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ABSTRACT

Adenovirus type 5 E4orf4 is a multifunctional protein that regulates viral gene expression. The activities of E4orf4 are mainly
mediated through binding to protein phosphatase 2A (PP2A). E4orf4 recruits target phosphoproteins into complexes with
PP2A, resulting in dephosphorylation of host factors, such as SR splicing factors. In the current study, we utilized immunopre-
cipitation followed by mass spectrometry to identify novel E4orf4-interacting proteins. In this manner we identified Nup205, a
component of the nuclear pore complex (NPC) as an E4orf4 interacting partner. The arginine-rich motif (ARM) of E4orf4 was
required for interaction with Nup205 and for nuclear localization of E4orf4. ARMs are commonly found on viral nuclear pro-
teins, and we observed that Nup205 interacts with three different nuclear viral proteins containing ARMs. E4orf4 formed a tri-
molecular complex containing both Nup205 and PP2A. Furthermore, Nup205 complexed with E4orf4 was hypophosphorylated,
suggesting that the protein is specifically targeted for dephosphorylation. An adenovirus mutant that does not express E4orf4
(Orf4�) displayed elevated early and reduced late gene expression relative to that of the wild type. We observed that knockdown
of Nup205 resulted in the same phenotype as that of the Orf4� virus, suggesting that the proteins function as a complex to regu-
late viral gene expression. Furthermore, knockdown of Nup205 resulted in a more than a 4-fold reduction in the replication of
wild-type adenovirus. Our data show for first time that Ad5 E4orf4 interacts with and modifies the NPC and that Nup205-E4orf4
binding is required for normal regulation of viral gene expression and viral replication.

IMPORTANCE

Nuclear pore complexes (NPCs) are highly regulated conduits in the nuclear membrane that control transport of macromole-
cules between the nucleus and cytoplasm. Viruses that replicate in the nucleus must negotiate the NPC during nuclear entry, and
viral DNA, mRNA, and proteins must then be exported from the nucleus. Several types of viruses restructure the NPC to facili-
tate replication, and the current study shows that adenovirus type 5 (Ad5) utilizes a novel mechanism to modify NPC function.
We demonstrate that a subunit of the NPC, Nup205, is a phosphoprotein that is actively dephosphorylated by the Ad5-encoded
protein E4orf4. Moreover, Nup205 is required by Ad5 to regulate viral gene expression and efficient viral replication. Nup205 is a
nonstructural subunit that is responsible for the gating functions of the NPC, and this study suggests for the first time that the
NPC is regulated by phosphorylation both during normal physiology and viral infection.

Early region 4 (E4) of human adenovirus encodes seven poly-
peptides that regulate a variety of biological functions during

viral replication, including transcription, nuclear-cytoplasmic
transport of viral mRNAs, apoptosis, cell cycle, DNA repair, and
host cell shutoff (1–5). E4 open reading frame 4 (E4orf4) is con-
served among all eight species of human adenoviruses. In adeno-
virus type 2 (Ad2) and Ad5, E4orf4 encodes a 114-amino-acid
protein with no homology to eukaryotic proteins other than an
arginine-rich nucleolar targeting sequence (6, 7). E4orf4 has no
intrinsic enzymatic activity and likely derives all of its reported
functions through interaction with the cellular serine/threonine
protein phosphatase 2A (PP2A) (6, 8–16) or other as-yet-uniden-
tified polypeptides. E4orf4 interacts with the PP2A regulatory
subunit, B�, and recruits target phosphoproteins into complexes
with PP2A, resulting in dephosphorylation of host and viral pro-
teins.

Early studies on E4orf4 demonstrated that it suppresses tran-
scriptional activity of the AP1 transcription factor by inducing its
dephosphorylation (17). In the same study, E4orf4 was also shown
to cause dephosphorylation of E1A and downregulate the E4 pro-
moter activity in a negative-feedback mechanism (17). E4orf4 can
also downregulate the transcription of c-Myc in a PP2A-depen-

dent manner (12). E4orf4 has also been shown to downregulate E2
transcription by inhibiting E1A-mediated activation of the E2
promoter (18). A recent study identified the ACF chromatin-re-
modeling factor as interacting partner of E4orf4 that is also in-
volved in downregulation of early viral gene expression (8).

