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ABSTRACT

Herpesviruses have evolved a unique mechanism for nucleocytoplasmic transport of nascent nucleocapsids: the nucleocapsids
bud through the inner nuclear membrane (INM; primary envelopment), and the enveloped nucleocapsids then fuse with the
outer nuclear membrane (de-envelopment). Little is known about the molecular mechanism of herpesviral de-envelopment. We
show here that the knockdown of both CD98 heavy chain (CD98hc) and its binding partner 31 integrin induced membranous
structures containing enveloped herpes simplex virus 1 (HSV-1) virions that are invaginations of the INM into the nucleoplasm
and induced aberrant accumulation of enveloped virions in the perinuclear space and in the invagination structures. These ef-
fects were similar to those of the previously reported mutation(s) in HSV-1 proteins gB, gH, UL31, and/or Us3, which were
shown here to form a complex(es) with CD98hc in HSV-1-infected cells. These results suggested that cellular proteins CD98hc
and B1 integrin synergistically or independently regulated HSV-1 de-envelopment, probably by interacting directly and/or indi-
rectly with these HSV-1 proteins.

IMPORTANCE

Certain cellular and viral macromolecular complexes, such as Drosophila large ribonucleoprotein complexes and herpesvirus
nucleocapsids, utilize a unique vesicle-mediated nucleocytoplasmic transport: the complexes acquire primary envelopes by bud-
ding through the inner nuclear membrane into the space between the inner and outer nuclear membranes (primary envelop-
ment), and the enveloped complexes then fuse with the outer nuclear membrane to release de-enveloped complexes into the cy-
toplasm (de-envelopment). However, there is a lack of information on the molecular mechanism of de-envelopment fusion. We
report here that HSV-1 recruited cellular fusion regulatory proteins CD98hc and 1 integrin to the nuclear membrane for viral

de-envelopment fusion. This is the first report of cellular proteins required for efficient de-envelopment of macromolecular

complexes during their nuclear egress.

H erpesviruses are enveloped double-stranded DNA viruses
that replicate their genomes and package the nascent progeny
viral genomes into capsids in the nucleus, but these nascent vi-
ruses acquire their final envelopes in the cytoplasm (1, 2). There-
fore, herpesvirus nucleocapsids must traverse the inner nuclear
membrane (INM) and outer nuclear membrane (ONM) for viral
morphogenesis. Since herpesvirus nucleocapsids are too large to
cross the INM and ONM through nuclear pores, the viruses
evolved a unique nuclear egress mechanism: progeny nucleocap-
sids acquire primary envelopes by budding through the INM into
the perinuclear space between the INM and ONM (primary en-
velopment) and enveloped nucleocapsids then fuse with the ONM
to release de-enveloped nucleocapsids into the cytoplasm (de-en-
velopment) (1, 2). Although this type of vesicle-mediated nucle-
ocytoplasmic transport has not been reported previously, other
than for herpesvirus nuclear egress, it has recently been reported
that Drosophila cellular ribonucleoprotein (RNP) complexes uti-
lize a similar mechanism for their nucleocytoplasmic transport in
neurons (3). This suggested that vesicle-mediated nucleocytoplas-
mic transport may be a general cellular process for export of large
macromolecular complexes from the nucleus, mediated by spe-
cific cellular proteins. However, although vesicle-mediated nucle-
ocytoplasmic transport of nucleocapsids is readily detectable in
herpesvirus-infected cells, it has not been reported for other cel-
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lular macromolecular complexes in normal cells, except for the
Drosophila RNP complexes in neurons described above (3).
Therefore, specific signaling(s) may be required to initiate and/or
carry out vesicle-mediated nucleocytoplasmic transport, and her-
pesvirus infection may efficiently take over the signaling(s), prob-
ably by viral proteins that interact with the cellular proteins that
regulate this process. In agreement with this hypothesis, herpesvi-
ruses have been reported to recruit host cell protein kinase C
(PKC) isoforms to the nuclear membrane for phosphorylation
and dissolution of the nuclear lamina (1, 2, 4, 5). This has been
suggested to facilitate herpesvirus nucleocapsid access to the INM
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in the first step of nucleocytoplasmic transport, primary envelop-
ment, using a heterodimeric complex, designated the nuclear
egress complex (NEC), of two herpesvirus proteins that are con-
served throughout the Herpesviridae family (1, 2, 6).

Herpes simplex virus 1 (HSV-1) is one of the best-character-
ized members of the Herpesviridae family and an important hu-
man pathogen causing a variety of diseases, such as mucocutane-
ous diseases, keratitis, skin diseases, and encephalitis (7). The
HSV-1 NEC, which consists of UL31 and UL34 proteins or their
homologs in other herpesviruses, has been reported to play a crit-
ical role in primary envelopment by mediating modification of the
nuclear lamina as described above (4, 5, 8, 9), recruiting nucleo-
capsids into primary envelopes (10, 11) and budding these pri-
mary enveloped virions through the INM (12-14). In contrast,
little is known about the next step of herpesviral nuclear egress,
de-envelopment. It has been reported that HSV-1 de-envelop-
ment appeared to be reduced by mutations in several viral pro-
teins. Mutations that abrogate either the expression or catalytic
activity of HSV-1 serine/threonine protein kinase Us3, the expres-
sion of both HSV-1 envelope glycoprotein B (gB) and gH, or the
phosphorylation of UL31 have been reported to induce membra-
nous structures containing primary enveloped virions that are in-
vaginations of the INM into the nucleoplasm and to induce the
aberrant accumulation of primary enveloped virions in the peri-
nuclear space and in the induced invagination structures (15-18).
These observations suggested that gB, gH, UL31, and Us3 were
required for efficient HSV-1 de-envelopment during HSV-1 nu-
clear egress. Although these observations suggested that these viral
proteins are involved in regulation of HSV-1 de-envelopment, the
precise mechanisms by which these HSV-1 and cellular proteins
act in this process remain largely unknown. In particular, there is
a lack of information on how fusion between primary viral enve-
lopes and the ONM is regulated in HSV-1 de-envelopment. To
identify a cellular protein(s) involved in HSV-1 de-envelopment,
we screened for cellular proteins that interact with gB, a possible
HSV-1 regulator for this process, in HSV-1-infected cells by tan-
dem affinity purification coupled with mass spectrometry-based
proteomics technology. Of the putative gB-interacting cellular
proteins that were identified, we focused on CD98 heavy chain
(CD98hg; also known as SLC3A2 or 4F2hc) as a novel gB-inter-
acting protein.

CD98hg, a type II membrane glycoprotein, is expressed on the
cell surface of a wide variety of cell types in cell cultures and is
ubiquitously expressed in vivo (19-22). CD98hc has two distinct
functions. CD98hc acts as an amino acid transporter on the cell
surface by associating with one of several light chains through its
extracellular domain (22) and also regulates integrin-signaling
that is involved in cell adhesion and migration by associating with
B1 and B3 integrins through its cytoplasmic and transmembrane
domains (23-26). Interestingly, it has been shown that stimula-
tion of CD98hc with specific monoclonal antibodies enhanced or
inhibited cell fusion induced by enveloped viruses, including
Newcastle disease virus (NDV), human parainfluenza virus type 2
(HPIV-2), and human immunodeficiency virus (HIV) (27-30),
and that this regulation required B1 integrin (28), suggesting that
CD98hc and B1 integrin may be regulators of membrane fusion
mediated by enveloped viruses.

