the large cytoplasmic perinuclear bod-
ies (Fig. 1A).

We investigated whether E1b55K affected the localization of
E4orf3 by infection of cells with the virus d/1017, which is
mutated for E1b55K and E4orf6 (4). The patterns observed
with this virus were similar to those seen for wild-type AdS,
with E4orf3 in nuclear tracks and at cytoplasmic sites (Fig. 1B).
At late times the E4orf3 protein was found accumulated at a

single juxtanuclear cytoplasmic accumulation. We also
costained for E4orf3 together with an antibody to the cellular
PML protein. The PML protein was redistributed from PODs/
ND10 bodies into intranuclear track-like structures that par-
tially overlapped E4orf3, but it did not appear in the cytoplas-
mic sites (Fig. 1B).

We also examined the relative localization of E4orf3 with
respect to viral replication centers, which we detected using an
antibody to the cellular RPA32 protein that is recruited to viral
centers (45). With both wild-type and d/1017 viruses the E4orf3
protein was excluded from viral replication centers (Fig. 1C).
Finally, E4orf3 localization was detected after transfection of
expression vectors (Fig. 1D). The E4orf3 protein was located
at both nuclear tracks and cytoplasmic accumulations, inde-
pendently of the presence of E1b55K. When expressed alone
the E1b55K protein could be found at cytoplasmic accumula-
tions at a single site, as previously reported (5). When E1b55K
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and E4orf3 were coexpressed they colocalized in nuclear tracks
and at a large juxtanuclear accumulation.

In these transient transfection experiments we observed
some variability in staining patterns for E1b55K and E4orf3,
with cytoplasmic accumulations appearing as either discrete
punctate structures or as larger globular structures. This de-
gree of structural heterogeneity correlated with the variability
of protein expression levels inherent to transient transfections.
Together these results demonstrate that localization of E4orf3
in nuclear tracks and cytoplasmic accumulations occurs inde-
pendently of E1b55K expression and can be detected outside
the context of viral infection.

Ad5 E4orf3 protein colocalizes with Mrell/Rad50/Nbs1 at
nuclear and cytoplasmic sites. We have previously reported
that upon either transfection or infection, the Ad5 E4orf3
protein can reorganize the cellular distribution of the Mrell/
Rad50/Nbs1 complex factors (43). We therefore examined the
relationship between the structures formed by E4orf3 expres-
sion and the nuclear and cytoplasmic speckles observed for
Mrell complex members. During infection with wild-type AdS
we observed partial colocalization of Mrel1, Rad50, and Nbs1
with both the nuclear tracks and cytoplasmic accumulations of
E4orf3 (Fig. 2A and 3A). Relocalization of Mrell and Rad50
by E4orf3 was not dependent upon the viral E1b55K protein,
as it was still seen in cells infected with the d/1017 virus lacking
E1b55K and E4orf6 (Fig. 2B). Similar results were obtained by
transfection of an E4orf3 expression construct (43) in the pres-
ence and absence of E1b55K (Fig. 2C).

Cytoplasmic accumulations of E4orf3 and the Mrell com-
plex colocalize with centrosome markers. The formation of a
single large juxtanuclear cytoplasmic accumulation of E4orf3
localized together with the Mrell complex at later times of
infection was observed in many different cell types, including
HeLa, A549, U20S, and primary IMR90 cells (data not
shown). The regularity and proximity to a nuclear invagination
suggested that this was not a random localization. As the
E1b55K protein has been reported to localize to the centro-
some in infected and transfected cells (5), we examined E4orf3
localization with respect to centrosome markers. We costained
Ed4orf3 with an antibody to the centrosomal marker y-tubulin.
The perinuclear accumulation of the E4orf3 and Mrell/
Rad50/Nbs1 proteins colocalized with the centrosome during
infections with wild-type Ad5 and the d/1017 mutant virus (Fig.
3A and data not shown).

We explored the possibility that these accumulations might
represent aggresomes. Aggresome formation at the centro-
some/microtubule-organizing center correlates with changes in
the distribution of the intermediate filament protein vimentin
(23). In cells infected with AdS, vimentin was found accumu-
lated around the staining observed for E4orf3 (Fig. 3B), sup-
porting the idea that this represents an aggresome. Similar
results were obtained by transfection of an E4orf3 expression
vector (data not shown).