In addition to transcriptional regulation, the E4orf4-PP2A
complex also regulates posttranscriptional processes (1, 19, 20).
E4orf4 specifically interacts with hyperphosphorylated forms of
the cellular SR (serine/arginine) proteins SF2/ASF and SRp30c
and promotes PP2A-dependent dephosphorylation of these pro-
teins (21). During the early phase of infection, the alternative
splicing of the late message L1-IIIa pre-mRNA is repressed by the
SF2/ASF and SRp30c, which bind to an intronic repressor element
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at the IIIa 3= splice site. E4orf4 enhances the alternative splicing
and production of the late viral mRNA L1-IIIa, thereby shifting
the viral gene expression from early to late phase (1).

Expressed by itself, E4orf4 also has the intriguing ability to
induce p53-independent death selectively in tumor cells (22–24).
This effect has been demonstrated in a wide range of cancer cells
and is also dependent upon the activity of PP2A (13, 14, 24–26). In
both mammalian cells and Saccharomyces cerevisiae, E4orf4-ex-
pressing cells become arrested or at least stalled in G2/M, and a
significant amount of them become tetraploid and polyploid (11,
27). Although the precise mechanism of E4orf4-dependent killing
remains to be identified, it is believed that E4orf4 exerts its toxicity
by inducing mitotic catastrophe in infected cells (11). E4orf4 can
interact with the cellular anaphase-promoting complex/cyclo-
some (APC/C), an important protein complex responsible for the
mitotic progression; it is believed that by recruiting PP2A into
complex with APC/C, E4orf4 can induce the premature activation
of the APC/Ccdc20 form of the APC/C complex and arrest cells at
the G2/M stage (11, 27, 28). E4orf4-induced toxicity has been
shown to be dose dependent and is believed to result from the
inhibition of PP2A activity (10, 16). As the levels of E4orf4 re-
quired to induce toxicity are considerably higher than those found
in adenovirus-infected cells, this E4orf4 effect is not believed to
play a role in furthering viral infection.

Although the primary function of E4orf4 during infection is to
target specific cellular phosphoproteins to PP2A, only a small
number of such host factors have been identified. In the current
study, we used a proteomic approach to identify novel E4orf4
interacting proteins. In this manner we found a subunit of the
nuclear pore complex (NPC), Nup205, which interacts with
E4orf4 and becomes dephosphorylated. We observe that Nup205
activity is required for proper viral gene expression and replica-
tion.

MATERIALS AND METHODS
Cell lines and viruses. H1299 (ATCC CRL-5803) and HeLa (ATCC
CCL-2) cell lines were maintained in Dulbecco’s modifed Eagle’s medium
(DMEM; Wisent Inc.), supplemented with 10% (vol/vol) fetal bovine
serum (HyClone), 100 U/ml of penicillin, and 100 mg/ml of streptomycin
(Wisent Inc.) at 37°C under 5% CO2.

Wild-type (wt) Ad5 (H5pg4100), Orf4� virus, and FLAG-tagged
E4orf4 adenovirus (Ad-FLAG-E4orf4) have been previously described (6,
29, 30). LacZ adenovirus (Ad-LacZ) was previously described (31). All
viruses were amplified in 293 cells and purified by ultracentrifugation on
a cesium chloride gradient, and titers were determined using the fluores-
cence-forming units (FFU) method (29).

Plasmids and transfection. To generate FLAG-tagged Nup205, the
open reading frame (gift from Douglass Forbes, UCSD) was amplified
using PCR with the addition of flanking NotI and BamHI sites. The re-
sulting product was ligated into the plasmid p3XFlag-myc-CMV-26
(Sigma). Similarly, Nup205 truncation mutants were generated by PCR
from the full-length template. HA-E4orf4 and all E4orf4 mutants have
been described previously (14). The green fluorescent protein (GFP) fu-
sion of E4orf4 has been described previously (7), as has been the GFP
fusion with HIV Rev (32). Myc-PK was previously described in reference
33 and was a gift of Gideon Dreyfuss, and myc-PK-E4ARM was previously
described in reference 7. FLAG-PP2A-B55� was previously described in
reference 14. V5-PP2A-B55� was generated by amplifying the B55� open
reading frame using PCR with the addition of flanking KpnI (5=) and
EcoRI (3=) sites and subsequent ligation into pcDNA4/V5-His A (Invit-
rogen). The N-terminal hemagglutinin (HA)-tagged and C-terminal
GFP-tagged large T antigen (LgT) constructs were made by amplifying the

large T DNA sequence using PCR and ligating it into the vectors pCDNA3
HA (Invitrogen) and pEGFP-C1 (Clonetech), respectively. The source of
the simian virus 40 (SV40) sequence was pBABE-zeo largeT (gift from
Robert Weinberg). All constructs were confirmed by DNA sequencing.