In this study, we have shown that, in HSV-1-infected cells,
CD98hc formed a complex(es) with gB, gH, UL31, UL34, and
Us3, most of which were reported to be required for efficient
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HSV-1 de-envelopment (15-18) as described above. We also
showed that CD98hc formed a complex with B1 integrin in HSV-
1-infected cells, and both of these cellular proteins accumulated at
the nuclear membrane, where CD98hc colocalized with gB, gH,
UL31, UL34, and B1 integrin. Furthermore, both CD98hc and 31
integrin knockdown induced aberrant accumulation of primary
enveloped virions in the perinuclear space and in the membra-
nous invagination structures adjacent to the nuclear membrane
that were induced in CD98hc- and 1 integrin-depleted cells. The
effects of CD98hc and B1 integrin knockdown on HSV-1 de-en-
velopment appeared to be similar to those of the mutation(s) in
HSV-1 gB, gH, UL31, and/or Us3 reported previously (15-18).
Taken together with the known role of CD98hc and 1 integrin in
enveloped virus-induced membrane fusion (27-30) described
above, these results supported the hypothesis that CD98hc and 31
integrin synergistically or independently regulated HSV-1 de-en-
velopment, probably by interacting directly and/or indirectly with
viral gB, gH, UL31, UL34, and Us3.

MATERIALS AND METHODS

Cells and viruses. HEp-2, Vero, and 293T cells were described previously
(31, 32). sh-Luc-HEp-2 cells expressing shRNA against firefly luciferase
were described previously (33). The HSV-1 wild-type strain HSV-1(F),
recombinant virus YK711 (MEF-gB) encoding gB fused to an MEF tag
with myc and Flag epitopes and a TEV protease cleavage site (MEF-gB),
recombinant virus YK538 (MEF-UL34) encoding MEF-UL34, and influ-
enza virus [A/WSN/33(H1N1)] have been described previously (34, 35).

Plasmids. pPEP-gB, pPEP-gH, pPEP-gL, and pPEP-gD, expression
plasmids for gB, gH, gL, and gD of HSV-1 KOS strain, respectively, were
described previously (36). pcDNA-MEF-CD98hc, an expression plasmid
for CD98hc fused to the MEF tag, was constructed by amplifying the
CD98hc open reading frame (ORF) by PCR from cDNA synthesized from
the total RNA of HEp-2 cells, as described previously (33), and cloning it
into pcDNA-MEF (37). pSSCH-CD98hc, used to generate a stable cell line
expressing shRNA against the 3’ untranslated region (3’-UTR) of CD98hc
mRNA, was constructed as follows. Oligonucleotides 5’ -TTTGTCTCAT
TCTGGTTCTACTGGGCTTCCTGTCACCCAGTAGAACCAGAATCA
GACTTTTTTG-3" and 5 -AATTCAAAAAAGTCTGATTCTGGTTCTA
CTGGGTGACAGGAAGCCCAGTAGAACCAGAATCAGA-3" were an-
nealed and cloned into the BbsI and EcoRI sites of pmU6 (35). The
BamHI-Sall fragment of the resultant plasmid, containing the U6 pro-
moter and the sequence encoding shRNA against the 3'-UTR of CD98hc,
was cloned into the BamHI and Sall sites of pSSCH (35), a derivative of the
retrovirus vector pMX containing a hygromycin B resistance gene, to
produce pSSCH-CD98hc. Plasmid pSSCH-B1 integrin encoding shRNA
against B1 integrin mRNA was constructed by the same procedure as
pSSCH-pCD98hc, except using the oligonucleotides 5'-TTTGTAGCAA
TTTCCATAGTCACAGCTTCCTGTCACTGTGACTATGGAAATTGC
TACTTTTTTG-3" and 5 -AATTCAAAAAAGTAGCAATTTCCATAGT
CACAGTGACAGGAAGCTGTGACTATGGAAATTGCTA-3'. pMXs-
CD98hc, a retrovirus vector expressing CD98hc, was constructed by
cloning the entire CD98hc coding sequence, amplified by PCR from
pcDNA-MEF-CD98hc, into pMXs-puro (38). pMXs-f1 integrin express-
ing B1 integrin was constructed by cloning the entire B1 integrin coding
sequence, amplified by PCR from cDNA synthesized from total RNA of
HEp-2 cells generated previously (33), into pMXs-puro. pBS-CD98hc was
constructed by cloning the EcoRV-Xbal fragment of pcDNA-MEEF-
CD98hc containing the entire CD98hc coding sequence into pBluescript
IIKS(+) (Stratagene). pBS-CD98hc-Kan was generated by amplifying the
domain of pEPkan-S (39) carrying the I-Scel site and the kanamycin re-
sistance gene by PCR from pEPkan-S and cloning it into the Mlul site of
pBS-CD98hc. pBS-CD98hc-Kan was used to generate recombinant virus
YK715 (MEF-CD98hc) as described below.
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Identification of proteins that interact with gB. HEp-2 cells were
infected with YK711 (MEF-gB) at a multiplicity of infection (MOI) of 5,
harvested at 24 h postinfection, and lysed in 0.1% NP-40 buffer (50 mM
Tris-HCI [pH 8.0], 120 mM NaCl, 50 mM NaF, 0.1% NP-40) containing
a protease inhibitor cocktail (Nacalai Tesque). After centrifugation, the
supernatants were immunoprecipitated with an anti-Myc monoclonal
antibody, and the immunoprecipitates were incubated with AcTEV pro-
tease (Invitrogen). After another centrifugation, the supernatants were
immunoprecipitated with an anti-Flag monoclonal antibody, and the im-
munoprecipitates were washed three times with wash buffer (50 mM Tris-
HCI [pH 8.0], 120 mM NaCl, 50 mM NaF). Flag elution buffer (50 mM
Tris-HCI [pH 8.0], 150 mM NaCl, 0.5 mg of Flag peptide/ml) was added,
and the immunoprecipitates were rotated for 2 h at 4°C. The eluted pro-
tein solution was treated with trypsin and analyzed by nano-liquid chro-
matography tandem mass spectrometry (MS/MS) as described previously
(40). For this analysis, we used Q-STAR Elite (AB Sciex) coupled with
Dina (KYA Technologies). Proteins were identified by analyzing the MS
and the MS/MS signals against the 68,711 protein sequences in the RefSeq
human protein database (National Center for Biotechnology Informa-
tion) and the 74 virus protein sequences based on the complete genome
sequence of human herpesvirus 1 strain F (GenBank accession number
GU734771) using the Mascot algorithm (v2.4.1; Matrix Science) with the
following parameters: variable modifications, oxidation (Met), protein
N-terminal acetylation, pyroglutamination (Gln); maximum missed
cleavages, 2; peptide mass tolerance, 100 ppm; and MS/MS tolerance, 0.5
Da. Protein identification was based on the criterion of having at least one
MS/MS data signal with a Mascot score greater than the threshold (P <
0.05).

Generation of recombinant retroviruses and establishment of cell
lines stably expressing shRNA against CD98hc and 31 integrin. Recom-
binant retroviruses were generated as described previously (35). sh-
CD98hc-HEp-2 and sh-B1 integrin-HEp-2 cells were isolated from
HEp-2 cells infected with retrovirus-containing supernatants of Plat-GP
cells that had been transfected with pSSCH-CD98hc or pSSCH-1 integ-
rin, respectively, and selected with 50 g of hygromycin B/ml.

Establishment of sh-CD98hc-HEp-2 and sh-f31 integrin-HEp-2 cells
exogenously expressing CD98hc or (1 integrin, respectively. sh-
CD98hc-HEp-2 and sh-p1 integrin-HEp-2 cells were transduced by in-
fection with retrovirus-containing supernatants of Plat-GP cells that had
been transfected with pMXs-CD98hc or pMXs-B1 integrin, respectively,
and selected with 2 g of puromycin/ml, which led to the isolation of
sh-CD98hc/CD98hc-HEp-2 and sh-f1 integrin/B1 integrin-HEp2 cells.

