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ABSTRACT

The cellular endosomal sorting complex required for transport (ESCRT) was recently found to mediate important morphogene-
sis processes at the nuclear envelope (NE). We previously showed that the Epstein-Barr virus (EBV) BFRF1 protein recruits the
ESCRT-associated protein Alix to modulate NE structure and promote EBV nuclear egress. Here, we uncover new cellular factors
and mechanisms involved in this process. BFRF1-induced NE vesicles are similar to those observed following EBV reactivation.
BFRF1 is ubiquitinated, and elimination of possible ubiquitination by either lysine mutations or fusion of a deubiquitinase ham-
pers NE-derived vesicle formation and virus maturation. While it interacts with multiple Nedd4-like ubiquitin ligases, BFRF1
preferentially binds Itch ligase. We show that Itch associates with Alix and BFRF1 and is required for BFRF1-induced NE vesicle

formation. Our data demonstrate that Itch, ubiquitin, and Alix control the BFRF1-mediated modulation of the NE and EBV
maturation, uncovering novel regulatory mechanisms of nuclear egress of viral nucleocapsids.

IMPORTANCE

The nuclear envelope (NE) of eukaryotic cells not only serves as a transverse scaffold for cellular processes, but also as a natural
barrier for most DNA viruses that assemble their nucleocapsids in the nucleus. Previously, we showed that the cellular endo-
somal sorting complex required for transport (ESCRT) machinery is required for the nuclear egress of EBV. Here, we further
report the molecular interplay among viral BFRF1, the ESCRT adaptor Alix, and the ubiquitin ligase Itch. We found that BFRF1-
induced NE vesicles are similar to those observed following EBV reactivation. The lysine residues and the ubiquitination of
BFRF1 regulate the formation of BFRF1-induced NE-derived vesicles and EBV maturation. During the process, a ubiquitin li-
gase, Itch, preferably associates with BFRF1 and is required for BFRF1-induced NE vesicle formation. Therefore, our data indi-
cate that Itch, ubiquitin, and Alix control the BFRF1-mediated modulation of the NE, suggesting novel regulatory mechanisms

for ESCRT-mediated NE modulation.

he eukaryotic nuclear envelope (NE) is a specialized compart-

ment composed of double lipid-bilayer membranes and an
underlying proteinaceous lamina network and connected by
membrane-integrating nuclear pore complexes (NPCs) that selec-
tively regulate the nucleocytoplasmic transport of macromole-
cules. The NE not only provides an intact meshwork to protect the
genome’s integrity from cytoplasmic insults, but also serves as a
natural barrier against most DNA viruses that replicate their ge-
nomes within the nucleus (1). DNA viruses thus evolve various
strategies to modify the NE for efficient material transport and
nuclear egress of viral nucleocapsids.

Epstein-Barr virus (EBV) is a gammaherpesvirus that infects
most of the human population. After primary infection, EBV be-
comes latent in resting B cells and can be reactivated periodically
for lytic replication and virus shedding. During lytic infection,
several EBV gene products modulate the cellular environment to
facilitate viral DNA replication and virion maturation. The Zta
and Rta immediate-early genes not only induce a cascade of viral
gene expression, but also cause cell cycle arrest at G,/S transition
to accumulate the resources for viral DNA replication. In addi-
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tion, EBV-encoded BGLF4 is a Ser/Thr kinase that can mimic
cyclin-dependent kinase 1 to induce several prophase-like phe-
nomena, such as chromosome condensation and partial disas-
sembly of the nuclear lamina, for the nuclear egress of viral nu-
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cleocapsids (1). BGLF4 also modulates the transport preference of
NPCs for the nuclear import of viral components (2).

EBV BFRF1 is a homolog of herpes simplex virus 1 (HSV-1)
UL34 and plays a crucial role in regulating NE architecture and the
primary egress of nucleocapsids (3). Expression of BFRF1 alone
induces not only multiple nuclear membranes and cytoplasmic
cisternal membrane structures, but also the redistribution of the
inner nuclear membrane (INM) protein emerin. This phenome-
non is unique to BFRF1 and not to other herpesviral homologs
that need to cooperate with their UL31 homologs to induce vesi-
cles derived from the NE (3). For BFRF1 function, the cellular
endosomal sorting complex required for transport (ESCRT) ma-
chinery, a major membrane scission pathway involved in multi-
vesicular body biogenesis and cytokinesis, is exploited through the
recruitment of the ESCRT adaptor protein Alix by BFRF1 (3).
Correspondingly, inhibition of ESCRT machinery by RNA inter-
ference or the expression of dominant-negative proteins induced
the accumulation of viral DNA and capsid proteins in the nuclei of
EBV-reactivated cells. This observation suggests BFRF1 serves as a
newly identified viral ESCRT adaptor protein, likely performing
functions similar to those carried out by the HIV Gag protein,
including membrane curvature and the recruitment of ESCRTs
(4,5).

Interestingly, recent studies have found that NE-derived vesi-
cles may be used for transporting large ribonucleoprotein gran-
ules from the nucleus into the cytoplasm (6, 7), suggesting that
modification of the structure of the NE is important for cellular
nucleocytoplasmic transport, as well as the virus maturation pro-
cess. Of note, accumulating evidence indicates the contribution of
ESCRT machinery in regulating events at the cell’s NE. For exam-
ple, ESCRT-III/Vps4 were found to participate in the degradation
of defective nuclear pore complex assembly intermediates, pro-
viding surveillance of NPC assembly (8). Recently, ESCRT-III fac-
tors were shown to coordinate mitotic-spindle disassembly and
NE sealing at late anaphase. Likewise, ESCRT-III, Vps4, and spas-
tin cooperatively participate in NE reformation, using mecha-
nisms similar to those involved in cytokinetic abscission (9, 10).
Mechanisms underlying ESCRT-mediated NE modulation and
the regulation of NE-derived vesicles in the transport of cellular or
viral components remain to be elucidated.

Components of the ESCRT pathway promote the budding
from the plasma membrane of various enveloped viruses, includ-
ing retroviruses and several RNA viruses (4). The structural pro-
teins of these viruses carry the so-called “late-budding (L) do-
mains,” which contain three types of conserved motifs, (L)YPXL,
PT/SAP, and PPXY. These sequences specifically recruit the
ESCRT-associated Alix, TSG101, and Nedd4-like E3 ubiquitin
(UD) ligases, respectively (11-13). Previous studies indicated that
ubiquitination mediated by membrane-associated Nedd4-like E3
ligases contributes to the release of enveloped viruses from the
plasma membrane (14). These ubiquitin ligases belong to the
HECT (homologous to E6-AP carboxyl terminus) domain-con-
taining Nedd4-like E3 ligase family, which includes Nedd4-1,
Nedd4-2/4L, WWP1, and Itch/AIP4, and they can directly cata-
lyze substrate ubiquitination. Nedd4-like E3 ligases (E3s) typically
associate with intracellular membranes through their calcium
binding C2 domains and regulate ubiquitin-mediated trafficking
of membrane proteins through monoubiquitination (14). Nedd4-
like E3s also regulate lysosomal and proteasomal degradation and
nuclear translocation of multiple proteins, such as membrane re-
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ceptors and transcription factors, and thereby modulate impor-
tant signaling pathways during tumorigenesis or latent virus in-
fection (15, 16). The release of ESCRT interaction-defective
HIV-1 mutants is potently enhanced by ectopic expression of
Nedd4-2s (17, 18), suggesting Nedd4-like ubiquitin ligase-medi-
ated ubiquitination potentially cooperates with ESCRT compo-
nents to catalyze virion release from the plasma membrane.