Cells were grown in 35-mm (for immunofluorescence) or 100-mm
(for immunoprecipitation) dishes to about 70% confluence and trans-
fected with Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s protocols.

siRNA transfections. Cells were grown in 24-well, 12-well, 35-mm or
100-mm dishes to about 50% confluence and transfected with Lipo-
fectamine 2000 (Life Technologies) to deliver small interfering RNAs
(siRNAs) according to the manufacturer’s protocols. Experiments were
conducted after 42 h posttransfection. siRNA duplexes used to knock-
down Nup205 were as follows: Nup205 siRNA 1, 5=-CUGCGUCAGUUU
AAAUUUCAA-3= (Qiagen; SI02665257); Nup205 siRNA 2, 5=-CUGACA
GGAAUUAUAAGUAAA-3= (Qiagen; SI02665264); and nonsilencing
control, 5=-AAUUCUCCGAACGUGUCACGU-3= (Qiagen; 1022076).

Antibodies, immunoprecipitation, and Western blotting. Affinity
purification of E4orf4 binding proteins was performed exactly as previ-
ously described (34). Rabbit anti-FLAG followed and protein G beads
(Sigma) were used to immunoprecipitate FLAG-tagged Nup205 in the
Nup205-E4orf4-PP2A-B� tri-molecular complex experiment. EZview
Red anti-FLAG M2 affinity gel (Sigma; M2) was used to pull down FLAG-
tagged proteins in all other immunoprecipitation (IP) experiments.

Whole-cell extracts were prepared by lysing cells in buffer X (50 mM
Tris [pH 8.5], 250 mM NaCl, 1 mM EDTA, 1% NP-40, protease inhibitor
minitablet [Roche]). Equal amounts of protein (lysate or immunoprecipi-
tation samples) were separated by SDS-PAGE and transferred to 0.45-�m
nitrocellulose membranes (Bio-Rad). Membranes were incubated with
primary antibodies followed by appropriate horseradish peroxidase-cou-
pled secondary antibodies (anti-rabbit or anti-mouse from Jackson Im-
munoResearch or TrueBlot anti-mouse from eBioscience). Western
Lightning Plus enhanced chemiluminescence substrate (PerkinElmer)
was used to visualize proteins on autoradiography film.

E1A was detected with M73 monoclonal antibody (35) collected from
ascites fluid. The anti-E4orf6 rabbit polyclonal antibody 1807 was de-
scribed in reference 36, anti-E4orf4 rabbit polyclonal antibody 2419 was
described in reference 24, and anti-Ad capsid polyclonal antibody L133
was described in reference 37 (gift from T. Dobner). Anti-Nup205 rabbit
polyclonal was a gift from Douglass Forbes. Antitubulin monoclonal an-
tibody was clone B-7 (Santa Cruz Biotechnology).

In vivo labeling. Two million H1299 cells were seeded on 10-cm
dishes 24 h prior to transfection. Cells were transfected with 6 �g of
FLAG-tagged Nup205 and 4 �g of wt HA-E4orf4 together using Lipo-
fectamine 2000 (Life Technologies) in 7.5 ml of Opti-MEM. The me-
dium was changed 4 h after transfection and then again at 24 h post-
transfection. Forty-eight hours posttransfection, the medium was
changed to phosphate-free DMEM for 15 min. The medium then was
changed for medium containing [32P]orthophosphate (PerkinElmer)
at a concentration of 250 �Ci/ml for 1 h at 37°C. The cells were then
washed twice with cold phosphate-buffered saline (PBS), centrifuged,
and then lysed in 1 ml of cold RIPA buffer (50 mm HEPES [pH 7.5],
150 mm NaCl, 1% Triton X-100, 0.1% SDS, and 0.2% sodium deoxy-
cholate plus 1 complete miniprotease tablet and 1 PhosSTOP phos-
phatase inhibitor tablet per 10 ml [Roche]). The cells were lysed on ice
for 30 min and then centrifuged for 15 min at 14,000 � g at 4°C. The
lysate was then precleared with 10 �l of protein A agarose beads for 30
min. Finally, the lysate was incubated with 10 �l of anti-FLAG affinity
agarose for 2 h on a rotating platform at 4°C. The beads were then
washed 6 times with RIPA buffer. Bound proteins were eluted by boil-
ing in 1� Laemmli buffer for 5 min. Half of the sample was resolved on
a 6% SDS-PAGE gel and then dried and exposed to film.