Assay for cell viability. The viability of sh-Luc-HEp-2, shCD98hc-
HEp-2, shCD98hc/CD98hc-HEp-2, sh-B1 integrin-HEp-2, and sh-B1 in-
tegrin/PB1 integrin-HEp-2 cells was assayed using a Cell Counting Kit-8
(Dojindo) according to the manufacturer’s instructions.

Mutagenesis of HSV-1 genomes and generation of recombinant
HSV-1. To generate YK715 (MEF-CD98hc) carrying an expression cas-
sette consisting of the Egr-1 promoter, the entire human CD98hc coding
sequence, and bidirectional polyadenylation signals of the HSV-1 UL21
and UL22 genes, a two-step Red-mutagenesis procedure was carried out.
For this procedure, we used the primers 5'-GTGAGCTCGGATCCGCCA
CCATGGACTACAAGGACGACGATGACAAAGATATGGAGCTACA
GCCTCCTGA-3" and 5'-TCGATAAGCTTGATATCGAATTCCTGCAG
CCCGGGGGATCCACTAGTTTATCAGGCCGCGTAGGGGAAGC-3',
pBS-CD98hc, and Escherichia coli GS1783 carrying mutant HSV-1 bacte-
rial artificial chromosome, which included the Egr-1 promoter, an MEF
tag, and bidirectional polyadenylation signals of the HSV-1 UL21 and
UL22 genes in the intergenic region between UL50 and UL51 (33), as
described previously (41).

Antibodies. Commercial mouse monoclonal antibodies to Flag (M2;
Sigma), Myc (PL14; MBL), gB (H1817; Virusys), gD (DL6; Santa Cruz
Biotechnology), gH (52-S; American Type Culture Collection), gC
(H1A022; Virusys), gE (9H3; Abcam), pan-cadherin (CH-19; Sigma),
lamin A/C (636; Santa Cruz Biotechnology), a5 integrin (1/CD49¢; BD
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Biosciences), aV integrin (21/CD51; BD Biosciences), and a-tubulin
(DM1A; Sigma), commercial rabbit polyclonal antibodies to CD98hc (H-
300; Santa Cruz Biotechnology) and VP23 (CAC-CT-HSV-UL18; Cos-
moBio), and commercial goat polyclonal antibody to B1 integrin (N20;
Santa Cruz Biotechnology) were used. The rabbit polyclonal antibodies to
Us3, UL34, and UL31 and mouse polyclonal antibody to UL31 were as
described previously (34, 42). Rabbit polyclonal antibody to UL31 was
used for immunoblotting, and mouse polyclonal antibody to UL31 was
used for immunofluorescence.

Immunoblotting. Immunoblotting analyses were performed as de-
scribed previously (43).

Immunoprecipitation. Infected and transfected cells were lysed in
NP-40 buffer (50 mM Tris-HCI [pH 8.0], 150 mM NaCl, 0.5% Nonidet
P-40) containing a protease inhibitor cocktail (Nacalai Tesque). The su-
pernatants obtained after centrifugation of the cell lysates were precleared
by incubation with protein A-Sepharose beads at 4°C for 30 min and then
reacted with the indicated antibodies at 4°C for 2 h. Protein A-Sepharose
beads were added to the supernatants, and the reaction continued for
another 1 h. Immunoprecipitates were collected by a brief centrifugation,
washed extensively with NP-40 buffer, and analyzed by immunoblotting
with the indicated antibodies.

Immunofluorescence. Cells mock infected or infected with the indi-
cated viruses on 35-mm-diameter glass-bottom dishes (Matsunami) were
fixed at the indicated times after infection with 4% formaldehyde in phos-
phate-buffered saline (PBS), permeabilized with 0.1% Triton X-100 in
PBS, blocked with 10% human serum (Sigma) in PBS, reacted with the
indicated antibodies, reacted with goat anti-mouse IgG-Alexa Fluor 546,
goat anti-mouse IgG-Alexa Fluor 488, goat anti-rabbit IgG-Alexa Fluor
488, and/or donkey anti-goat IgG-Alexa Fluor 546 (Invitrogen) and ex-
amined with a Zeiss LSM5 laser scanning confocal microscope. All images
shown are of a single focal plane.

Electron microscopic analysis. sh-Luc-HEp-2, shCD98hc-HEp-2,
shCD98hc/CD98hc-HEp-2, sh-B1 integrin-HEp-2, and sh-B1 integ-
rin/P1 integrin-HEp-2 cells infected with wild-type HSV-1(F) at an MOI
of 10 for 24 h were examined by ultrathin-section electron microscopy as
described previously (42).

RESULTS

Identification of cell proteins that interacted with gB. To iden-
tify host cell proteins that interact with gB, we used tandem affin-
ity purification coupled with MS-based proteomics to analyze ly-
sates of HEp-2 cells infected with recombinant virus HSV-1
YK711 (MEF-gB) encoding MEF-gB (35). These experiments
identified one viral and 17 cellular proteins that coimmunopre-
cipitated with MEF-gB (see Table S1 and S2 in the supplemental
material). Of these proteins, we focused on CD98hc here because
of its putative role as a regulator of enveloped virus membrane
fusion.

Interaction of CD98hc with gB, gH, UL31, UL34, Us3,and 31
integrin. To confirm and extend the interaction data obtained
with MS-based proteomics screening, HEp-2 cells infected with
wild-type HSV-1(F) at an MOI of 5 were lysed at 24 h postinfec-
tion and immunoprecipitated with anti-gB, anti-gC, or anti-Myc
antibody, and the immunoprecipitates were analyzed by immu-
noblotting with anti-CD98hc antibody. As shown in Fig. 1, anti-
gB antibody, but not anti-Myc or anti-gC antibody, coprecipi-
tated endogenous CD98hc and gB from lysates of wild-type
HSV-1(F)-infected cells.

Recombinant virus YK715 (MEF-CD98hc) expressing MEF-
tagged CD98hc was then generated and shown to have a growth
curve in Vero cells infected at an MOI of 5 almost identical to that
of wild-type HSV-1(F) (Fig. 2A and B). HEp-2 cells were then
infected with YK715 (MEF-CD98hc) or wild-type HSV-1(F) at an

jviasm.org 7801


http://www.ncbi.nlm.nih.gov/nuccore?term=GU734771
http://jvi.asm.org

Hirohata et al.

=
Q
(kDa) 5

116—
97.4—

66— }

IB: a-CD98hc
97.

1B: a-CD98hc
«g

IB: a-gB

FIG1 Coimmunoprecipitation of CD98hc with HSV-1 gB in HSV-1-infected
cells. (A and B) HEp-2 cells infected with wild-type HSV-1(F) at an MOI of 5
(3 X 107 PFU/ml) for 24 h were harvested, immunoprecipitated (IP) with
anti-Myc (a-Myc), anti-gB (a-gB), or anti-gC (a-gC) antibody, and analyzed
by immunoblotting (IB) with anti-CD98hc (a-CD98hc) (A and B), anti-gB
(A), or anti-gC (B) antibody. Molecular mass markers (in kilodaltons) are
shown on the left. WCE, whole-cell extract.
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MOI of 5, lysed at 24 h postinfection, and immunoprecipitated
with anti-Myc antibody, and the immunoprecipitates were ana-
lyzed by immunoblotting with antibodies to various HSV-1 and
cellular proteins (Fig. 2C). As shown in Fig. 2C, anti-Myc antibody
coprecipitated gB, gH, UL31, UL34, Us3, and B1 integrin with
MEF-CD98hc from the lysates of cells infected with YK715 (MEF-
CD98hc) but did not coprecipitate gC, gE, and VP23. In contrast,
anti-Myc antibody did not coprecipitate any of these viral and
cellular proteins from lysates of wild-type HSV-1(F)-infected cells
(Fig. 2C). These results indicated that CD98hc specifically formed
a complex(es) with gB, gH, UL31, UL34, Us3, and B1 integrin in
HSV-1-infected cells. The complex formation of CD98hc and 31
integrin demonstrated here was in agreement with previous re-
ports that CD98hc directly binds to 1 integrin and regulates in-
tegrin signaling (23-26).