The transient and sophisticated cellular regulation of NE en-
velope structure shares key features with the EBV BFRF1-induced
modulation of the NE, making it an ideal model to identify cellular
components and to elucidate mechanisms involved in ESCRT-
dependent NE modulation. We previously showed that expres-
sion of EBV BFRF1 protein induces NE structural changes accom-
panied by various cytoplasmic vesicles of different sizes and
properties (3). In the present study, we identify additional cellular
factors and mechanisms involved in this process and uncover the
important role of ubiquitination in BFRF1-mediated NE modu-
lation and vesicle formation, using multiple approaches. We find
that the ubiquitin ligase Itch, ubiquitin, and Alix control the
BFRF1-mediated modulation of NE and EBV maturation, reveal-
ing novel mechanisms that regulate ESCRT-induced EBV capsid
nucleocytoplasmic egress.

MATERIALS AND METHODS

Cell culture, virus induction, and transfection. HeLa cells were derived
from human cervical epithelial cells (ATCC CCL-2). NA is a recombinant
Akata EBV-converted NPC-TWO01 cell line (19). All the cells were cultured
in Dulbecco’s modified Eagle’s medium (HyClone) supplemented with
10% fetal calf serum, penicillin (100 U/ml), and streptomycin (100 g/
ml) at 37°C with 5% CO,. For EBV induction, NA cells were transfected
with plasmid pRTS15 expressing the Rta transactivator (20), using Lipo-
fectamine 2000 (Invitrogen) in Opti-MEM medium (GIBCO-BRL) ac-
cording to the manufacturer’s instructions. For small interfering RNA
(siRNA) treatment, Itch siRNA (5'-CAAUAGGAGACUUGUCAAUdTd
T-3', where dT is deoxythymidine) or control siRNA was synthesized by
Misson Predesigned siRNA (Sigma) and transfected twice (final concen-
tration, 100 nM) into cultured cells. For protein expression analysis, HeLa
cells were transfected with siRNA for 48 h and then cotransfected with
siRNAs and hemagglutinin epitope-tagged BFRF1 (HA-BFRF1)-express-
ing plasmid for an additional 24 h.

Protein sequence analysis. The putative functional domains of EBV
BFRF1 were analyzed manually or using the MUSCLE program (http:
/Iwww.ebi.ac.uk/Tools/msa/muscle/). The protein secondary structure
was predicted by GOR IV secondary-structure prediction (https://npsa
-prabi.ibep.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_gor4.html) and
DAS protein structure modeling (http://www.sbc.su.se/~miklos/DAS/). The
putative ubiquitination sites were analyzed manually or using the UbPred
program (http://www.ubpred.org/).

Plasmids. HA-BFRF1 was generated by cloning XhoI-HA-BFRF1-
Notl into pcDNA3.0 (Clontech) as described previously (3). All func-
tional-domain deletion or amino acid substitution mutants of HA-
BFRF1, F1(P75,78A), F1(AESR) (amino acid [aa] 180 to 313 deletion),
F1(K49R), F1(K176R), F1(K253R), F1(K265,266R), F1(K120R),
F1(3KR) (K120,265,266R), F1(4KR) (K120,253,265,266R), F1(5KR)
(K120,176,253,265,266R), and F1(6KR) (K49,120,176,253,265,266R),
were generated by a single primer-based site-directed-mutagenesis
strategy (21) using pcDNA3.0-HA-BFRF1 as the template and the
primers specified in Table 1. HA-DUb-BFRF1 and HA-DUb*-BFRF1
were generated by cloning in frame with BamHI-UL36 deubiquitinat-
ing enzyme (DUb) (N-terminal 15 to 260 residues) of herpes simplex
virus type I or catalytic dead DUb*-EcoRI gene fragments (22) into
HA-BFRFI, respectively. Plasmids expressing Flag-tagged HECT
ubiquitin ligases, including Nedd4-1, Nedd4-2, WWP1, and Itch, were
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TABLE 1 Oligonucleotides, primers, and plasmid DNA templates used in this study

HA-BFRF1 Deletion or residue substitution Sequence Template

AESR A(180-313) 5"-ACG CCC AGA AGG CCT CGC GG ACA CCT TAT pcDNA3.0-HA-BFRFI
CTG GCA CGG GT-3'

K49R K49R 5"-CCC AAC CCC TCT GCA CCG TGA GGC TGC GCC pcDNA3.0-HA-BFRF]
ACG GACAGA TTT A-3’

K120R K120R 5-TCA ACG GAT GTT GAC CTA CCA AGG AACTCC pcDNA3.0-HA-BFRF]
ATC ATT ATG CTG GGC-3'

K176R K176R 5-TTC AGG CCG CCA ACG CCC AGA GGG CCT CGC pcDNA3.0-HA-BFRFI
GGG TCA TGG ATA T-3'

K253R K253R 5'-GTT ACG CTC CTT GGA GGG ACA GGG ACT CGT pcDNA3.0-HA-BFRF]
GGT CGG AAT CCG A-3'

K265,266R K265,266R 5'-AAT CCG AGG CGG CGC CGT GGA GGA GGG AAC pcDNA3.0-HA-BFRFI
TCG TGA GGC ACC CCA T-3'

3KR K120,265,266R 5-TCA ACG GAT GTT GAC CTA CCA AGG AACTCC K265,266R
ATC ATT ATG CTG GGC-3'

4KR K120,176,265,266R 5'-TTC AGG CCG CCA ACG CCC AGA GGG CCT CGC 3KR
GGG TCA TGG ATA T-3'

5KR K120,176,253,265,266R 5'-GTT ACG CTC CTT GGA GGG ACA GGG ACT CGT 4KR
GGT CGG AAT CCG A-3’

6KR K49,120,176,253,265,266R 5’-CCC AAC CCC TCT GCA CCG TGA GGC TGC GCC 5KR
ACG GACAGA TTT A-3'

P75,78A P75,78A 5-TAA GCT GAA GAA CTG CAA CTA CGC CTC CTC pcDNA3.0-HA-BFRF]

GGC CGT GTT TGT GAT ATC CAA CAA CG-3'

described by Jadwin et al. (23). Plasmids expressing glutathione S-
transferase (GST)-fused Itch or Itch functional domains, including
HECT, C2, PRD (proline-rich domain), and WW domains, were de-
scribed previously (24).

Live-cell imaging. Live-cell imaging was performed on transfected
HelLa cells grown on 6-well tissue culture dishes to reach 60 to 70% con-
fluence. Cell images were visualized using a Zeiss Axiovert 200M inverted
microscope and an environmental chamber (37°C with 5% CO,). The
images were acquired with an LD Plan-Neofluar 40</0.6 Korr Ph2 objec-
tive every 10 min from 6 to 24 h posttransfection. The images were pro-
cessed with MetaMorph software (v7.7.8.0; Molecular Devices).