Viral replication assays. To measure the replication ability of ade-
novirus in H1299 cells with or without Nup205 knockdown, cells were
infected with adenovirus at a multiplicity of infection (MOI) of 5 and
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harvested at 42 h postinfection (p.i.) by scraping. They were then lysed
by three cycles of freeze-thaw, and the cell lysates were serially diluted
in medium for infection of H1299 cells. Replication was measured by
the virus yield as determined using a FFU assay at 40 h after infection
(29, 38).

Fluorescence microscopy. HeLa cells were cultured on glass cover-
slips in 6-well plates and were �60% confluent at the time of transfec-
tion with GFP fusion plasmids. Constructs were expressed for no more
than 14 h and fixed with methanol (except for human immunodefi-
ciency virus [HIV] Rev constructs). For GFP-Rev, fixation was per-
formed with 3.2% formaldehyde for 5 min. Coverslips were counter-
stained with DAPI (4=,6-diamidino-2-phenylindole) and mounted on
slides using DABCO (Sigma). Cells were then viewed using a Zeiss
Axiovision 3.1 microscope equipped with Axiocam HR (Zeiss, Thorn-
wood, NY) digital camera.

qPCR. RNA was isolated from cells using TRIzol reagent (Invitrogen)
according to the manufacturer’s protocol. DNase treatment and cDNA
synthesis were performed with the QuantiTect reverse transcription kit
(Qiagen) using 1 �g of RNA as a template according to the manufacturer’s
protocol. Quantitative real-time PCR (qPCR) was performed using a Re-
alplex-2 Mastercycler (Eppendorf) and QuantiFast SYBR green master
mix (Qiagen) supplemented with 1 �g of cDNA. Fold changes of viral
transcripts were calculated using the threshold cycle (��CT) method rel-
ative to the housekeeping gene 18S rRNA. Primer sequences used for PCR
were as follows: E1A forward primer, 5=-GTGCCCCATTAAACCAG
TTG-3=; E1A reverse primer, 5=-GGCGTTTACAGCTCAAGTCC-3=;
E4orf6 forward primer, 5=-GCTGGTTTAGGATGGTGGTG-3=; E4orf6

reverse primer, 5=-CCCTCATAAACACGCTGGAC-3=; tripartite leader
forward primer, 5=-CGCTGTCTGCGAGGGCCAG-3=; tripartite leader
reverse primer, 5=-GGCGGCGGAGTACCGTTCG-3=; 18S forward
primer, 5=-CGGCTACCACATCCAAGGAA-3=; and 18S reverse primer,
5=-GCTGGAATTACCGCGGCT-3=.

RESULTS
Identification of novel E4orf4-interacting proteins. To identify
interacting partners of E4orf4, H1299 cells were infected with ad-
enoviral vectors expressing FLAG-tagged E4orf4 (Ad-FLAG-
E4orf4) (6) or control �-galactosidase (Ad-LacZ) (31). Immuno-
precipitation (IP) using an anti-FLAG monoclonal antibody was
used to purify E4orf4 complexes from cell extracts. Figure 1 shows
typical silver-stained SDS-PAGE of immunoprecipitates ob-
tained. Major bands on the gels were excised and submitted for
analysis by mass spectrometry. In total, 10 proteins were identified
in complexes with E4orf4. One of the proteins identified was ser-
ine/arginine splicing factor 1 (SRSF1, also known as ASF/SF2),
which has been previously reported as an E4orf4-associated pro-
tein (20, 21). We also identified 9 other novel proteins interacting
with E4orf4, including DNA-PK, Nup205, poly(A) binding pro-
tein, importin-�, iASPP, Hsp 70, p68 DEAD Box RNA helicase,
ribophorin I, and �/� tubulin. The observation that E4orf4 inter-
acts with Nup205, a subunit of the nuclear pore complex (NPC),