The cellular Golgi apparatus is localized around the micro-
tubule-organizing center (31). To differentiate between Golgi
and aggresomes, we costained infected cells with Nbsl and
antibodies to the Golgi markers giantin and B-COP (Fig. 3C).
The Nbsl protein was localized in a discrete site, often sur-
rounded by the Golgi apparatus, and no colocalization was
observed. These results revealed that the accumulation of
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FIG. 2. E4orf3 protein of AdS partially colocalizes with the Mrel1
complex. (A) Infection with wild-type Ad5 leads to redistribution of
the Mrell complex into nuclear tracks and cytoplasmic accumulations
that partially colocalize with E4orf3. (B) Colocalization of E4orf3 with
the Mrell complex is not dependent upon E1b55K as it is still ob-
served in cells infected with d/1017. (C) The Mrell complex is redis-
tributed by E4orf3 transfection into nuclear tracks and large cytoplas-
mic accumulations, in the absence and presence of E1b55K.
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Nbsl is distinct from the Golgi apparatus, consistent with pre-
vious reports of aggresome formation (23). This was observed
for wild-type virus and also in the absence of E1b55K in in-
fections with d/1017 (Fig. 3C). Together these results demon-
strated that the perinuclear aggregates of E4orf3 with the
Mrell complex are clustered around the centrosome.

We quantitated the accumulation of viral and cellular pro-
teins at a single large cytoplasmic aggregate (Fig. 4A). In
wild-type virus infections, 78% of cells showed a single aggre-
some for E4orf3 and Rad50. The accumulation of E1b55K at
a single cytoplasmic site was observed in 64% of infected cells.
Formation of a single aggresome of E4orf3 and Rad50 was also
observed in 62% of cells infected with the d/1017 virus (Fig.
4B), indicating that aggresome formation with these proteins is
independent of E1b55K. Formation of aggresomes at the cen-
trosome/microtubule-organizing center is a directed process
that requires transport on microtubules (23). Therefore we
examined the effect of microtubule depolymerization using the
drug nocodazole (Fig. 4B). Infection in the presence of no-
codazole resulted in E4orf3 localization in multiple sites dis-
persed throughout the cytoplasm, and there were very few cells
with a single large aggresome of E4orf3 and Rad50. These
results further demonstrate that accumulation of E4orf3 and
the Mrell complex at a single perinuclear accumulation re-
quires an intact microtubule-based cytoskeleton, and is consis-
tent with the notion that it represents an aggresome.

Determinants of Mrell/Rad50/Nbs1 relocalization. To de-
termine which components of the Mrell complex were impor-
tant for its relocalization upon E4orf3 expression, we analyzed
infections in fibroblasts from Nijmegen breakage syndrome
(NBS) and ataxia-telangiectasia-like disorder (A-TLD) pa-
tients, which harbor characterized mutations in the genes for
Nbsl and Mrell, respectively (6, 42). NBS cells contain wild-
type Rad50 and Mrell proteins that are detected by immuno-
fluorescence predominantly in the cytoplasm (Fig. 5) due to a
truncation mutation in NBSI that impairs their nuclear local-
ization (6, 10, 32).

Infection of NBS cells with AdS results in reorganization of
the cytoplasmic Rad50 and Mrell proteins (Fig. 5SA and data
not shown). The Rad50 accumulations migrate progressively
towards the centrosome as adenovirus replication centers
(stained with an antibody to the viral replication protein DNA-
binding protein) form in the nucleus (Fig. 5SA). Conversely,
infection with the E4-deleted virus d/1004 has no effect on
Rad>50 localization (Fig. 5B), demonstrating that relocalization
of the Mrell complex is dependent on expression of E4 pro-
teins. The requirement for E4orf3 to rearrange cytoplasmic
Rad50 localization was confirmed by infection with the E4orf3-
containing d/1017 virus, in which Rad50 accumulation at the
centrosome was similar to that with Ad5 (Fig. 5B). An El-
deleted recombinant adenovirus vector expressing only E4orf3
gave similar results (data not shown), demonstrating that