Indirect immunofluorescence. For the detection of HA-BFRFI,
emerin, Alix, or Itch, slide-cultured HeLa cells were transfected with plas-
mids expressing HA-BFRF1 or vector pcDNA3.0. The cells were fixed with
4% paraformaldehyde in PBS (145 mM NaCl, 1.56 mM Na,HPO,, 1 mM
KH,PO,, pH 7.2) at 24 h posttransfection at room temperature (RT) for
20 min, washed with phosphate-buffered saline (PBS), and permeabilized
with 0.1% Triton X-100 at RT for 5 min. The slides were then incubated
with anti-HA (Covance or GeneTex), anti-emerin (Santa Cruz), anti-Alix
(Sigma), or anti-Itch (BD BioSciences) at 37°C for 1.5 h. After washing
with PBS for 5 min four times, the slides were incubated with rhodamine-,
or fluorescein isothiocyanate (FITC)-conjugated anti-mouse or rabbit Ig
antibodies (Cappel) at 37°C for 1 h. The DNA was stained with Hoechst
33258 at RT for 1 min. The staining patterns were observed under fluo-
rescence or confocal microscopy (Ziess). All the experiments were re-
peated at least twice, and the predominant expressed pattern in each test
was calculated in more than 50 cells. Protein colocalization (by Manders’
coefficient [R]) was analyzed by Image] software (NIH), and the average
diameters of vesicles or puncta were calculated in 5 randomly selected
HA-positive structures per cell for a total of 35 cells in each set with ZEN
software (Zeiss).

Protein preparation for mass spectrometric analysis. To enrich HA-
BFRF1 protein, HeLa cells (3 X 107) were transfected with plasmids ex-
pressing HA-BFRF1. At 24 h posttransfection, cells were harvested and
lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-
HCL, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, complete protease inhibitor cocktail [Roche], and 1
mM Na;VO,). The cell lysates were then precleared and incubated with 6
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g anti-HA antibody (Covance) at 4°C for 2 h, and 300 pl of 20% protein
A-Sepharose beads was added to pull down the immunocomplexes at 4°C
for 1.5 h. The beads were washed extensively with RIPA buffer, resus-
pended in SDS sample buffer, and resolved in SDS-10% PAGE. For in-gel
digestion, the target protein band in a Coomassie blue-stained gel was cut
into 1-mm cubes. The gel slices were then washed with water and further
destained with destaining buffer (40% acetonitrile [ACN], 50 mM
NH,HCO;, pH 7.8). The gel pieces were dehydrated with 100% ACN,
dried, and subjected to in-gel digestion with sequencing-grade modified
trypsin (enzyme-to-substrate ratio, 1:50; Promega) in 50 mM NH,HCO,
overnight at 37°C. Peptides were extracted sequentially with 1% formic
acid (FA), 60% ACN combined 0.1% FA and dried (25). To identify the
protein modification by mass spectrometry (MS), tryptic-peptide prepa-
ration and data-dependent tandem MS (MS-MS) analysis were carried
out as described previously (26). Protein fragments were then identified
by automated searching (Mascot software) against the NCBI protein da-
tabase.

Coimmunoprecipitation and pulldown assays. To immunoprecipi-
tate HA-BFRF1, ubiquitinated BFRFI1, or Flag-tagged E3 ligases, HeLa
cells (1 X 107) were transfected with plasmids expressing wild-type (WT)
HA-BFRF1 or Lys residue substitution mutants alone or together with
Flag-tagged E3 ligases (Nedd4-1, Nedd4-2, WWPI, or Itch) or a Myc-
ubiquitin-expressing plasmid. The transfected cells were harvested 24 h
posttransfection and lysed in RIPA buffer, and anti-HA (Covance) or
anti-Flag (Sigma) antibodies were added for immunoprecipitation as de-
scribed previously (3). In the ubiquitinated BFRFI precipitations, the
sulthydryl alkylating agent N-ethylmaleimide (Sigma) was added to RIPA
buffer to a final concentration of 20 mM to prevent unexpected deubiq-
uitination.

For pulldown assays, equal amounts (~2 pg) of GST and GST-fused
Itch functional-domain fragments (full-length Itch, HECT, WW, PRD,
and C2), which were expressed in transformed Escherichia coli BL21(DE3)
by 1 mM IPTG (isopropylthiogalactopyranoside) induction at 25°C for
2.5 h, were incubated with glutathione-agarose beads (Sigma) at 4°C for
1.5 h. The beads were then pelleted, washed extensively with cold PBS with
1% Triton X-100, and finally incubated with cell lysates (300 to 500 p.g) in
binding buffer (20 mM Tris-HCI, pH 8.0, 140 mM NaCl, 1% Triton
X-100, 1 mM EGTA, 10% glycerol, 1 mM dithiothreitol [DTT], complete
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protease inhibitor cocktail [Roche], and 1 mM phenylmethylsulfonyl flu-
oride [PMSF]) at 4°C for 16 h. The beads were then washed extensively
with RIPA lysis buffer for immunoprecipitation analysis or with washing
buffer (20 mM Tris-HCI, pH 8.0, 150 mM NaCl, and 1% Nonidet P-40)
for pulldown assays, resuspended in SDS sample buffer, and displayed in
10% SDS-PAGE for immunoblotting.

TEM analysis. For cells with replicating EBV, a total of 3 X 10° NA
cells were transfected with plasmid expressing Rta or vector plasmid and
harvested at 72 h posttransfection. For cells expressing HA-BFRF1, the
same number of HA-BFRF1-transfected HeLa cells were harvested at 24 h
posttransfection and processed for transmission electron microscopy
(TEM) analysis, as previously described (3). Samples were imaged using a
Hitachi H-7100 transmission electron microscope, and images were ac-
quired using an Advanced Microscopy Techniques (AMT; Woburn, MA)
camera system. The images were taken at a final magnification of
X10,000. More than 30 cells were observed, and representative nuclear
and cytoplasmic regions of transfected HeLa cells are shown.

Establishment of DOX-inducible cells containing a wild-type or
BFRF1-knockout (KO) EBV bacmid. The wild-type p2089 EBV bacmids
were kindly provided by Henri-Jacques Delecluse (DKFZ unit F100, Ger-
many) (27). p2089BFRF1-KO was described previously (28). 293TREx-
_Flag EZTA (293TetEZ) cells were seeded in a 6-well culture dish (5 X
10° cells/well) and transfected with 10 wg of p2089 or p2089BFRF1-KO
using Lipofectamine 2000. At 72 h posttransfection, the transfected cells
were split into two 10-cm culture dishes and selected with hygromycin B
(100 pg/ml; Invitrogen) for 1 month. Four to 6 green fluorescent protein
(GFP)-positive cell colonies were picked up to obtain pool clones. The
selected 293TetEZ/p2089 and 293TetEZ/p2089BFRF1-KO pool clones
were treated with doxycycline (DOX) (50 ng/ml for 24 h) to confirm
successful lytic induction by immunoblotting.

EBV DNA extraction and quantitative real-time PCR (qPCR) anal-
ysis. EBV-harboring 293TetEZ/p2089 and 293TetEZ/p2089BFRF1-KO
cells were transfected with plasmids expressing HA-BFRF1 WT, F1(6KR),
or the vector pcDNA3.0 for 6 h, followed by 50 ng/ml doxycycline treat-
ment for an additional 48 or 72 h. The culture supernatants were collected
and subjected to centrifugation at 10,000 X g for 30 min at 4°C to remove
cell debris. The intracellular viral DNA and secreted virion DNA were
harvested and analyzed as described previously (3).