FIG 1 Identification of E4orf4 binding proteins. (A) Silver-stained SDS-
PAGE (8% polyacrylamide) of immunoprecipitated FLAG-E4orf4 complexes
from H1299 cells infected with Ad-E4orf4. Cells were infected with Ad-LacZ as
a negative control. (B) 15% polyacrylamide silver-stained gel of the same sam-
ples as in panel A. The position of E4orf4 is indicated.
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FIG 2 The arginine-rich motif (ARM) of E4orf4 is required for interaction
with Nup205. (A) FLAG-Nup205 was cotransfected in H1299 cells with
wild-type or the indicated point mutants of E4orf4. Immunoprecipitation
(IP) from cell extracts was performed using anti-FLAG antibody. IP com-
plexes were analyzed by Western blotting to detect E4orf4 (anti-HA) and
Nup205 (anti-FLAG). Anti-HA Western blotting of whole-cell extract
(WCE) was used to confirm expression of FLAG-Nup205 (middle por-
tion). (B) H1299 cells were cotransfected with FLAG-Nup205 and empty
vector (EV), myc-pyruvate kinase (myc-PK), or myc-PK fused to the
E4orf4 ARM (myc-PK-ARM). IP from cell extracts was performed using
anti-FLAG. IP complexes were analyzed by Western blotting to detect
myc-PK and myc-PK-ARM (anti-myc). myc immunoblotting of WCE is
used to confirm expression of PK fusions. The asterisks indicates a back-
ground band with anti-myc antibody.
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was particularly intriguing considering that interactions with the
NPC have been shown to regulate gene expression in many diverse
types of virus (reviewed in reference 39). Further studies were
therefore performed to characterize the E4orf4-Nup205 interac-
tion and its potential role in viral replication.

The ARM of E4orf4 is required for interaction with Nup205.
In order to determine the binding site for Nup205 on E4orf4, a
series of previously characterized point mutants along the length
of E4orf4 were utilized (14). Deletion mutations of E4or4 render
the protein highly labile and necessitate the use of discrete point
mutations for structure/function studies. In a previous study,
these E4orf4 mutants were characterized for ability to bind to
PP2A and activity for inducing cell death (14). Phenotypes of the
E4orf4 mutants fell into two classes. Class I mutants were defective
for interactions with PP2A and cell killing activity, and class II
mutants interacted with PP2A but had disrupted killing activity. A
subset of class I and II mutants were tested for interaction with
Nup205 by cotransfecting wild-type or mutant HA-E4orf4 and
FLAG-Nup205, followed by immunoprecipitation using anti-
FLAG antibody. Figure 2A shows that only E4orf4 point muta-
tions of the arginine-rich motif (ARM) between residues 69 and
75 (R69/70/72–75A) disrupted binding with Nup205. We then
determined if the ARM of E4orf4 was sufficient for interaction
with Nup205. Figure 2B shows that fusion of the ARM of E4orf4 to
pyruvate kinase (PK) conferred Nup205 binding activity on the
resulting fusion protein.

The ARM is required for nuclear localization of E4orf4 and
other nuclear viral proteins. The observation that the ARM of
E4orf4 was necessary and sufficient for E4orf4 interaction with
Nup205 is intriguing considering that this sequence is also re-

quired to localize the protein to the nucleus (7). Several nuclear
viral proteins also contain an ARM. For example, apoptin from
chicken anemia virus (CAV Ap) and Rev from human immuno-
deficiency virus (HIV) are nuclear viral proteins that contain
ARMs.

Figure 3A shows that HIV Rev is also able to interact with
endogenous Nup205 and point mutation of the ARM (HA-Rev-
�ARM) abolished binding as observed with E4orf4. As a negative
control, we tested SV40 large T antigen (LgT), a nuclear viral pro-
tein that utilizes a conventional nuclear localization signal (NLS),
and showed that this protein does not bind Nup205. Point muta-
tion of the ARM of both HIV Rev and E4orf4 abolished nuclear
localization, indicating that interaction with Nup205 plays a role
in nuclear import of these proteins (Fig. 3C).

A common region on Nup205 is required for interaction with
viral ARMs. A series of deletion mutants of Nup205 was con-
structed to determine the binding site of E4orf4. A schematic of
the FLAG-tagged Nup205 constructs is shown in Fig. 4B. Figure
4A shows that a central region from amino acids 419 to 1017 of
Nup205 was minimally required to interact with E4orf4 (lane 5).
Interestingly, the same region was also required to interact with
the two other ARM-containing viral proteins, CAV apoptin (lane
10) and HIV Rev (lane 15). These data show that the E4orf4 and
other ARM-containing proteins bind to Nup205 via the same re-
gion in the protein. Amino acid sequences rich in arginine are
highly positively charged and can potentially interact with a suit-
ably negatively charged region on Nup205. Analysis of the amino
acid sequence of Nup205 between residues 419 and 1017 did not
reveal any stretch of negatively charged amino acids, suggesting

FIG 3 Nup205 associates with HIV Rev via the ARM domain and is required for nuclear localization. (A) H1299 cells were transfected with HA-E4orf4 or
HA-Rev or mutants that lack the ARM (�ARM). HA-SV40-LgT is included as a negative control. Immunoprecipitation from cell extracts was performed using
anti-HA. IP complexes were analyzed by Western blotting to detect endogenous Nup205 and HA-tagged viral proteins. Anti-Nup205 Western blotting of
whole-cell extract was used to confirm expression of Nup205 (lower portion). (B) Schematic showing the ARMs of E4orf4 and HIV Rev. The nuclear localization
sequence of SV40 is shown for comparison. Mutated residues in the �ARM mutants are indicated in red. (C) Epifluorescence microscopy showing localization
of EGFP-fused E4orf4, Rev, and �ARM mutants.
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that interaction with the ARM may be a structural property of
Nup205 rather than the primary amino acid sequence.