lacks E1b55K. (A) The E4orf3 and Nbsl proteins accumulate at the
centrosome and costain with +y-tubulin independently of E1b55K.
(B) The cytoplasmic accumulation of E4orf3 is surrounded by vimen-
tin. (C) The cytoplasmic accumulation of Nbs1 induced by E4orf3 does
not correspond to the Golgi apparatus as assessed by staining for
giantin and B-COP.
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FIG. 4. Quantitation of viral and cellular proteins at a single jux-
tanuclear cytoplasmic aggregate during virus infections. (A) HeLa cells
were infected with AdS for 24 h and analyzed by immunofluorescence
for E4orf3, E1b55K, and Rad50. The presence of a single juxtanuclear
aggregesome compared to multiple cytoplasmic aggregates was deter-
mined for 200 cells. (B) Nocodazole prevents the formation of a single
large aggresome. Hela cells were infected with d/1017 for 24 h in the
presence or absence of nocodazole. E4orf3 and Rad50 were localized
by immunofluorescence, and 200 cells were counted and quantitated
for the presence of a single cytoplasmic aggresome.
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FIG. 5. Reorganization of Rad50 and Mrell in NBS cells. NBS
fibroblasts were infected with wild-type AdS or mutants and analyzed
by immunofluorescence at 48 and 72 h postinfection. (A) In adenovi-
rus-infected cells, Rad50 accumulates in cytoplasmic clusters and mi-
grates progressively to the centrosome. Representative images are
shown for progressive stages of the life cycle by DNA-binding protein
staining. (B) Rad50 reorganization is dependent on E4orf3 expression.
In uninfected (mock) cells, Rad50 localizes diffusely to the cytoplasm
due to the NBS1 mutation. After 48 h of infection, adenovirus mutants
that lack E4orf3 (d/1004) fail to relocate Rad50, while E4orf3-contain-
ing mutants (d/1017) display the same pattern as with wild-type Ad5.
(C) Infection of NBS cells with d/1017 results in accumulation of
Mrell at the centrosome and is inhibited by nocodazole. (D) Quan-
titation of the effect of nocodazole on accumulation of Mrell at a
single cytoplasmic aggregate in NBS cells infected with d/1017.

E4orf3 expression alone is sufficient to cause redistribution of
Rad50. Similar observations were made for Mrell localization
in NBS cells (Fig. 5C and data not shown). Staining for Mrel1
and +vy-tubulin showed colocalization, suggesting that the
Mrel1/Rad50 complex is accumulating at the centrosome in
these cells (Fig. 5C). Addition of the drug nocodazole inhibited
the translocation of Mrell to a single centrosomal location, as
revealed by quantitation of the immunofluorescence patterns
(Fig. 5D). Together these results demonstrate that cytoplasmic
Mrel1/Rad50 are directed into aggresomes by E4orf3 expres-
sion.

There are two distinct mutations found in different family
groups of A-TLD patients (42). The A-TLD1 allele contains a
premature stop codon (633R—STOP) that results in a C-ter-
minal truncation, and the A-TLD3 allele contains a missense
mutation (117N—S) within the N-terminal nuclease domain
(42). These cells express mutant Mrell proteins with weak-
ened interaction with Nbs1 and have reduced levels of Rad50
and Nbsl proteins (42). In these cells, staining for the Rad50
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FIG. 6. Rad50 localization is altered by AdS infection in both the
nucleus and cytoplasm of A-TLD cells. (A) The Rad50 protein is
localized in the cytoplasm of A-TLD1 cells that express a truncated
form of Mrell (top panels). In A-TLD1 cells complemented with
wild-type Mrell from a retrovirus the Rad50 protein is recruited back
into the nucleus (lower panels). In both cases the Nbsl protein is
nuclear. (B) In cells infected with the d/1017 virus for 48 h the E4orf3
protein is found in nuclear and cytoplasmic speckles, and these colo-
calize with rearranged Rad50 whether it is in the cytoplasm (in A-
TLD1) or in the nucleus (in Mrell-complemented A-TLD1 cells).
(C) Nbsl localization is unaffected by virus infection in the absence of
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protein shows a predominantly diffuse cytoplasmic pattern,
whereas the Nbsl protein remains nuclear (Fig. 6A). Expres-
sion of wild-type Mrell in A-TLD1 and A-TLD3 (43) cells
from a retrovirus vector restores the nuclear localization of
Rad50 (Fig. 6A).

When A-TLD1 cells were infected with the d/1017 adenovi-
rus, we detected E4orf3 in the characteristic nuclear track
structures and cytoplasmic speckles (Fig. 6B). In infected cells
we observed reorganization and aggregation of the cytoplasmic
Rad50 protein (Fig. 6B). Similar results were obtained in A-
TLD3 cells and also with AdS infection (data not shown).
When Rad50 was restored to the nucleus by Mrell expression,
infection also led to accumulation of Rad50 in nuclear tracks
(Fig. 6B). However, in infected A-TLD1 cells the Nbsl protein
was not found in nuclear tracks unless the cells had been
complemented with wild-type Mrell (Fig. 6C). Together these
data show that expression of E4orf3 can alter the distribution
of Rad50 independently of its cellular compartment or associ-
ation with the Nbs1 protein. Nbs1, on the other hand, appears
to be affected by E4orf3 only by virtue of its interaction with
Mrell and/or Rad50.