293T cells were then cotransfected with pcDNA-MEF-CD98hc
expressing MEF-CD98hc and either (i) pPEP-gB expressing gB,
(ii) pPEP-gH and pPEP-gL expressing HSV-1 envelope glycopro-
teins gH and gL, respectively, or (iii) pPEP-gD expressing HSV-1
envelope glycoprotein gD. The cells were lysed at 48 h posttrans-
fection and immunoprecipitated with anti-Flag antibody, and the
immunoprecipitates were analyzed by immunoblotting with an-
tibodies to Flag, gB, gH, and gD. As shown in Fig. 3, anti-Flag
antibody coprecipitated gB with MEF-CD98hc from lysates of
cells cotransfected with MEF-CD98hc and gB, and gH with MEF-
CD98hc from lysates of cells cotransfected with MEF-CD98hc,
and both gH and gL but did not coprecipitate gD from lysates of
cells cotransfected with MEF-CD98hc and gD. These results con-
firmed the complex formation of CD98hc with gB and gH and also
indicated that gB and gH can interact with CD98hc in the absence
of other HSV-1 proteins and independently of each other.

HSV-1 infection caused the accumulation of CD98hc at the
nuclear membrane. To investigate the subcellular localization of
CD98hc, gB, gH, UL31, and UL34 in HSV-1-infected cells, HEp-2
cells were mock infected or infected with wild-type HSV-1(F) or
YK538 (MEF-UL34) encoding MEF-tagged UL34 (MEF-UL34)
for 24 h, and the localization of CD98hc, gB, gH, UL31, and MEF-
UL34 in the infected cells was analyzed by immunofluorescence
microscopy. As reported previously (19), CD98hc was detected
predominantly at the plasma membrane in mock-infected cells
(Fig. 4A). Interestingly, in HSV-1-infected cells, although some
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FIG 2 Coimmunoprecipitation of CD98hc with HSV-1 gB, gH, UL31, UL34,
and Us3, and B1 integrin in HSV-1-infected cells. (A) Schematic of the genome
of wild-type HSV-1(F) (line 1) and of the MEF-CD98hc domain of recombi-
nant virus YK715 (MEF-CD98hc) (line 2). (B) Characterization of YK715
(MEF-CD98hc). Vero cells were infected with wild-type HSV-1(F) or YK715
(MEEF-CD98hc) at an MOI of 5 (5 X 10° PFU/ml), and the total virus from cell
culture supernatants and infected cells was harvested and assayed on Vero
cells. (C) HEp-2 cells infected with wild-type HSV-1(F) or YK715 (MEF-
CD98hc) at an MOI of 5 (3 X 107 PFU/ml) for 24 h were harvested, immuno-
precipitated with anti-Myc antibody, and analyzed by immunoblotting with
the indicated antibodies.

CD98hc was still at the plasma membrane, CD98hc was predom-
inantly at the nuclear rim, colocalized with lamins A and C (Fig.
4A), which are INM markers. This accumulation of CD98hc was
also observed at 16 h postinfection (data not shown). In contrast,
HSV-1 infection had no effect on localization of cadherin, a trans-
membrane cell adhesion protein, at the plasma membrane (Fig. 4B).
In HSV-1-infected cells, CD98hc colocalized with gB, gH, UL31,
and MEF-UL34 at the nuclear membrane (Fig. 4C to F). These
results indicated that HSV-1 infection specifically induced the ac-
cumulation of CD98hc at the nuclear membrane.

Effect of CD98hc knockdown on localization of UL31 and
UL34 in HSV-1-infected cells. The data above, showing both
CD98hc coimmunoprecipitation with gB, gH, UL34, UL31, and
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with pcDNA-MEF-CD98hc and either pPEP-gB, pPEPgH, and pPEP-gL, or
pPEP-gD. At 2 days posttransfection, the cells were harvested, immunopre-
cipitated with anti-Flag antibody, and analyzed by immunoblotting with the
indicated antibodies. Molecular mass markers (in kilodaltons) are shown on
the left. A longer exposure is also shown for gH.

Us3, and CD98hc accumulation at the nuclear membrane in HSV-
1-infection cells, led us to investigate the effect of CD98hc on
HSV-1 nuclear egress, since this event takes place at the nuclear
membrane (1,2) and has been reported to be regulated by most of
the CD98hc interacting HSV-1 proteins identified above, includ-
ing gB, gH, UL31, and Us3 (15-18). Therefore, we generated
HEp-2 cell lines stably expressing shRNA against the 3'-UTR of
CD98hc mRNA (sh-CD98hc-HEp-2) to knock down CD98hc ex-
pression, and a control cell line (sh-Luc-HEp-2) expressing
shRNA against firefly luciferase mRNA. In addition, to examine
whether the phenotype(s) observed in sh-CD98hc-HEp-2 cells
was due to a nonspecific effect(s) of the shRNA, we generated
sh-CD98hc/CD98hc-HEp2 cells in which CD98hc was expressed
exogenously by transduction of sh-CD98hc-HEp-2 cells with a
retrovirus vector expressing CD98hc. As shown in Fig. 5A, the
expression of endogenous CD98hc in sh-CD98hc-HEp-2 cells was
significantly less than in sh-Luc-HEp-2 cells, but the expression of
endogenous CD98hc in sh-CD98hc/CD98hc-HEp-2 cells was
comparable to that in sh-Luc-HEp-2 cells. The viability of sh-Luc-
HEp-2, sh-CD98hc-HEp-2, and sh-CD98hc/CD98hc-HEp-2 cells
was similar, suggesting that the reduced expression of CD98hc in
sh-CD98hc-HEp-2 cells had no effect on HEp-2 cell viability
(Fig. 5B).

We then examined the effect(s) of CD98hc on UL31 and UL34,
which are critical HSV-1 nuclear egress factors, in HSV-1-infected
cells by comparing the localization of these viral proteins in sh-
Luc-HEp-2, sh-CD98hc-HEp-2, and sh-CD98hc¢/CD98hc-HEp-2
cells infected with wild-type HSV-1(F). In agreement with previ-
ous reports (6), UL31 and UL34 localized at the nuclear mem-
brane with a uniform distribution in most sh-Luc-HEp-2 and sh-
CD98hc/CD98hc-HEp-2 cells (95 and 92%, respectively) infected
with wild-type HSV-1(F) (Fig. 6). However, in a significant frac-
tion (26%) of HSV-1(F)-infected sh-CD98hc-HEp-2 cells, UL31
and UL34 localized both at the nuclear membrane and in aberrant
punctate structures adjacent to the nuclear membrane (Fig. 6).
These results indicated that CD98hc was required for the proper
localization of UL31 and UL34 at the nuclear membrane in a frac-
tion of HSV-1-infected cells.
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FIG 4 Effect of HSV-1 infection on localization of CD98hc. HEp-2 cells were
mock infected (A and B) or infected with wild-type HSV-1(F) (A to E) or
YK538 (MEF-UL34) (F) at an MOI of 5 (5 X 10° PFU/ml), fixed at 24 h
postinfection, permeabilized, stained with the indicated antibodies, and exam-
ined by confocal microscopy. Bars, 10 pm.