Nup205 is required for the nuclear localization of HIV Rev
but not E4orf4. Having identified that the ARM is required for
E4orf4 to interact with Nup205 and for E4orf4 to localize into the
nucleus, we tested whether the nuclear localization was dependent
upon Nup205. RNAi was used to knockdown expression of
Nup205 in HeLa cells. The Western blot in Fig. 5A shows that
siRNA targeting of Nup205 was able to silence protein expression
very efficiently relative to a nonsilencing control siRNA. En-
hanced GFP (EGFP)-tagged versions of E4orf4, HIV Rev, and LgT
were then transfected into Nup205 knockdown and control cells.
Figure 5B shows that knockdown of Nup205 resulted in only a
slight increase in cytoplasmic levels of E4orf4. In contrast, nuclear
localization of HIV Rev was mostly inhibited after depletion of
Nup205. LgT, which includes a canonical NLS sequence, was not
affected by Nup205 knockdown. These data suggest that although
Nup205 may play a minor role in E4orf4 nuclear localization,
other factors must be primarily involved, since only a modest
localization defect was observed after Nup205 knockdown.

E4orf4 forms a trimolecular complex with PP2A-B� and
Nup 205. E4orf4 itself has no intrinsic enzymatic activity, and
most of its functions are mediated through interaction with PP2A.
E4orf4 can recruit target phosphoproteins into complexes with
PP2A, resulting in dephosphorylation of host and viral proteins

such as the SR splicing factors and the AP1 transcription factor
(16, 21, 40). We therefore determined if E4orf4 could form a tri-
molecular complex with Nup205 and PP2A as was observed with
other targets. A cDNA expressing a FLAG-tagged PP2A-B� was
cotransfected with those expressing HA-E4orf4 or a mutant form
lacking the ARM (HA-E4orf4�ARM). As shown in Fig. 6A, en-
dogenous Nup205 coimmunoprecipitated with PP2A-B� only in
the presence of wt E4orf4, indicating that the three proteins exist
as a trimolecular complex. Performing the inverse experiment,
transfected FLAG-Nup205 also coimmunoprecipitated PP2A-B�,
but again, only in the presence of wt E4orf4 (Fig. 6B, lanes 1 and
2). As expected, even the deletion mutants of Nup205 that main-
tained binding to E4orf4 could also coimmunoprecipitate
PP2A-B� with E4orf4 (Fig. 6B, lanes 3 to 6). Taken together, these
data show that E4orf4 is able to bring PP2A into a complex with
the NPC through Nup205.

E4orf4 modulates the phosphorylation state of Nup205. The
above-described results show that E4orf4 may function by
bringing PP2A into a complex with Nup205. This mechanism
is similar to how E4orf4 modulates the splicing of viral late
mRNAs by inducing PP2A-dependent dephosphorylation of
the splicing factor ASF/SF2 (20). We therefore determined
whether E4orf4 could similarly modulate the phosphorylation
state of Nup205. There have been no studies examining phos-
phorylation of Nup205, although serine/threonine phosphor-
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ylation other NPC components has been shown to regulate
nuclear envelope breakdown at mitosis (41). The bioinformat-
ics tool NetPhos 2.0 predicts 48 serine and 16 threonine puta-
tive phosphorylation sites on Nup205. Two-dimensional gel
electrophoresis was performed to analyze Nup205 in the pres-
ence or absence of E4orf4. FLAG-Nup205 was cotransfected in
H1299 cells with either wt E4orf4, E4orf4�ARM, or a vector

control. Figure 7A shows that in the presence of wt E4orf4, the
migration of Nup205 in the first dimension (pH) migrated with
a higher isoelectric point (pI) relative to that of the vector
control or the E4orf4�ARM mutant. Since phosphorylated
proteins generally have a lower pI value due to the negatively
charged phosphate groups, a lower pI value suggests that the
protein is hyperphosphorylated. Therefore, the increased pI

FIG 5 Nup205 is required for nuclear localization of HIV Rev but not E4orf4. (A) Western blot demonstrating knockdown of Nup205 in HeLa cells. A tubulin
blot is included as loading control. (B) Epifluorescence microscopy showing localization of EGFP-fused SV40-LgT, E4orf4, and HIV Rev in HeLa cells after
transfection with nonsilencing or Nup205 siRNAs.
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value of Nup205 in the presence of wt E4orf4 suggests that the
viral protein is mediating the dephosphorylation of Nup205.