E4orf3 expression reduces the solubility of the Mrell com-
plex. We investigated whether the reorganization induced by
E4orf3 correlated with changes in solubility of the targeted
proteins in response to Edorf3 expression. HeLa cells were
transfected with an E4orf3 expression vector and the relative
abundance of individual proteins was determined for the sol-
uble supernatant fraction and the insoluble pellet. In mock-
transfected cells the Mrell complex is present mostly in the
soluble supernatant fraction (Fig. 7A). However, upon E4orf3
expression the solubility of the complex is altered, and the
Mrell, Rad50, and Nbsl proteins were each detected in the
insoluble pellet fraction. As expected, E4orf3 itself was present
only in the pellet fraction. Controls included Ku86, which was
present only in the soluble fraction, and RPA32, which was
present in both fractions. Neither of these two controls
changed significantly in solubility upon E4orf3 expression.

The effect of E4orf3 on solubility of the Mrell complex was
also examined using an immunofluorescence assay. HeLa cells
were transfected with E4of3 and immunofluorescence for
Rad50 was performed with or without detergent extraction
with Triton X-100 prior to fixation with paraformaldehyde
(Fig. 7B). Detergent treatment led to diminished antibody
staining for Rad50 in mock-transfected cells. In contrast, after
E4orf3 expression the Rad50 protein remained in nuclear
tracks even after detergent extraction. Together these results
indicate that E4orf3 alters the solubility of the Mrell complex
proteins, and this correlates with the formation of nuclear
tracks and cytoplasmic aggregates.

DISCUSSION

The AdS E4orf3 protein induces dramatic changes in nu-
clear architecture and triggers redistribution of specific cellular
proteins. It has been shown that Ad5 E4orf3 expression leads
to disruption of PODs and reorganization of PML into nuclear

Mrell (A-TLD1) but is disrupted into speckles in cells expressing
wild-type Mrell, where it colocalizes with Rad50.
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FIG. 7. Edorf3 expression alters the solubility of the Mrell com-
plex. (A) The relative abundance of proteins in soluble (S) and insol-
uble pellet (P) fractions was assessed by immunoblotting of lysates
from transfected cells. Mrell, Rad50, and Nbsl proteins are found
mostly in the soluble fraction in mock-transfected cells. Following
E4orf3 expression Mrell, Rad50, and Nbsl are found both in the
soluble fraction and in the insoluble pellet. In contrast, the solubility of
Ku86 and RPA32 is unchanged by Edorf3 expression. (B) HeLa cells
that were either untreated (mock) or transfected with an Edorf3 ex-
pression vector were extracted with Triton X-100 prior to fixation. The
detergent treatment extracts the soluble Mrell complex, as indicated
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tracks (12). We also reported that some, but not all, of the
other cellular factors reported to be associated with PODs are
also rearranged upon E4orf3 expression (43, 45). In this report
we have shown that E4orf3 partially colocalizes with PML in
the nuclear track structures but that it also forms cytoplasmic
aggregates that coalesce to form an aggresome. Although PML
is not found in the cytoplasmic aggregates, the cellular Mrell
complex is redistributed into both the nuclear tracks and the
cytoplasmic accumulations in the presence of E4orf3. Reorga-
nization of Mrell and Rad50 by AdS E4orf3 does not appear
to require Nbsl, as it was observed in cells harboring a mutant
NBS1 allele.

The results from the experiments using A-TLD cells suggest
that reorganization of Nbs1 protein may be mediated through
its interaction with the Mre11/Rad50 complex. The redistribu-
tion of Mrell and Rad50 in NBS cells, where they are pre-
dominantly cytoplasmic, suggests that nuclear localization of
the complex is not required for E4orf3 to induce its relocal-
ization. It also implies that association of Mrell/Rad50 with
POD/ND10 structures is not required for E4orf3 to affect their
subcellular localization. This suggests that redistribution of
PML and the Mrell complex by Ad5 E4orf3 may be indepen-
dent events. This conclusion is supported by data showing that
the Edorf3 proteins from some adenovirus serotypes cannot
affect the localization of the Mrell complex (45) and that
specific mutations can separate redistribution of Mrell from
PML (15).