CD98hc was required for efficient HSV-1 de-envelopment.
We next investigated viral morphogenesis in sh-Luc-HEp-2, sh-
CD98hc-HEp-2, and sh-CD98hc/CD98hc-HEp-2 cells infected
with wild-type HSV-1(F) by electron microscopy. As shown in
Fig. 7, and Table 1, many (37.4%) of the enveloped HSV-1 virions
in infected sh-CD98hc-HEp-2 cells were in membranous invagi-
nation structures in the nucleoplasm adjacent to the nuclear
membrane, but no enveloped virions were in these invaginations
in infected sh-Luc-HEp-2, and few (5.5%) were in these invagina-
tions in infected sh-CD98hc/CD98hc-HEp-2 cells. In infected sh-
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FIG 5 Characterization of sh-Luc-HEp-2, sh-CD98hc-HEp-2, and sh-
CD98hc/CD98hc-HEp-2 cells. (A) The expression of CD98hc in sh-Luc-
HEp-2, sh-CD98hc-HEp-2, and sh-CD98hc/CD98hc-HEp-2 cells was ana-
lyzed by immunoblotting with anti-CD98hc (top) and anti-a-tubulin
(bottom) antibodies. Molecular mass markers (in kilodaltons) are shown on
the left. (B) The cell viability of sh-Luc-HEp-2, sh-CD98hc-HEp-2, and sh-
CD98hc/CD98hc-HEp-2 cells was assayed 24 h after 2 X 10* cells were seeded
on 96-well plates. Each value is the mean = the standard error of the results of
three independent triplicate experiments and is expressed relative to the mean
for sh-Luc-HEp-2 cells, which was normalized to 100%. Statistical analysis was
performed by one-way analysis of variance (ANOVA) and Tukey’s test. n.s.,
not statistically significant.

Luc-HEp-2 and sh-CD98hc/CD98hc-HEp-2 cells, 9.5 and 14.3%,
respectively, of enveloped HSV-1 virions were in the invagina-
tions or the perinuclear space (Fig. 7B and Table 1). However, in
sh-CD98hc-HEp-2 cells, 51.2% of enveloped HSV-1 virions were
in the invaginations and perinuclear space, which was 5.4- and
3.6-fold more than in sh-Luc-HEp-2 and sh-CD98hc/CD98hc-
HEp-2 cells, respectively (Fig. 7B and Table 1). In sh-Luc-HEp-2
and sh-CD98hc/CD98hc-HEp-2 cells, 62.5 and 55.6%, respec-
tively, of enveloped HSV-1 virions were on the cell surface, but
only 17.2% of enveloped virions were on the cell surface in sh-
CD98hc-HEp-2 cells (Table 1). Therefore, although most envel-
oped HSV-1 virions were in the invaginations and perinuclear
space in sh-CD98hc-HEp-2 cells, most were on the surfaces of
sh-Luc-HEp-2 and sh-CD98hc/CD98hc-HEp-2 cells. The frac-
tion of virus particles that were nuclear capsids in sh-CD98hc-
HEp-2 cells (44.7%) was similar to that in sh-Luc-HEp-2 (45.6%)
and sh-CD98hc/CD98hc-HEp-2 (48.5%) cells (Table 1). These
results indicated that CD98hc knockdown induced membranous
invaginations containing primary enveloped virions adjacent to
the nuclear membrane and induced aberrant accumulation of pri-
mary envelope virions in these invagination structures and in the
perinuclear space.

Effect of B1 integrin depletion on localization of UL31 and
UL34 in HSV-1-infected cells and on HSV-1 de-envelopment.
Since, as we showed above, CD98hc formed a complex with 31
integrin in HSV-1-infected cells (Fig. 2C) and since anti-CD98hc
antibody-dependent enhancement of HIV-mediated cell fusion
has been reported to require B1 integrin (28), we also examined
whether B1 integrin, like CD98hc, accumulated at the nuclear
membrane in HSV-1-infected cells. As shown in Fig. 8, 31 integrin
was diffusely localized in the cytoplasm and at the plasma mem-
brane of mock-infected cells as reported previously (44), but was
mainly localized at the nuclear rim and colocalized with CD98hc
and gB in HSV-I-infected cells. These results indicated that
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FIG 6 Effect of CD98hc on localization of UL31 and UL34 in HSV-1-infected
cells. (A) sh-Luc-HEp-2, sh-CD98hc-HEp-2, and sh-CD98hc/CD98hc-HEp-2
cells were infected with wild-type HSV-1(F) atan MOI of 5 (5 X 10° PFU/ml),
fixed at 24 h postinfection, permeabilized, stained with anti-UL34 and anti-
UL31 antibodies, and examined by confocal microscopy. Bars, 10 pm. (B)
sh-Luc-HEp-2, sh-CD98hc-HEp-2, and sh-CD98hc/CD98hc-HEp-2 cells
were infected with wild-type HSV-1(F) atan MOI of 5 (5 X 10° PFU/ml), fixed
at 24 h postinfection, permeabilized, stained with anti-UL34 and anti-UL31
antibodies, and examined by confocal microscopy as described for panel A.
The percentage of cells with aberrant punctate structures at the nuclear rim
was determined. Each value is the mean * the standard error of the results of
three independent experiments. Statistical analysis was performed by one-way
ANOVA with Turkey’s test. We note that the standard errors are too small to
be displayed.

HSV-1 infection induced the accumulation of B1 integrin at the
nuclear membrane. We noted that HSV-1 infection did not down-
regulate the accumulation of CD98hc and 1 integrin proteins in
infected cells (data not shown).

We then investigated the effect of B1 integrin on HSV-1 nu-
clear egress in HSV-1-infected cells. For this study, we generated
HEp-2 cell lines stably expressing shRNA against the 3'-UTR of B1
integrin mRNA (sh-B1 integrin-HEp-2) to knock down 1 integ-
rin expression and sh-B1 integrin/B1 integrin-HEp-2 cells in
which B1 integrin was expressed exogenously by transduction of
sh-B1 integrin-HEp-2 cells with a retrovirus vector expressing 31
integrin. As shown in Fig. 9A, the expression of endogenous 31
integrin in sh-B1 integrin-HEp-2 cells was significantly less than
in sh-Luc-HEp-2 cells, but the expression of endogenous 31
integrin in sh-B1 integrin/B1 integrin-HEp-2 cells was compa-
rable to that in sh-Luc-HEp-2 cells. The viability of sh-B1 in-
tegrin-HEp-2 cells tended to be slightly lower than that of sh-
Luc-HEp-2 and sh-B1 integrin/B1 integrin-HEp-2 cells (Fig.
9B), as reported elsewhere (45). As shown in Fig. 10and 11, and
Table 2, the HSV-1 nuclear egress phenotype in B1 integrin
knockdown cells was almost identical to that in CD98hc knock-
down cells, including induction of (i) aberrant localization of
UL31 and UL34 at the nuclear membrane in a fraction of HSV-
1-infected cells, (ii) membranous invagination structures con-
taining primary enveloped virions adjacent to the nuclear
membrane, and (iii) aberrant accumulation of primary envel-
oped virions in the perinuclear space and in the induced invag-
ination structures.