As a more direct demonstration that E4orf4 can modulate the
phosphorylation state of Nup205, we performed metabolic label-
ing using [32P]orthophosphate in H1299 cells cotransfected with
E4orf4 or an empty vector control. Figure 7B, lane 2, shows that
FLAG-Nup205 immunoprecipitated from 32P-labeled cell ex-
tracts migrated on SDS-PAGE as a major band at approximately
200 kDa, the correct molecular mass of Nup205. Furthermore, in
the presence of E4orf4 the intensity of the band is reduced consid-
erably (Fig. 6B, lane 2). These data show for the first time that
Nup205 exists as a phosphoprotein and that E4orf4 can reduce the
phosphorylation of Nup205.

E4orf4 and Nup205 regulate viral gene expression. Previous
studies have demonstrated that E4orf4 regulates viral gene ex-
pression during infection primarily by downregulation of early
promoters. Figure 8A shows that a viral mutant that lacks ex-
pression of E4orf4 displays elevated expression of early protein
production (E1A and E4orf6), consistent with previous studies
(8, 17, 18). In contrast, we observe that late protein production
as measured by Western blot detection of capsid proteins is
markedly reduced in the Orf4� virus relative to the wt. In order
to determine if Nup205 plays a role in E4or4 gene regulation,
Nup205 mRNA expression was knocked down in H1299 cells
and subsequently infected with wt virus. Figure 8B shows that

cells with Nup205 knockdown displayed a pattern of gene ex-
pression similar to that of the E4orf4� virus, with elevated early
gene expression and low late gene expression. The efficiency of
Nup205 knockdown is shown in Fig. 8C. In order to determine if
the alterations in viral gene expression were at the level of mRNA,
real-time RT-PCR analysis was performed on E1A and E4orf6 at
7.5 h postinfection. Late viral gene expression was assessed at 23 h
postinfection by analyzing the abundance of the tripartite leader
containing mRNAs. We observed that late mRNAs were reduced
relative to the nonsilencing control (Fig. 8D), whereas early viral
mRNAs were elevated (Fig. 8E), which is in agreement with results
obtained by Western blot analysis. The similar phenotypes of
E4orf4� virus and cells with knockdown of Nup205 suggest that
these proteins act as a complex to regulate gene viral expression at
the mRNA level.

Knockdown of Nup205 impairs viral replication and delays
the cytopathic effect. Since Nup205 was required for proper viral
gene expression, we then determined if it is also required for ef-
fective viral replication. Replication of wt Ad5 was measured in
H1299 cells following siRNA knockdown of Nup205 or a nonsi-
lencing control. Virus yields were quantitatively determined using
the FFU assay (29, 38). H1299 cells with knockdown of Nup205
did not exhibit major deleterious effects and appeared similar to
nonsilencing control cells during the course of the experiment
(data not shown). However, analysis of viral replication in Fig. 9A

FIG 7 E4orf4 modulates the phosphorylation state of Nup205. (A) H1299 cells were cotransfected with FLAG-Nup205 and empty vector, HA-E4orf4, or
HA-E4orf4�ARM. Immunoprecipitation from cell extracts was performed using anti-FLAG. IP complexes were analyzed by Western blotting (anti-FLAG) after
2-dimensional gel electrophoresis to detect FLAG-Nup205. Isoelectric focusing was performed in the x axis on a pH gradient from 3 to 11, followed by size
separation on the y axis. Arrows indicate the position of FLAG-Nup205, which migrates at approximately 200 kDa. (B) H1299 cells were transfected with
HA-E4orf4, FLAG-Nup205, or both. Forty-eight hours posttransfection, cells were labeled with [32P]orthophosphate and immunoprecipitation was performed
on cell extracts using anti-FLAG. Immunoprecipitates were resolved on SDS-PAGE to detect 32P-labeled proteins (top). Western blotting was performed on
whole-cell extracts to confirm expression of Nup205 (anti-FLAG) and E4orf4 (anti-HA).
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showed that knockdown of Nup205 using two different siRNA
duplexes resulted in replication of 30% and 35% relative to the
nonsilencing control. In addition, 30 h postinfection, most of the
H1299 cells treated with nonsilencing siRNA displayed a rounded
and swollen appearance characteristic of viral cytopathic effect
(CPE), whereas in cells treated with the two Nup205 siRNAs, only
half had such morphology (Fig. 9B). The efficiency of Nup205
knockdown is shown in Fig. 9C. Taken together, these data show
that adenovirus replication is significantly compromised in cells
with reduced levels of Nup205.