RESULTS

Expression of EBV BFRF1 induces NE modulation and cytoplas-
mic vesicles similar to those observed following EBV reactiva-
tion. To further understand the molecular mechanism of BFRF1-
mediated NE modulation and vesicle formation, we compared
these morphological changes to subcellular ultrastructures ob-
served in epithelial cells upon EBV reactivation. An EBV-positive
epithelial cell line, NA, was transfected with a plasmid expressing
the viral transactivator Rta for 72 h and processed for electron
microscopy (EM) analysis. Compared to vector-transfected cells
(Fig. 1A), EBV replication induced obvious ultrastructures in the
cytoplasm and dramatic changes in the NE (Fig. 1B). Within the
nuclei of EBV-infected replicating cells, two types of viral capsids
were seen in the nucleus or in the perinuclear region: viral-DNA-
containing C-type nucleocapsids and empty A-type capsids (Fig.
1C, a to ¢, indicated by arrows and arrowheads, respectively).
Some capsids were parceled by double-layered membranes in the
juxtanuclear region close to the nuclear membrane (Fig. 1C, b) or
in vesicle-like ultrastructures (Fig. 1C, c). In comparison, the NE-
derived vesicles in transiently BERF1-transfected HeLa cells were
similar in size and location but appeared more irregular at times,
with some multiple-layered structures (compare Fig. 1C and D),
suggesting other viral components also contribute to vesicle for-
mation in cells following virus replication. These data indicate
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that EBV reactivation induces NE changes and cytoplasmic ultra-
structures that are strikingly reminiscent of those observed follow-
ing the ectopic expression of BFRF1 (Fig. 1D and E), which likely
facilitate the nuclear egress of EBV nucleocapsids, as we and others
previously reported (3, 28).

To further observe the NE structure changes, along with
BFRF1 expression, Hela cells were next transfected with HA-
tagged BFRF1 and monitored for the distribution of BFRF1 and
the INM-anchored protein emerin in fluorescence microscopy. In
contrast to the typical nuclear-rim-staining pattern of emerin in
the vector-transfected cells, expression of HA-BFRF1 caused cy-
toplasmic distribution of dispersive emerin-containing vesicles
(Fig. 1F), indicating that the vesicles observed with EM are derived
from the NE. To further examine the dynamic distribution pat-
tern of BFRF1 in these vesicles at a single-cell level, cyan fluores-
cent protein (CFP)-tagged BFRF1 was expressed in HeLa cells and
recorded under time lapse fluorescence microscopy (Fig. 1G; see
Movie S1 in the supplemental material). We found that ectopi-
cally expressed CFP-BFRF1 became visible as early as 18 h post-
transfection and induced the reorganization of the NE to form
large cytoplasmic vesicles. The initial NE-associated protrusions
were gradually enlarged (Fig. 1G, I and II, arrowheads), and some
membrane fusion or scission was simultaneously observed to
form cytoplasmic vesicles (nearly 22 h posttransfection) (Fig. 1G,
II, arrows).

We previously reported that expression of EBV BFRF1 recruits
Alix and ESCRT machinery to modulate the NE structure and
produce NE-derived cytoplasmic vesicles (3). Here, we noticed
that the ESCRT-bridging Alix partially colocalized with HA-
BFRF1 in the region near the nuclear rim at 24 h posttransfection
(Fig. 1H) (with a Manders coefficient [R] of 0.756). Considering
the data obtained from these varied and complementary imaging
techniques, we concluded that expression of BFRF1 alone pro-
vides a simple system that recapitulates EBV-induced and Alix/
ESCRT-dependent NE morphological vesicular modulation and
is therefore suitable for the identification of new cellular factors
and mechanisms involved in these processes that are pertinent to
nucleocytoplasmic EBV capsid egress.

EBV BFRF1 recruits cellular Alix transiently for NE modula-
tion. As ESCRT-associated Alix partially colocalized with HA-
BFRF1 at the nuclear rim and in perinuclear vesicles (Fig. 1H) and
was crucial for BFRF1-induced vesicle formation (3), we next
monitored the sequential events of BFRF1-induced alteration of
the NE and vesicle formation. By monitoring the distribution of
INM-anchored emerin and Alix at different time points after
transfection by confocal microscopy, cells with the predominant
phenotypes (>70% of the cell population) were displayed (Fig. 2).
We found that HA-BFRF1 protein expression was detected as
early as 3 h posttransfection. Small cytoplasmic HA-BFRF1-con-
taining puncta without detectable emerin or with nuclear-rim
emerin partially colocalized with BFRF1 were visible at 6 h post-
transfection, suggesting BFRF1 is capable of inducing small cyto-
plasmic puncta directly from cytoplasmic membrane materials.
HA-BFRF1 then induced an obvious aggregation of emerin at the
nuclear rim at 9 h posttransfection, accompanied by the forma-
tion of large HA-BFRF1-containing vesicles adjacent to the nu-
cleus, implying the BFRF1-mediated modulation of INM at this
stage. Perinuclear colocalized HA-BFRF1 and emerin became ob-
vious at the early time points from 6 to 9 h posttransfection (Fig. 2,
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FIG 1 EBV reactivation or BFRF1 expression induces reorganization of the NE and NE-derived cytoplasmic vesicles. (A) Negatively stained EM images of vector
plasmid-transfected NA cells. Cy, cytoplasm; Nu, nucleus; NE, nuclear envelope. (B) EM images of Rta-transfected NA cells at 72 h posttransfection, with EBV
capsid production. The red line indicates the edge of the nuclear membrane, and the boxed region is enlarged in panel C. (C) EBV replication induced not only
the production of viral C-type (a, arrows) or A-type (a, arrowhead) capsids in the nucleus, but also the formation of viral-capsid-containing perinuclear vesicles
(b) and invagination (c) from the nuclear envelope. The images on the right are enlargements of the boxed regions on the left. Arrows, C-type capsids;
arrowheads, A-type capsids. (D) EM images of HA-BFRF1- or vector plasmid-transfected HeLa cells at 24 h posttransfection. The boxed region is enlarged on the
right. (E) Subcellular ultrastructure in NA cells with replicating EBV. a, b, and c¢ refer to the enlarged regions in panel C. ONM, outer nuclear membrane.
Reactivation of EBV induced reorganization of the nuclear membrane and the formation of capsid-containing vesicles. (F) Confocal images of emerin in
HA-BFRFI-expressing HeLa cells. HA-BFRF1 and emerin were visualized by indirect immunofluorescence at 24 h posttransfection. The boxed region is enlarged
on theright. (G) Live-cell imaging of BFRF1-induced vesicle formation. HeLa cells transfected with CFP-BFRF1 were subjected to time-lapse fluorescent imaging
analysis from 20 to 22 h posttransfection at 10-min intervals (indicated as hour:minute. The expression of CFP-BFRF1 induced a large vesicle protruding from
the NE (I and II, arrowheads), which subsequently moved to the cytoplasm (I, arrows; see Movie S1 in the supplemental material). (H) Confocal images of Alix
in HA-BFRF1-expressing HeLa cells. HA-BFRF1 and Alix were visualized by indirect immunofluorescence at 24 h posttransfection.