Effect of CD98hc and (31 integrin on HSV-1 replication. To
investigate the effects of CD98hc and 1 integrin in HSV-1 repli-
cation, sh-Luc-HEp-2, sh-CD98hc-HEp-2, sh-CD98hc¢/CD98hc-
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FIG 7 Effect of CD98hc on HSV-1 nuclear egress. (A) sh-Luc-HEp-2, sh-CD98hc-HEp-2, and sh-CD98hc/CD98hc-HEp-2 cells were infected with wild-type
HSV-1(F) at an MOI of 10 (10’ PFU/ml), fixed at 24 h postinfection, embedded, sectioned, stained, and examined by transmission electron microscopy.
Arrowheads indicate invagination structures containing primary enveloped virions. Nu, nucleus; Cyt, cytoplasm; Nm, nuclear membrane. Bars, 500 nm. (B)
sh-Luc-HEp-2, sh-CD98hc-HEp-2, and sh-CD98hc/CD98hc-HEp-2 cells were infected with wild-type HSV-1(F) at an MOI of 10 (10 PFU/ml), fixed at 24 h
postinfection, embedded, sectioned, stained, and examined by transmission electron microscopy as described for panel A. The percentage of enveloped
perinuclear virions was determined.

HEp-2, sh-B1 integrin-HEp-2, and sh-fB1 integrin/PB1 integrin-  Fig. 12A, in cells infected at an MOI of 0.05, wild-type HSV-1(F)
HEp-2 cells were infected with wild-type HSV-1(F) at an MOI of  replicated in sh-CD98hc-HEp-2 cells less efficiently than in sh-
0.05 or 5. The titers of total intracellular and extracellular progeny =~ Luc-HEp-2 and sh-CD98hc¢/CD98hc-HEp-2 cells. The total prog-
virus production and of extracellular progeny virus production eny virus titer in sh-CD98hc-HEp-2 cells at 72 h postinfection was
were then assayed at various times postinfection. As shown in  significantly less than in sh-Luc-HEp-2 and sh-CD98hc/CD98hc-

TABLE 1 Effect of CD98hc knockdown on distribution of enveloped HSV-1(F) virus particles in infected HEp-2 cells

% of virus particles in morphogenetic stage”

No. of EV in the intranuclear EV in the perinuclear EV in the Extracellular Total no.
Knockdown cell invaginations vesicles space cytoplasm EV (particles/cells)
sh-Luc-HEp-2 0 0(0) 9.5 (70) 28.0 (206) 62.5 (460) 736/9
sh-CD98hc-HEp-2 15 37.4 (274) 13.8 (101) 31.6 (231) 17.2 (126) 732/10
sh-CD98hc/CD98hc-HEp-2 5 5.5(39) 8.8 (62) 30.1 (213) 55.6 (393) 707/10

“ Numbers in parentheses are the numbers of virus particles. EV, enveloped virions.
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FIG 8 Effect of HSV-1 infection on localization of B1 integrin. (A and B)
HEp-2 cells were mock infected or infected with wild-type HSV-1(F) at an
MOI of 5 (5 X 10° PFU/ml), fixed at 24 h postinfection, permeabilized, stained
with the indicated antibodies, and examined by confocal microscopy. Bars, 10
pm.

HEp-2 cells (8.3- and 5.6-fold, respectively) (Fig. 12B). In agree-
ment with these results, the extracellular progeny virus titer of
wild-type HSV-1(F) in sh-CD98hc-HEp-2 cells infected at an
MOTI of 0.05 was reduced compared to that in sh-Luc-HEp-2 or
sh-CD98hc/CD98hc-HEp-2 cells, and the titer of extracellular
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FIG 9 Characterization of sh-Luc-HEp-2, sh-B1 integrin-HEp-2, and sh-1
integrin/B1 integrin-HEp-2 cells. (A) Expression of 1 integrin in sh-Luc-
HEp-2, sh-B1 integrin-HEp-2, and sh-B1 integrin/B1 integrin-HEp-2 cells
was analyzed by immunoblotting with anti-B1 integrin (top) and anti-a-tu-
bulin (bottom) antibodies. Molecular mass markers (in kilodaltons) are
shown on the left. (B) Cell viability of sh-Luc-HEp-2, sh-B1 integrin-HEp-2,
and sh-B1 integrin/B1 integrin-HEp-2 cells assayed 24 h after 2 X 10* cells
were seeded on 96-well plates. Each value is the mean * the standard error of
the results of three independent triplicate experiments and is expressed relative
to the mean for sh-Luc-HEp-2 cells, which was normalized to 100%. Statistical
analysis was performed by one-way ANOVA and Tukey’s test. n.s., not statis-
tically significant.
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FIG 10 Effect of 81 integrin on localization of UL31 and UL34 in HSV-1-
infected cells. (A) sh-Luc-HEp-2, sh-B1 integrin-HEp-2, and sh-B1 integ-
rin/B1 integrin-HEp-2 cells were infected with wild-type HSV-1(F) at an MOI
of 5 (5 X 10° PFU/ml), fixed at 24 h postinfection, permeabilized, stained with
anti-UL34 and anti-UL31 antibodies, and examined by confocal microscopy.
Bars, 10 wm. (B) sh-Luc-HEp-2, sh-B1 integrin-HEp-2, and sh-1 integrin/B1
integrin-HEp-2 cells were infected with wild-type HSV-1(F) at an MOI of 5
(5 X 10° PFU/ml), fixed at 24 h postinfection, permeabilized, stained with
anti-UL34 and anti-UL31 antibodies, and examined by confocal microscopy
as described for panel A. The percentage of cells with aberrant punctate struc-
tures at the nuclear rim was determined. Each value is the mean = the standard
error of the results of three independent experiments. Statistical analysis was
performed by one-way ANOVA and Tukey’s test.

progeny virus in sh-CD98hc-HEp-2 cells at 72 h postinfection was
significantly less than in sh-Luc-HEp-2 and sh-CD98hc¢/CD98hc-
HEp-2 cells (16- and 8.1-fold, respectively) (Fig. 12Cand D). Sim-
ilarly, CD98hc knockdown significantly reduced both total intra-
cellular and extracellular progeny virus production and extracellular
progeny virus production in HEp-2 cells infected at an MOI of 5
(Fig. 12E to H). Furthermore, CD98hc knockdown had little effect on
influenza virus replication in HEp-2 cells (Fig. 13A). These results
indicated that proper expression of CD98hc was specifically required
for efficient HSV-1 replication.

In agreement with the effect of CD98hc knockdown on
HSV-1 extracellular progeny virus production and replication
of influenza virus as described above, wild-type HSV-1(F) ex-
tracellular progeny virus production in sh-B1 integrin-HEp-2
cells infected at an MOI of 0.05 was significantly lower (4.7-
and 3.6-fold, respectively) than in sh-Luc-HEp-2 and sh-p1
integrin/B1 integrin-HEp-2 cells (Fig. 14A and B). B1 integrin
knockdown had little effect on influenza virus replication in
HEp-2 cells (Fig. 13B). In contrast, the growth curve of total
intracellular and extracellular progeny virus production in
sh-B1 integrin-HEp-2 cells infected with wild-type HSV-1(F)
at an MOI of 5 or 0.05 and the growth curve of extracellular
progeny virus production of wild-type HSV-1(F) in sh-B1 in-
tegrin-HEp-2 cells infected at an MOI of 5 were similar to those
in sh-Luc-HEp-2 cells (data not shown). These results indi-
cated that B1 integrin was required for efficient extracellular
viral production in cells infected at an MOI of 0.05.