We observed large accumulations of Ad5 E4orf3 and the
Mrell complex proteins at the centrosome during infections of
a variety of cell types. Protein aggregates do not normally
accumulate in unstressed cells due to cellular degradation of
misfolded proteins (50). Aggresomes form when the cell’s ca-
pacity to degrade misfolded proteins is exceeded. It has been
proposed that misfolded proteins become ubiquitinylated and
then form aggregates on microtubules that are transported in
a retrograde fashion to the proteasome-enriched centrosome.
Accumulation of the Mrell complex at aggresomes in the
presence of adenoviral E4orf3 protein may result from a struc-
tural change in Mrell that leads to its destabilization and
aggregation. Alternatively, E4orf3 may target a cellular protein
required to maintain the integrity of the Mrell complex, and
in its absence the other complex members are destabilized.
Our data from nocodazole experiments suggest that small ag-
gregates of E4orf3 and associated proteins join together to
form larger single aggresomes via active transport on microtu-
bules. We have also observed that the cytoplasmic structures
induced by E4orf3 accumulate proteasomes, although protea-
some inhibitors had no effect on aggresome formation by
E4orf3 (F. D. Araujo and M. D. Weitzman, unpublished ob-
servations).

Cytoplasmic aggresomes have been described for a number
of unstable or misfolded proteins (16, 27). Aggresomes also
resemble intracellular inclusions observed in diseases such as
Parkinson’s and polyglutamine disease, as well as amyotrophic
lateral sclerosis (39). Whether these aggregates are a cause or

by the diminished staining for Rad50 in the mock sample. In the
presence of E4orf3 the Rad50 protein remains in nuclear tracks even
after detergent treatment.
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consequence of the disease state remains unknown. Although
the formation of aggresomes may have evolved as a cellular
response designed to handle misfolded proteins, viruses seem
to have developed ways to exploit this pathway to aid their
growth. There are examples of aggresome-like structures that
are involved in virus assembly (21, 33). High levels of expres-
sion of Ad2 and Ad5 E1b55K in transformed cells also leads to
the formation of aggresomes and sequestration of p53 (1, 51),
although it is not clear that these structures are required for
transformation (13, 47).

The induction of aggresomes by E4orf3 will provide a pow-
erful system to investigate the mechanism of aggresome for-
mation in a biologically relevant setting. A recent report sug-
gests a role for histone deacetylase 6 in aggresome assembly
(24). We have seen no effect of short interfering RNA to
histone deacetylase 6 or histone deacetylase inhibitors, such as
trichostatin A, on aggresome formation induced by Edorf3
(F. D. Araujo and M. D. Weitzman, unpublished observa-
tions). There may be multiple routes to aggresome formation,
and therefore it will be interesting to investigate how they
accumulate E4orf3 and what determines which associated cel-
lular proteins become targeted to the aggresome.

The products of the E4 region are required for efficient
replication and late protein synthesis during adenovirus infec-
tion (28). In the absence of E4 proteins, the adenoviral
genomic DNA is joined together into concatemers in a process
that requires the Mrell complex (43). The E4orf6 and E4orf3
proteins display redundancy in preventing concatemer forma-
tion, and both can target the Mrell complex. Redistribution of
the Mrell complex by E4orf3 may be required for both stim-
ulating viral replication (14, 15) and preventing concatemers
(43, 45).

The mechanisms by which the E4orf3 protein prevents the
concatemerization mediated by the Mrell complex is unclear.
One possibility is that E4orf3 induces modifications to one or
more members of the Mrell complex and that this triggers the
relocalization into nuclear tracks and cytoplasmic aggresomes.
This is supported by our observation that E4orf3 alters the
solubility of Mrell complex members. Infection with an E4-
deleted virus also leads to accumulation of the Mrell complex
at sites of viral replication (43) and induction of signal trans-
duction cascades characteristic of the DNA damage response
(7). In the presence of E4orf3 the Mrell complex is excluded
from viral replication centers (43, 45) and this correlates with
inhibition of signaling (C. Carson and M. D. Weitzman, un-
published observations). The redistribution of the Mrell com-
plex may prevent it from responding to DNA damage and this
may explain its inactivation by E4orf3.

Further analysis of E4orf3 function using proteins from dif-
ferent serotypes (45) together with directed mutagenesis (15)
will shed light on how this protein achieves its many roles in
aiding viral replication and countering cellular antiviral re-
sponses.
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