Capsid

HA-BFRF1

Nucleus

Merge and Enlarge); emerin was consistently detected in the cy-
toplasmic BFRF1-containing vesicles after 9 h posttransfection.
Simultaneously, cellular Alix was detected along with the pro-
gression of BFRF1-induced vesicle formation. Showing a diffuse
cytoplasmic distribution in vector plasmid-transfected cells, Alix
was redistributed close to the nuclear rim at 3 h posttransfection
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and appeared to have relatively strong HA-BFRF1 colocalization
in the perinuclear region at 6 h posttransfection in HA-BFRF1-
expressing cells. The sequential nuclear recruitment of Alix at 3 h
posttransfection and the formation of BFRF1-containing cyto-
plasmic puncta at 6 h posttransfection suggested a transient pro-
gression of NE modulation by BFRF1, with Alix playing an impor-
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FIG 2 Cellular Alix is recruited by BFRF1 to modulate the nuclear envelope. Shown are confocal images of HA-BFRF1- and vector-transfected HeLa cells.
HA-BFRFI (red) and emerin or Alix (green) were visualized by indirect immunofluorescence at 3, 6, 9, 12, 18, and 24 h posttransfection. The boxed regions are

enlarged on the right.

tant role in the formation of BFRF1-containing cytoplasmic
structures. Interestingly, the colocalization signal of Alix-BFRF1
was gradually attenuated following the formation of large cyto-
plasmic vesicles after 9 h posttransfection (Fig. 2, Merge and En-
large). When large vesicles containing BFRF1 and emerin were
formed in the cytoplasm at a later stage (24 h posttransfection), a
large portion of Alix became diffused into the cytoplasm, suggest-
ing that sequential intermolecular interactions among BFRF1-in-
teracting proteins may temporally and spatially regulate BFRF1-
induced vesicle formation.

Ubiquitination regulates BFRF1 induction of nucleocyto-
plasmic vesicles. It is known that ubiquitination plays important
roles in regulating cellular and viral ESCRT-dependent processes
(29). Similarly, Ub conjugation to Gag assembly sites was found to
be critical for ESCRT-dependent HIV-1 budding from the plasma
membrane (22, 29). To explore whether ubiquitination contrib-
utes to BFRFI1-induced nuclear egress of cytoplasmic vesicles,
BFRF1-expressing cells were treated with the proteasome inhibi-
tor MG132, which inhibits the function of the proteasome core
particle and depletes the intracellular pool of free ubiquitin (30,
31). Using Myc-tagged Ub coexpression with HA-BFRF1 and an-
ti-HA antibodies in immunoprecipitation assays, the ubiquiti-
nated BFRF1 signal did not increase in MG132-treated cells, sug-
gesting ubiquitination does not regulate BFRF1 for degradation
(Fig. 3A,lanes 8 and 12). In line with this, the ubiquitinated BFRF1
signal was reduced in cells expressing the myc-Ub Lys-48 (K48)
mutant Ub48R, which is defective for poly-Ub chain-mediated
proteasomal degradation (Fig. 3A, lanes 9 and 13). In addition,
immunofluorescence staining showed that HA-BFRF1 expression
induced cytoplasmic-vesicle formation (in 89% of HA-BFRF1-
expressing cells under dimethyl sulfoxide [DMSO] treatment)
and redistributed a portion of emerin from the nuclear rim to the
cytoplasm of transfected cells (Fig. 3B, Emerin). Coexpressed
Myc-Ub enhanced the accumulation of cytoplasmic BFRF1-con-
taining vesicles (Fig. 3B, HA-BFRF1, bottom). Following MG132

October 2016 Volume 90 Number 20

Journal of Virology

treatment, the formation of BFRF1-containing vesicles was sig-
nificantly reduced (only 6% of HA-BFRF1-expressing cells),
accompanied by the accumulation of BFRF1 in the perinuclear
region (Fig. 3B, Hoechst), suggesting free ubiquitins are re-
quired for BFRF1-induced vesicle formation. For cells treated
with MG132, overexpression of Myc-Ub restored the cytoplas-
mic appearance of BFRF1-containing vesicles in 85% of HA-
BFRF1-expressing cells (Fig. 3B, Merge, bottom). However,
these vesicles were smaller, with limited colocalization of
emerin, indicating that most vesicles may be derived from cy-
toplasmic membranous materials rather than the NE. Taken
together, even though MG132’s inhibitory effect was not fully
restored by trans-complementation of free Ub, these data indi-
cate that ubiquitin plays important roles in the formation of
NE-derived BFRF1-containing vesicles.

Multiplelysine residues are important for regulating BFRF1-
induced vesicle formation. Considering the importance of
ubiquitin described above, we next sought to identify possible
ubiquitination sites in BFRF1 using immunoprecipitated HA-
BFRF1 proteins from transfected HeLa cells and mass spec-
trometry (Fig. 3C). With 63% recovery of BFRF1 fragments,
Lys-120 was identified as a dominant ubiquitin receptor resi-
due in BFRF1 (Fig. 3D).

Because ubiquitin can be added to other lysines in proteins
when the main or predominant site(s) becomes unavailable, we
opted to mutate all potentially ubiquitinated lysine residues in
BFRF1 to test the ability of ubiquitination-defective mutants to
induce NE-derived cytoplasmic vesicles. The UbPred program
(32) helped identify residues at positions Lys-49, -120, -176,
-253, -265, and -266 in BFRF1 as potential ubiquitination sites
(Fig. 4A). Single and multiple Lys-to-Arg substitutions were
generated, expressed, and tested for vesicle formation in HeLa
cells (Fig. 4A and B). Expression of F1(K49R), F1(K176R), and
F1(K253R) induced cytoplasmic vesicles, similar to WT BFRF1
(data not shown). In contrast, cells with F1(K120R) and
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FIG 3 Treatment of MG132 diminishes the NE modulation and vesicle formation abilities of EBV BFRF1. (A) The steady-state expression level of EBV BFRF1
was not enhanced by MG132 treatment. HeLa cells were transfected individually or cotransfected with HA-BFRFI-, Myc-Ub-, or Myc-Ub48R-expressing
plasmids. At 6 h posttransfection, the cells were treated with DMSO solvent or 10 uM MG132 for 18 h. The cell lysates were harvested and immunoprecipitated
(IP) using antibody against HA or GST as a negative control. The immunocomplexes were detected by antibodies against Myc and HA. (B) Confocal images of
HeLa cells transfected with HA-BFRF1, together with vector control or Myc-Ub, and treated with DMSO solvent (left) or 10 uM MG132 (right) for 18 h.
HA-BFRFI and emerin were visualized by indirect immunofluorescence. The boxed regions are enlarged below. (C) Overexpressed HA-BFRF1 protein in HeLa
cells was partially purified by immunoprecipitation with HA antibody, separated by SDS-PAGE, and subjected to mass spectrometric analysis. IgH and IgL
indicate the immunoglobulin heavy and light chains. M, molecular mass marker. (D) The recovered BFRF1 fragments were identified by Mascot software against
the NCBI virus protein database. The coverage rate of the BERF1 fragment was 63% (red letters). Shown is ubiquitination of Lys-120 (K120) in the recovered
BFRF1 103 to 120 fragment.