DISCUSSION

Many types of viruses, including adenoviruses, interact with
the NPC in order to facilitate entry into the nucleus during

initial infection (reviewed in reference 39). Our study has dem-
onstrated for the first time a mechanism by which adenoviral
proteins interact with the nuclear pore complex during viral
replication to regulate viral gene expression. We propose a
mechanism by which the E4orf4 protein recruits the PP2A
phosphatase into a trimolecular complex with Nup205 and
thereby causes dephosphorylation of the protein and alters its
function. The NPC is an enormous complex (approximately 60
MDa) composed of about 30 distinct nucleoporins (Nups)
known to be extensively regulated by phosphorylation. For ex-
ample, phosphorylation of NPC components during mitosis
mediates the disassembly of the NPC (41).

The function of Nup205 within the NPC remains poorly un-
derstood. The Nups can be broadly categorized as being compo-
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nents of the outer structural skeleton of the NPC or the central
pore that mediates import/export of cargoes across the nuclear
membrane. Nup205 is one of the components of the central pore
that is responsible for the gating functions of the NPC and is not
required for formation or integrity of the NPC (42). Interestingly,
knockdown of Nup205 in Caenorhabditis elegans was shown to
increase the size limit of nonnuclear macromolecules that could
passively enter the nucleus (43). These changes occurred without
affecting the active transport of proteins into the nucleus. There-
fore, E4orf4 interactions with Nup205 may alter the dynamics of
viral and/or host cell proteins across the nuclear membrane as a
means to enhance replication. In late stages of adenovirus infec-
tion, export of viral mRNAs from the nucleus is enhanced,
whereas host mRNAs are blocked through an unknown mecha-
nism (reviewed in references 3 and 44). Since we observed that
Nup205 knockdown caused reduced late gene expression but ap-
peared to enhance early gene expression, E4orf4 targeting of
Nup205 may provide a molecular explanation for the pattern of
adenovirus gene expression during late phases.

E4orf4 stimulated the dephosphorylation of Nup205 as it does
other cellular targets, such as SR splicing factors, which suggests
that the activity of Nup205 is itself regulated by phosphorylation
under normal physiological conditions. However, no study to
date has mapped phosphorylation sites on Nup205 or determined
how these modifications may affect activities such as transcription
and mRNA transport. Judging from the large number of potential
phosphorylation sites that are present on Nup205, it is likely that

the protein is dynamically regulated by signaling and/or cell cycle-
dependent kinases. Further studies into the phosphorylation of
Nup205 may therefore provide additional insights into the regu-
lation of gene expression in normal physiology as well as during
viral infection. In addition to inducing dephosphorylation of
Nup205, another possible function for the E4orf4-Nup205 inter-
action may be to localize PP2A to the nuclear pore, where it may,
in turn, dephosphorylate host factors as they are transported. For
example, the phosphorylation states of E1A, SR proteins, myc, and
AP1 have all been shown to be reduced in the presence of E4orf4
(8, 17, 21). E4orf4 complexes associated with Nup205 may there-
fore dephosphorylate such proteins as they are transported
through the NPC.

Our results suggest that activity of Nup205 is required for ad-
enoviral replication. Interestingly, Nup205 may be required for
replication of other viruses. For example, a recent study describing
a genome-wide screen for host factors required for replication of
influenza virus also identified Nup205 (45). In addition, our data
also suggest that nuclear localization of HIV Rev is dependent on
Nup205. It would be interesting to determine if Nup205 knock-
down also has inhibitory effects on HIV replication as it does with
adenovirus and influenza virus. In addition to adenoviruses, sev-
eral other virus types have been shown to alter the properties of the
NPC during the course of replication (reviewed in reference 39).
For example, herpesvirus (46), picornavirus (47–49), and HIV
(50) have all been shown to induce reorganization of NPC sub-
units without affecting the overall integrity of the pore. Although
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these viral interactions with the NPC differ greatly in their specific
mechanisms, they may act as conserved strategies to control the
transport of macromolecules during replication and regulate both
viral and cellular gene expression.
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