Effect of HSV-1 infection on aV and a5. To investigate
whether CD98hc and B1 integrin formed a complex with aV
and a5 integrins, which were reported to interact with 81 in-
tegrin and/or gH/gL (46, 47), in HSV-1-infected cells, HEp-2
cells were infected with YK715 (MEF-CD98hc) or wild-type
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FIG 11 Effect of B1 integrin on HSV-1 nuclear egress. (A) sh-Luc-HEp-2, sh-B1 integrin-HEp-2, and sh-B1 integrin/B1 integrin-HEp-2 cells were infected with
wild-type HSV-1(F) at an MOI of 10 (10" PFU/ml), fixed at 24 h postinfection, embedded, sectioned, stained, and examined by transmission electron micros-
copy. Arrowheads indicate invagination structures containing primary enveloped virions. Nu, nucleus; Cyt, cytoplasm; NM, nuclear membrane. Bars, 500 nm.
(B) sh-Luc-HEp-2, sh-B1 integrin-HEp-2, and sh-B1 integrin/B1 integrin-HEp-2 cells were infected with wild-type HSV-1(F) at an MOI of 10 (107 PFU/ml),
fixed at 24 h postinfection, embedded, sectioned, stained, and examined by transmission electron microscopy as described for panel A. The percentage of
enveloped perinuclear virions was determined.

HSV-1(F) at an MOI of 5, lysed at 24 h postinfection, and  Fig. 2C but did not coprecipitate oV and a5 integrins. In con-
immunoprecipitated with anti-Myc antibody, and the immu- trast, anti-Myc antibody did not coprecipitate any of these in-
noprecipitates were analyzed by immunoblotting with anti- tegrins from lysate of wild-type HSV-1(F)-infected cells (Fig.
bodies to aV, a5, and B1 integrins. As shown in Fig. 15A, 15A). We also examined the subcellular localization of &V and
anti-Myc antibody coprecipitated B1 integrin as described in a5 integrins in wild-type HSV-1(F)-infected HEp-2 cells by

TABLE 2 Effect of 1 integrin knockdown on distribution of enveloped HSV-1(F) virus particles in infected HEp-2 cells

% of virus particles in morphogenetic stage®

No. of EV in the intranuclear EV in the EV in the Total no.
Knockdown cell invaginations  vesicles perinuclear space cytoplasm Extracellular EV (particles/cells)
sh-Luc-HEp-2 6 10.4 (76) 1.4 (10) 16.9 (122) 71.3 (516) 724/9
sh-B1 integrin-HEp-2 20 35.8 (282) 15.5 (122) 12.6 (99) 36.2 (285) 788/9
sh-B1 integrin/B1 integrin-HEp-2 4 3.3 (26) 9.0 (71) 11.3 (89) 80.3 (633) 819/9

“ Numbers in parentheses are the numbers of virus particles. EV, enveloped virions.
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FIG 12 Effect of CD98hc and on HSV-1 replication. (A to H) sh-Luc-HEp-2, sh-CD98hc-HEp-2, and sh-CD98hc/CD98hc-HEp-2 cells were infected with
wild-type HSV-1(F) at an MOI 0f 0.05 (5 X 10* PFU/ml). At the indicated times postinfection, total virus from cell culture supernatants and infected cells (A, B,
E, and F) and extracellular progeny virus from cell culture supernatants (C, D, G, and H) was harvested and assayed. Virus titers in panels A and C at 72 h
postinfection and in panels E and G at 36 h postinfection are shown in panels B, D, F, and H, respectively. Each value is the mean = the standard error of the results
of three independent experiments. Statistical analysis was performed by one-way ANOVA and Tukey’s test.

immunofluorescence microscopy. As shown in Fig. 15B and C,
aV and a5 integrins were diffusely localized in the cytoplasm
and at the plasma membrane of mock-infected cells as reported
previously (48). In agreement with Fig. 4, CD98hc was detected
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1077 osh-CD98hc 1077 osh-p1 integrin
E 106 E 106
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10°+ = 105 L

2 12 24
Time post-infection (h) Time post-infection (h)
FIG 13 Effect of CD98hc and B1 integrin on influenza virus replication. (A)
sh-Luc-HEp-2 and sh-CD98hc-HEp-2 cells were infected with influenza virus
at an MOI of 0.01 (5 X 10* PFU/ml). At the indicated times postinfection,
extracellular virus from cell culture supernatants was harvested and assayed.
(B) sh-Luc-HEp-2 and sh-P1 integrin-HEp-2 cells were infected with influ-
enza virus atan MOI of 0.01. At the indicated times postinfection, extracellular
virus from cell culture supernatants was harvested and assayed.
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FIG 14 Effect of CD98hc and B1 integrin on HSV-1 replication. (A) sh-Luc-
HEp-2, sh-B1 integrin-HEp-2, and sh-B1 integrin/B1 integrin-HEp-2 cells
were infected with wild-type HSV-1(F) atan MOI of 0.05 (5 X 10* PFU/ml). At
the indicated times postinfection, extracellular virus from cell culture super-
natants were harvested and assayed. Each value is the mean * the standard
error of the results of three independent experiments. (B) Virus titers in panel
A at 72 h postinfection. Each value is the mean = the standard error of the
results of three independent experiments. Statistical analysis was performed by
one-way ANOVA and Tukey’s test.
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FIG 15 Effect of HSV-1 infection on oV and a5 integrins. (A) HEp-2 cells
infected with wild-type HSV-1(F) or YK715 (MEF-CD98hc) at an MOI of
5 (3 X 107 PFU/ml) for 24 h were harvested, immunoprecipitated with
anti-Myc antibody, and analyzed by immunoblotting with the indicated
antibodies. (B and C) HEp-2 cells were mock infected or infected with
wild-type HSV-1(F) atan MOI of 5 (5 X 10° PEU/ml), fixed at 24 h postin-
fection, permeabilized, stained with the indicated antibodies, and exam-
ined by confocal microscopy. Bars, 10 pm.

Mock

HSV-1(F)

Mock

HSV-1(F)

predominantly at the plasma membrane in mock-infected cells
and at the nuclear rim in HSV-1(F)-infected cells (Fig. 15B and
C). In contrast, unlike CD98hc and B1 integrin, HSV-1(F) in-
fection had little effect on the localization of @V and a5 integ-
rins, and the accumulation of these integrins at the nuclear
membrane was not observed in HSV-1(F)-infected cells
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(Fig. 15B and C). These results suggested that a complex of
CD98hc and B1 integrin did not further form a complex with
aV and a5 integrins in HSV-1-infected cells and that oV and
a5 integrins, which can interact with 31 integrin and/or gH/gL,
did not accumulate at the nuclear membrane in HSV-1-in-
fected cells, unlike CD98hc and B1 integrin.