F1(K265,266R) showed reduced numbers of vesicles, accom-  smaller cytoplasmic vesicles (0.95 = 0.21 wm). With additional

panied by the appearance of cytoplasmic puncta, suggesting
that ubiquitination of lysine at positions 120, 265, and 266 in
BFRF1 is involved in the regulation of vesicle formation (Fig.
4B, WT). Compared with the WT, which induced vesicles with a
diameter of 1.64 £ 0.42 um, F1(3KR) (K120,265,266R) induced
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lysine mutations, F1(6KR) (K49,120,176,253,265,266R) induced
avesicle size (0.95 = 0.17 wm) similar to that induced by F1(3KR)
(Fig. 4B and C). This result indicated that disruption of key ubiq-
uitin-conjugating lysine residues at Lys-120, -265, and -266 inter-
fered with BFRF1’s ability to modulate/deform the NE, while the
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FIG 4 Lys-to-Arg substitution of EBV BFRF1 influences its NE-modulating and vesicle-forming abilities. (A) Schematic representation of HA-tagged BFRF1 mutants
with multiple Lys-to-Arg substitutions. Putative late domains (pink boxes) and a transmembrane domain (purple box) were predicted manually or by the MUSCLE and
DAS programs. Six putative ubiquitination sites (green dots), Lys-49, -120, -176, -253, -265, and -266, on BFRF1 were identified by the UbPred program. The abilities
of BFRF1 mutants to induce cytoplasmic vesicles, or puncta, and intranuclear puncta are summarized on the right. Pluses and minuses indicate the relative qualifications
of specific phenotypes in each experiment. (B) Confocal images of HA-BFRF1 WT-, F1(120R)-, F1(K265,266R)-, F1(3KR)-, and F1(6KR)- or control vector-transfected
HelLa cells immunostained for HA and emerin. The vesicle morphology and emerin distribution in HA-BFRF1 WT- and mutant-expressing cells were observed. The
percentages of cells with specific BFRF1 vesicle expression patterns were obtained from three independent experiments with more than 100 cells containing HA-BFRFI.
(C) The average diameters of cytoplasmic vesicles in BFRF1 WT-, 3KR-, and 6KR-transfected cells was calculated in randomly selected sections with more than 20 cells
in each set. Thirty-five randomly selected vesicles/puncta are shown with the average sizes indicated. The cutoff value for the average vesicle size was defined as 1.1 pm.
(D and E) NE and vesicle ultrastructure in HA-BFRF1 WT- and F1(6KR)-expressing HeLa cells. (D) Expression of HA-BFRF1 WT altered the nuclear membrane (NM)
structure and induced multiple irregular vesicles in the cytoplasm. The accumulation of cytoplasmic vesicles (a) or invagination of the NM (d, arrowhead) was observed
in the HA-BFRF1 WT-transfected cells. Empty vesicles with single- or double-layer membranes (b and ¢, arrows) or vesicles containing fuzzy inclusions (b and c,
arrowheads) were also found at higher magnification in cells transfected with HA-BFRF1. (E) Expression of F1(6KR) induced protrusion of the NM into the nucleus and
multiple vesicles in the cytoplasm. The modulated NM (a, arrowhead), intranuclear vesicle with double membranes (b), and cytoplasmic vesicle without (c and ¢/,
arrows) or with (c and ¢’, arrowheads and red line) fuzzy inclusions are shown at higher magnification. The boxed regions in the left image are enlarged on the right.

possibility of protein structure change caused by Lys-to-Arg sub-  examined by transmission electron microscopy (Fig. 4D and E).
stitutions could not be excluded. The results showed that expression of WT BFRF1 induced multi-

To further evaluate the cellular ultrastructures between WT  ple cytoplasmic vesicles (Fig. 4D, a to ¢) and an irregular nuclear
BFRF1 and F1(6KR), HeLa cells expressing either protein were ~membrane (Fig. 4D, d). Parts of cytoplasmic vesicles contained
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FIG 5 Ubiquitination is required for BFRF1 function in vesicle induction and virus replication. (A) Schematic representation of fusion of the DUb of HSV-1
UL36 and its inactive form (DUb*) onto BFRF1. (B) Lysates of HeLa cells with expression of HA-BFRF1 WT, HA-DUb-BFRF1, or HA-DUb*-BFRF1 and
Myc-Ub were harvested and immunoprecipitated with antibody against HA. The immunocomplexes were then detected by antibodies against Myc and HA by
immunoblotting. (C) Confocal images of HA-BFRF1- and DUb- or DUb*-HA-BFRF1-transfected HeLa cells immunostained for HA (red) and emerin (green).
The boxed regions are enlarged in the insets. The protein expression of BFRF1 WT, DUb-BFRF1, and DUb*-BFRF1 was also confirmed by immunoblotting using
HA antibody. Tubulin served as a protein-loading control. The percentages of cells showing the representative pattern are indicated. (D) EBV-positive 293 TetEZ/
p2089 and 293TetEZ/p2089BFRF1-KO cells transfected with HA-BFRF1 WT or F1(6KR) or vector were mock treated or treated with DOX to induce Rta
expression and harvested at 72 h postinduction. Viral protein expression was detected by immunoblotting with antibodies against BFRF1 (E10), Zta (4F10),
BMRF1 (88A9),and BGLF4 (2616). a-Tubulin served as a protein-loading control. (E) Viral DNAs in the culture supernatant (extracellular) and transfected cells
(intracellular) were harvested simultaneously and subjected to qPCR analysis targeting the EBV DNA BamHI W fragment. Statistically significant differences

between HA-BFRF1 WT and F1(6KR) expression levels in supernatant and transfected cells are indicated by the asterisks. *, P < 0.05; **, P < 0.01.

double-layered membranes (4% of randomly selected vesicles) or
fuzzy inclusions (13%) (Fig. 4D, b to d). In contrast, expression of
F1(6KR) induced some inward invaginations of a double-layered
nuclear membrane structure into the nucleus (Fig. 4E, a and b),
which resembled the intranuclear puncta observed in immuno-
stained images (Fig. 4B). The F1(6KR) mutant still induced irreg-
ular cytoplasmic vesicles, but without double-layered mem-
branes. Empty vesicles with fuzzy margins (71% in randomly
selected vesicles) or fused irregular vesicles with inclusions (27%)
were also observed in the cytoplasm (Fig. 4E, cand ¢'), suggesting
that disruption of ubiquitination sites in BFRF1 interfered with
the formation of typical nucleocytoplasmic vesicles. Overall, these
data indicate that the ability of BFRF1 to induce NE-derived ves-
icles is regulated by lysine residues at positions 120, 265, and 266
and/or possible ubiquitination of these sites.
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Ubiquitin is a key regulator of BFRF1-mediated vesicle for-
mation at the NE. To directly assess the role of ubiquitination in
vesicle formation of BFRF1 at the NE, we fused the catalytic do-
main of HSV-1 UL36 DUD or its inactive counterpart (DUb*) (22,
33) with BFRF1 to generate a ubiquitination-resistant DUb-
BFRF1 protein (Fig. 5A). In comparison to WT BFRF1, polyubiq-
uitin signal was obviously attenuated in cells expressing HA-
tagged DUb-BFRF1 (62% of WT), but not in its DUb*-BFRF1
inactive counterpart, as indicated by the amounts of Myc-Ub con-
jugated to BFRFI in immunoprecipitation analysis (Fig. 5B).

Using immunofluorescence imaging, we also found that, com-
pared to the WT BFRF1, DUb-BFRF1 lost nuclear-rim localiza-
tion and the ability to redistribute nuclear emerin and induce
cytoplasmic vesicles at the NE (as indicated by the representative
cell pattern that was observed in 88% of cells) (Fig. 5C). In con-
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trast, the DUb* fusion of BFRF1 still induced cytoplasmic vesicles
with partial perinuclear emerin accumulation (in 83% of Dub*-
BFRF1-expressing cells), indicating that the deubiquitinase activ-
ity regulates BFRF1-mediated vesicle formation from the NE. Al-
together, the data described here suggest that ubiquitination of
BFRFI1 and/or a BFRF1-associated complex is important for its
NE modulation and induction of cytoplasmic vesicle formation
there.

Replacement of multiple lysines in BFRF1 attenuates EBV
maturation. We previously found that BFRF-1 recruits Alix/
ESCRTSs to generate NE-derived vesicles, a process known to con-
tribute to the translocation of EBV nucleocapsids from the nu-
cleus to the cytoplasm for subsequent maturation (3). Here, we
explored a role for BFRF1 ubiquitination in regulating EBV mat-
uration. Recombinant WT EBV p2089 or the BFRF1-lacking bac-
mid p2089BFRF1-KO (28) was used to establish EBV Zta-express-
ing clonal 293T-TetEZ cells. The cells were subsequently
transfected to express the WT BFRF1, F1(6KR), or the control
vector and treated with doxycycline for Zta expression to reacti-
vate EBV replication. The intracellular EBV protein expression,
including that of the DNA polymerase processivity factor BMRF1
and the protein kinase BGLF4, was detected by immunoblotting
(Fig. 5D). In p2089-containing cells, the intracellular EBV ge-
nomes increased about 50-fold and the extracellular released viri-
ons about 13.5-fold after induction, as indicated by qPCR (Fig.
5E). In comparison, p2089-BFRF1-KO cells contained less intra-
cellular viral DNA and released very small numbers of EBV virions
into the medium, demonstrating that BFRF1 also contributes to
viral DNA replication and is essential for virion release. In cells
trans-complemented with WT BFRF1, virion release was rescued,
while conversely, no virion release was detected with cells trans-
complemented with the ubiquitination-defective F1(6KR) mu-
tant (Fig. 5E). Taken together, these results support a critical role
of BFRF1 ubiquitination or the lysine residues at positions 120,
265, and 266 in EBV DNA replication and virion release.

Nedd4-like ubiquitin ligases are recruited by BFRF1. The
data described above indicated that the ubiquitination of BFRF1
plays important roles in its ability to modulate the NE. BFRF1-
mediated modulation of the NE is also dependent on members of
the ESCRT pathway, whose function is known to be regulated by
Nedd4-like ubiquitin ligases (34). We therefore probed for BFRF1
association with members of the Nedd4-like ubiquitin ligase fam-
ily. The abilities of the Flag-tagged Nedd4-like ligases Nedd4-1,
Nedd4-2, WWP1, and Itch to interact with HA-BFRF1 were eval-
uated in coimmunoprecipitation experiments using an anti-HA
antibody. While all the Nedd4-like E3 ligases tested displayed cer-
tain levels of binding to HA-BFRF1, Itch consistently exhibited the
highest binding intensity (Fig. 6A, lanes 6 to 10). In line with this,
partial colocalization (R = 0.794) of Itch with HA-BFRFI at the
nuclear rim and in the perinuclear region was observed in Flag-
Itch-transfected cells (Fig. 6B). When endogenous Itch distribu-
tion was analyzed by confocal imaging, approximately 22% of
HA-BFRF1-expressing cells showed obvious Itch colocalization
(R = 0.772) (Fig. 6C). The limited colocalization signal (R =
0.484) observed in most (78%) of the population of transfected
cells implies that the association between BFRF1 and Itch may be
transient, similar to BFRF1-Alix interaction.

Considering that the key lysine residues on BFRF1 are impor-
tant for its vesicle induction, we next explored the association
abilities among BFRF1 lysine mutants and Nedd4-like ligases
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(Fig. 6D). While WT BFRFI1 predominantly associated with Itch,
F1(3KR) preferred to associate with WWP1 ligase (Fig. 6D, lanes 2
to 5and 7 to 9). This suggests that lysine residues or lysine-medi-
ated ubiquitination on BFRF1 determines its ubiquitin E3 ligase
preference. Indeed, the coimmunoprecipitation analysis indi-
cated that the abilities of F1(3KR) and F1(6KR) to interact with
Itch were weaker than that of WT HA-BFRF1 (Fig. 6E, lanes 4 to
6). The immunostaining of F1(6KR) and Itch also showed weak
colocalization (R = 0.449) (Fig. 6C, bottom). Taken together,
these results indicate that lysine residues (or related ubiquitina-
tion) on BFRF1 are crucial for Nedd4-like ubiquitin ligase associ-
ation.

The EBV-specific region of BFRF1 is crucial for Itch-Alix
complex association. We next proceeded to map the interacting
domains between Itch and BFRF1 using protein pulldown analy-
sis. Itch consists of an N-terminal C2 domain, a PRD, four WW
domains, and a C-terminal catalytic HECT domain, and there-
fore, it belongs to the HECT E3 ubiquitin ligase family (24, 35).
Using similar amounts of bacterially expressed GST fusion pro-
teins, GST-Itch, -WW, and -HECT pulled down HA-BFRF1 (Fig.
7A and B, lanes 8, 9, and 12), indicating that both Itch WW and
HECT domains mediate interaction with BFRF1.

While no ubiquitin E3 ligase association has been reported
among the herpesviral homologs of EBV BFRF1, we first explored
the possible contribution of the EBV-specific region (ESR) of
BFRF1 (Fig. 7C). The ESR was identified as an EBV-unique region
in our previous study based on sequence alignment of all human
herpesviral BFRF1 homologs (3). Using purified GST-Itch, wild-
type BFRF1 showed strong binding with full-length Itch and de-
tectable but much weaker binding to the HECT or WW fragment
alone (Fig. 7D, lanes 8 to 10), confirming that both domains con-
tribute to Itch-BFRF1 interaction. Deletion of the ESR, but not an
irrelevant mutant, F1(P75,78A), reduced Itch-BFRF1 association
significantly (Fig. 7D, compare lanes 13 to 15 to lanes 18 to 20),
identifying the ESR domain in BFRF1 as the main contributor to
Itch-BFRF1 interaction. Since BFRF1 binds Alix simultaneously,
we checked for Alix association with Itch and found that Alix
associated with the Itch WW region (Fig. 7D, lanes 3 and 5). Itch
and the WW fragment captured similar amounts of Alix, indicat-
ing that the WW domain mediates Itch-Alix interaction(s). In the
GST-Itch pulldown analysis, a reduced Itch association was ob-
served using DUb-BFRF1 protein compared to that with DUb*-
BFRF1 (Fig. 7E, lanes 2 and 3), suggesting that the removal of
ubiquitination on BFRF1 or BFRF1-interacting protein would at-
tenuate Itch binding. Taken together, these results indicate that
the ESR, as well as the ubiquitination status of BFRF1, is crucial for
ubiquitin-Itch ligase association.

Itch is required for BFRF1-mediated vesicle formation. Fi-
nally, we addressed whether Itch plays a direct role in BFRF1-
induced vesicle formation by siRNA depleting cellular Itch (Fig.
7F). In contrast to the predominantly cytoplasmic distribution of
Itch in control cells, Itch translocated to the perinuclear vesicles in
cells expressing BFRF1 (Fig. 7G, inset). Knockdown of Itch in-
duced a diffuse distribution of BFRF1 at the nuclear rim or a
cytoplasmic reticular pattern, similar to that observed in cells ex-
pressing DUb-BFRF1 (Fig. 5C and 7D) and Alix knockdown cells
(Lee et al. [3], Fig. 4F). No cytoplasmic vesicles were observed in
Itch-depleted cells, confirming that Itch (and/or Itch-mediated
ubiquitin conjugation) is required for BFRF1-mediated NE mod-
ulation and vesicle formation.
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FIG 6 Wild-type BFRF1 associates predominantly with Nedd4-like Itch ligase. (A) Lysates of HeLa cells transfected with HA-BFRF1 and Flag-tagged Nedd4-1,
Nedd4-2, WWP1, or Itch were harvested and immunoprecipitated with HA antibody. The immunocomplexes were then detected by antibodies against Flag and
HA by immunoblotting (IB). (B) Immunofluorescence images of HA-BFRF1/Flag-Itch-coexpressing HeLa cells stained for HA and Flag. The results were
obtained from three independent experiments with more than 100 cells containing HA-BFRF1, and the predominant protein expression images (>85% of the
cells) are shown. (C) Confocal images of HeLa cells expressing WT HA-BFRF1 or F1(6KR) and immunostained for HA and endogenous Itch. The white lines
indicate the cell margins. The percentages of cells with specific Itch expression in more than 100 cells with HA-BFRF1 expression are shown. (D) Lysates of HeLa
cells transfected with HA-BFRF1 WT or 3KR, and Flag-tagged Nedd4-1, Nedd4-2, WWP1, or Itch were harvested and immunoprecipitated with HA antibody.
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DISCUSSION