DISCUSSION

A CD98hc regulatory function in membrane fusion was suggested
by the observations that some monoclonal anti-CD98hc antibod-
ies were shown to enhance NDV- and HIV-mediated cell-cell fu-
sion and to inhibit HPIV-2-mediated cell-cell fusion. This anti-
body-regulated cell-cell fusion required fusogenic envelope
glycoproteins and/or their cofactors, including the F and HN pro-
teins of NDV and HPIV-2, and HIV gp120 (27-30). In addition,
CD98hc appeared to regulate membrane fusion in the absence of
any viral envelope glycoproteins, based on the observations that
anti-CD98hc monoclonal antibodies induced the fusion of hu-
man peripheral blood monocytes (49) and the depletion of
CD98hc inhibited the fusion of cytotrophoblast-derived BeWo
cells mediated by forskolin (50). The HIV-mediated and mono-
cyte cell fusion induced by anti-CD98hc antibody was shown to be
inhibited by antibody to @1 integrin, a binding partner of
CD98hc, suggesting that the CD98hc function in membrane fu-
sion involved B1 integrin. This CD98hc/B1 integrin function sug-
gested that CD98hc/B1 integrin may also regulate de-envelop-
ment fusion between HSV-1 envelopes and the ONM during
HSV-1 nuclear egress. In agreement with this hypothesis, we have
shown here that CD98hc formed a complex with B1 integrin in
HSV-1-infected cells and HSV-1 infection induced the accumula-
tion of CD98hc and B1 integrin at the nuclear membrane, as
found for HSV-1 recruitment of cellular PKC to the nuclear rim as
a regulator for primary envelopment during herpesvirus nuclear
egress (5). In addition, we showed that both CD98hc and B1 in-
tegrin knockdown reduced extracellular progeny virus produc-
tion in cells infected at an MOI 0f 0.05, led to aberrant localization
of HSV-1 NEC, UL31, and UL34 at the nuclear membrane, in-
duced membranous invagination structures containing primary
enveloped virions adjacent to the nuclear membrane, and pro-
duced aberrant accumulation of primary enveloped virions in the
perinuclear space and in the induced invagination structures. Al-
though we cannot eliminate the possibility that CD98hc and B1
integrin played a role(s) of in extracellular progeny HSV-1 pro-
duction other than in HSV-1 de-envelopment, the regulatory role
of CD98hc and B1 integrin in HSV-1 de-envelopment detected
here may contribute to efficient progeny virus production. We
need to note that there is an additional possibility that CD98hc
and B1 integrin independently function in HSV-1 de-envelop-
ment. As described above, CD98hc has been reported to interact
with several light chains of CD98 and B3 integrin (22, 26), whereas
B1 integrin was shown to interact with several a integrins, includ-
ingal, a3, a5, a6,a8,al0,and aV integrins (47). CD98hcand 31
integrin might independently regulate HSV-1 de-envelopment by
interacting with their binding partners. We showed that a5 and
aV integrins did not accumulate at the nuclear membrane, unlike
CD98hc and B1 integrin, and were not coimmunoprecipitated
with CD98hc and B1 integrin in HSV-1-infected cells. These re-
sults might support the possibility that CD98hc/B1 integrin regu-
lates HSV-1 de-envelopment. However, we cannot completely
eliminate the additional possibility. B1 integrin and CD98hc
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might independently function in HSV-1 de-envelopment by in-
teracting with the other « integrins and with the known CD98hc
binding partners, respectively. Further studies to clarify whether
CD98hc and B1 integrin regulate HSV-1 de-envelopment syner-
gistically or independently will be needed and interesting. These
studies are under investigation in these laboratories.

We have shown here that CD98hc formed a complex(es) with
gB, gH, UL31, UL34, and Us3: most of these HSV-1 proteins (gB,
gH, UL31, and Us3) have been reported to be important for
HSV-1 de-envelopment in HSV-1-infected cells (15-18). The
phenotypes of HSV-1 viruses carrying a mutation(s) in gB, gH,
UL31, and/or Us3 in de-envelopment fusion reported previously
(15-18) appeared to be similar to that of the HSV-1 de-envelop-
ment fusion in infected CD98hc and 1 integrin knockdown cells
shown in the present study. Thus, HSV-1 with a mutation in Us3
abrogating either Us3 expression or catalytic activity, HSV-1 with
a mutation in UL31 abrogating Us3 phosphorylation of UL31,
HSV-1 with mutations in gB and gH abrogating both gB and gH
expression, and HSV-1 with mutations in gB and gH abrogating
Us3 phosphorylation of gB and expression of gH were shown to (i)
mislocalize UL31 and UL34 at the nuclear membrane, (ii) induce
membranous invagination structures containing primary envel-
oped virions adjacent to the nuclear membrane, and/or (iii) accu-
mulate aberrant primary enveloped virions in the perinuclear
space and in the induced invagination structures (17, 18, 51). In
particular, in previous reports, ca. 75 to 85% of enveloped prog-
eny virions accumulated in the perinuclear space and in the in-
duced invaginations in HaCaT and Vero cells infected with an
HSV-1 mutant lacking both gB and gH or with an HSV-1 Us3
mutant, respectively, in contrast to the 38 to 74% of enveloped
progeny virions that were on the cell surface in wild-type HSV-1-
infected cells (16, 17). Similar to those results, we found that 51%
of enveloped progeny virions accumulated in the perinuclear
space and induced invaginations in wild-type HSV-1-infected,
CD98hc-depleted or B1 integrin-depleted HEp-2 cells, in contrast
to 63 to 71% of enveloped progeny virions that were on the cell
surface of infected control HEp-2 cells. Therefore, we propose a
model in which CD98hc interacts with 81 integrin and this com-
plex promotes the fusion process in HSV-1 de-envelopment by
forming a complex(es) with the HSV-1 regulatory proteins, in-
cluding gB, gH, UL31, UL34, and Us3.

Itis noteworthy that an HSV-1 mutant lacking both gB and gH
has been reported to exhibit a significant defect in viral de-envel-
opment (17), as also described above, but HSV-1 mutants lacking
either gB or gH showed only a small reduction in de-envelopment
(17). This suggested that gB and gH acted in a redundant fashion
to mediate HSV-1 de-envelopment fusion. We have shown here
that CD98hc coimmunoprecipitated with gB or gH in cells tran-
siently overexpressing CD98hc and either gB or gH, respectively.
This result indicated that gB and gH interacted with CD98hc in-
dependently of each other and was in agreement with the previous
report (17) on HSV-1 mutants lacking gB and/or gH. The fusion
components for viral de-envelopment, which are probably in-
duced at the nuclear membrane in HSV-1-infected cells, should
include a host cell fusogenic protein(s) and perhaps cellular cofac-
tor(s) such as CD98hc and B1 integrin, whose crystal structures
have no structural homology with any known fusion proteins (52,
53). This is suggested because (i) HSV-1 gB, the only viral fuso-
genic protein that has structural homology to a vesicular stomati-
tis virus fusion protein, glycoprotein G, plays only a minor role in
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viral de-envelopment fusion (17), as described above, and (ii) nu-
clear egress of the Drosophila cellular RNP complex may only re-
quire cellular fusion components at the nuclear membrane (3).
CD98hcand B1 integrin may provide experimental tools for iden-
tifying the cellular fusogenic protein(s).

In conclusion, we identified CD98hc and B1 integrin, which
are accumulated at the nuclear membrane by HSV-1 infection, as
novel cellular regulators for HSV-1 de-envelopment fusion dur-
ing viral nuclear egress. To our knowledge, this is the first report of
cellular proteins required for efficient herpesvirus de-envelop-
ment. Further studies, including identification of cellular fuso-
genic protein(s) mediating HSV-1 de-envelopment fusion during
viral nuclear egress and elucidation of the mechanism for accu-
mulation of CD98hc and 1 integrin at the nuclear membrane in
HSV-1-infected cells, are needed to understand this unique vesi-
cle-mediated nucleocytoplasmic transport process. Both CD98hc
and B1 integrin have been reported to be involved in various
membrane fusion events, including enveloped virus-mediated cell
fusion, the entry of various enveloped viruses involving fusion
between the cell membrane and the virus envelope, monocyte cell
fusion, and trophoblast cell fusion (27, 28, 30, 49, 50, 54). There-
fore, this and further studies may also provide insight into the
mechanism(s) of membrane fusion events, as well as herpesvirus
de-envelopment fusion and perhaps the cellular pathways for nu-
cleocytoplasmic transport of macromolecular complexes.
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