Herpesvirus remodeling of the NE for virus maturation is a com-
plex process that involves protein trafficking between the cyto-
plasm and nucleus and the modification of NE-associated factors.
In this study, we have provided evidence that ubiquitination and
the ubiquitin ligase Itch regulate ESCRT-mediated and EBV
BFRF1-induced modulation of the NE. We found that EBV
BFRF1 induces the reorganization of the NE and cytoplasmic-
vesicle formation in a manner similar to that observed in EBV-
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reactivated cells (Fig. 1). During these processes, Alix is recruited
at an early stage at 6 h posttransfection, and the ubiquitin is in-
volved in BFRF1-mediated NE modulation and the formation of
cytoplasmic punctate vesicles (Fig. 2). Disruption of key Lys resi-
dues at positions 120, 265, and 266 in BFRF1 or its fusion with a
DUb enzyme interfered with its ability to deform the NE (Fig. 4
and 5), revealing that lysine residues or related ubiquitin conjuga-
tion regulates BFRF1-mediated NE modulation and induction of
nucleocytoplasmic vesicles. We obtained evidence that the ubiq-
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uitin ligase Itch is preferentially recruited by the BERF1-Alix com-
plex, while multiple Nedd4-like ubiquitin ligases associated
weakly with WT BFRF1 (Fig. 6 and 7). Even though WWP1 inter-
acts with F1(3KR), it appeared not to be able to compensate for the
Itch function in BFRF1-induced vesicle formation (Fig. 6D). Ac-
cordingly, knockdown of cellular Itch abolished BFRF1-induced
vesicle formation (Fig. 7G), indicating that Itch is preferentially
selected among other cellular Nedd4-like ligases to specifically
playa critical role in BFRF1-induced changes of the NE. In our EM
analysis of EBV-replicating NA cells, the double-membrane in-
vaginations (Fig. 1) were similar to large vesicular structures con-
taining multiple NPCs observed in the electron tomography or
EM images of cells replicating murine gammaherpesvirus 68
(MHV-68), HSV-1, or pseudorabies virus (PrV) (36-38), suggest-
ing other herpesviruses may also use similar mechanisms during
viral replication. An advanced three-dimensional imaging ap-
proach may be helpful to further examine these intricate NE-de-
rived ultrastructures in EBV-replicating or BFRF1-expressing
cells.

Regarding the contribution of ESCRT components, Alix-de-
pendent cytoplasmic-vesicle formation is supported by our previ-
ous findings that siAlix caused the accumulation of BFRF1 on the
membrane of an endoplasmic reticulum (ER)-associated appara-
tus in the cytoplasm (3). Because most of the ESCRT components
are distributed in the cytoplasm, the recruitment of cytoplasmic
ESCRT components is believed to facilitate the formation of small
cytoplasmic vesicles at an early stage of BFRF1 expression (Fig. 2,
6 h posttransfection). In contrast to vesicles derived from cyto-
plasmic-membrane materials, the reassembly of BFRF1 with
ESCRT components on the INM is believed to be essential for
nucleocytoplasmic transport of nuclear cargos, as well as viral
nucleocapsids. However, further studies are warranted to eluci-
date how ESCRT proteins were transported onto the INM or
whether the same ESCRT proteins participate in BFRF1-mediated
transport on both sides of the NE. In terms of ubiquitin-mediated
regulation of BFRF1, we found that overexpression of Myc-Ub
restored cytoplasmic-vesicle formation, but not NE modulation
by BFRFI, in the presence of MG132, suggesting that MG132 may
have had pleiotropic effects or affected more than one factor in-
volved in BFRF1 modulation of the NE (Fig. 3B). A more targeted
method using DUb-BFRFI1 was used to confine the deubiquitina-
tion of EBV BFRF1 and its binding partners without affecting the
cell. DUb*-BFRF1 induced vesicles (albeit with smaller sizes),
while fusion of an active DUb enzyme completely abolished the
NE targeting and the vesicle formation of BFRF1 (Fig. 5C), em-
phasizing the critical role of ubiquitination in the function(s) of
EBV BFRF1 at the NE. Of note, DUb-BFRF1 showed a phenotype
distinct from that of ubiquitination-defective F1(6KR) (Fig. 4B
and 5C), suggesting ubiquitination might control the BFRF1-me-
diated NE modulation at multiple steps and/or factors, in line with
Myc-Ub’s ability to only partially restore BFRF1-induced func-
tion(s) in MG132-treated cells (Fig. 3B). While the DUb fusion
performs both cis- and trans-deubiquitination of BFRF1, the
F1(6KR) mutant represents only the cis-ubiquitination scenario.
Combining the two approaches will allow further molecular dis-
section of the role of ubiquitin in BFRF1 modulation of the NE.

The nuclear-membrane-associated components and struc-
tural integrity of the NE are known to play important roles in
various cellular processes, such as cytoskeleton reorganization
and cell cycle progression (39). Recent studies have found that
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activated Torsin AAA-ATPase complexes play important roles in
both nuclear and endoplasmic reticulum membrane-remodeling
processes, and Torsin complexes appear to help the formation of
nascent vesicles budding from the INM into the perinuclear space
(6, 7). It was also reported that the nuclear vesiculation pathway
might be responsible for the transport of large cellular or viral
cargoes from the nucleus into the cytoplasm (40). Most recently,
ESCRT-III and the AAA-ATPase Vps4 were found to destabilize
and clear defective NPC assembly intermediates on the NE of
Saccharomyces cerevisiae, suggesting novel roles of ESCRT ma-
chinery in modifying NE under physiological conditions (8). In
mammalian cells, ESCRT-III components are required for the
sealing of NE during late mitosis (9, 10); however, it remains un-
clear how ESCRTs are recruited onto the NE. These observations
reveal novel roles of the ESCRT machinery in modifying the NE
and also indicate that differential usage of ESCRT components is
employed in diverse cellular functions (41). EBV appears to hijack
parts of the ESCRT machinery to facilitate the transport of cyto-
plasmic components toward the nucleus and then remodels the
INM to deliver the EBV nucleocapsids back to the cytoplasm,
possibly by usurping cellular mechanisms and factors naturally
used to load cellular (or viral) cargo back toward the cytoplasm.

In summary, the current study extends our previous findings
that EBV BFRF1 alone is capable of recruiting Alix and ESCRTs to
remodel the structure of the NE by recruiting the ubiquitin ligases
and using ubiquitination to regulate BFRF1-mediated NE modu-
lation. Because ESCRT functions at the NE have just begun to
emerge, it will be interesting to use BFRF1 and EBV nuclear mod-
ulation of the NE to further elucidate the interplay of ESCRT and
ubiquitination there. Furthermore, as NE integrity has been used
as an important diagnostic parameter for malignancies, the mod-
ulation of the NE by BFRF1 may have implications for the patho-
genesis of EBV-associated diseases.
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