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ABSTRACT

Kaposi’s sarcoma-associated herpesvirus (KSHV) evades host defenses through tight suppression of autophagy by targeting each
step of its signal transduction: by viral Bcl-2 (vBcl-2) in vesicle nucleation, by viral FLIP (vFLIP) in vesicle elongation, and by K7
in vesicle maturation. By exploring the roles of KSHV autophagy-modulating genes, we found, surprisingly, that vBcl-2 is essen-
tial for KSHYV lytic replication, whereas vFLIP and K7 are dispensable. Knocking out vBcl-2 from the KSHV genome resulted in
decreased lytic gene expression at the mRNA and protein levels, a lower viral DNA copy number, and, consequently, a dramatic
reduction in the amount of progeny infectious viruses, as also described in the accompanying article (A. Gelgor, I. Kalt, S. Berg-
son, K. F. Brulois, J. U. Jung, and R. Sarid, J Virol 89:5298-5307, 2015). More importantly, the antiapoptotic and antiautophagic
functions of vBcl-2 were not required for KSHYV lytic replication. Using a comprehensive mutagenesis analysis, we identified that
glutamic acid 14 (E, ) of vBcl-2 is critical for KSHV lytic replication. Mutating E, , to alanine totally blocked KSHYV lytic replica-
tion but showed little or no effect on the antiapoptotic and antiautophagic functions of vBcl-2. Our study indicates that vBcl-2
harbors at least three important and genetically separable functions to modulate both cellular signaling and the virus life cycle.

IMPORTANCE

The present study shows for the first time that vBcl-2 is essential for KSHYV lytic replication. Removal of the vBcl-2 gene results in
alower level of KSHYV lytic gene expression, impaired viral DNA replication, and consequently, a dramatic reduction in the level
of progeny production. More importantly, the role of vBcl-2 in KSHYV lytic replication is genetically separated from its antiapop-
totic and antiautophagic functions, suggesting that the KSHV Bcl-2 carries a novel function in viral lytic replication.

characterized apoptosis (in which the cell kills itself), autophagy
(in which the cell eats itself) is an emerging PCD pathway thatis a
highly regulated homeostatic process where worn-out proteins,
malfunctioning organelles, and invading pathogens are swept up
and degraded by tiny vacuum cleaners, called autophagosomes.
Thus, autophagy is an important innate safeguard mechanism for
protecting the organism against unwanted guests like pathogens
to keep it healthy. Specifically, autophagy combats and defends

Kaposi’s sarcoma-associated herpesvirus (KSHV; also referred
to as human herpesvirus 8 [HHV-8]) belongs to the gamma-
herpesvirus family, which includes Epstein-Barr virus (EBV), her-
pesvirus saimiri (HSV), and murine gammaherpesvirus 68
(MHV-68) (1). KSHV infection is associated with Kaposi’s sar-
coma (KS), the most common cancer in HIV-infected patients
(1). KSHYV is also linked to the development of several other lym-
phoproliferative malignancies, including primary effusion lym-

phoma (PEL) and a subset of multicentric Castleman’s disease (2).
Similar to other herpesviruses, the life cycle of KSHV consists of
latent and lytic replication phases (3). Following acute infection,
KSHYV establishes latency in the immunocompetent hosts, where
KSHV maintains its genome as an episome and expresses only a
limited number of viral proteins or viral mRNAs. Thus, KSHV
latency is an effective strategy for evading host immune detection
(3). In KS lesions, most of the tumor cells are latently infected by
KSHYV, indicating that viral latency and latent products are likely
essential for the development of KS tumors (3, 4). In contrast,
latent KSHV can be reactivated into lytic replication by specific
stimulations. During lytic replication, KSHV expresses a full panel
of viral genes in a cascade fashion, beginning with immediate early
genes, followed by early genes and then late genes (5). Successful
completion of this lytic replication leads to the release of progeny
viruses and, ultimately, cell death. Despite the destruction of cells,
lytic replication is also believed to play a critical role in KSHV
tumorigenesis (3, 5).

Programmed cell death (PCD) is a major component of host
innate immunity against pathogen infection. Besides the well-

5308 jvi.asm.org

Journal of Virology

infected cells by enhancing the degradation of intracellular patho-
gens (6, 7). On the other hand, to avoid the host’s autophagy-
mediated immune responses, herpesviruses have evolved elabo-
rate mechanisms to block different aspects of the autophagy
pathway for their persistent infection (8—10). To overcome cellu-
lar autophagy, KSHV has evolved several viral gene products to
modulate different steps of autophagy signaling (8, 9, 11, 12). For
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instance, viral Bcl-2 (vBcl-2) interacts with the Beclin-1 complex
to downregulate autophagy at the vesicle nucleation step (11),
viral FLIP (VFLIP) suppresses autophagy at the vesicle elongation
step by preventing the Atg3 E2 enzyme from binding and process-
ing light chain 3 (LC3) (12), and K7 interacts with autophagy
inhibitor Rubicon to impair the autophagosome maturation step
(9). These pieces of evidence further underscore the importance of
autophagy as the host’s critical immune control.

The KSHV genome encodes the vBcl-2 (open reading frame 16
[ORF16]) protein, which shares sequence, structural, and func-
tional homology with cellular Bcl-2 family members (13). The
Bcl-2 family proteins, which are widely known to be positive or
negative regulators of apoptosis, are characterized as containing
up to four conserved stretches of amino acids, known as Bcl-2
homology (BH) domains (2, 14, 15). For example, members of the
proapoptotic Bcl-2 family, including Bim, Bad, PUMA, and Noxa,
sense prodeath signals to activate the downstream proapoptotic
members Bax and Bak (16, 17), consequently causing mitochon-
drial dysfunction and the release of cytochrome ¢ (18, 19). The
antiapoptotic members, such as Bcl-2 and Bcl-X;, prevent apop-
tosis by interacting with the BH3 domain of the proapoptotic
members (20, 21). In addition to being regulators of apoptosis, the
Bcl-2 family proteins have emerged as critical regulators of au-
tophagy. Cellular Bcl-2 interacts with and negatively regulates the
autophagy-promoting activity of Beclin-1 (22, 23), while BH3-
only protein Bad plays an autophagy-inducing function by dis-
rupting the interaction of Bcl-2 with Beclin-1 (24). Compared to
cellular Bcl-2, the herpesvirus-encoded Bcl-2 homologs Bcl-2 of
KSHV and M11 of MHV-68 show a much tighter affinity of bind-
ing to Bak and Beclin-1, resulting in much stronger inhibitory
activity on apoptosis and autophagy, respectively (11). Mutations
on the central hydrophobic cleft of herpesvirus genome-encoded
Bcl-2 (5 WGRg, of KSHV Bcl-2 or 4SGRg, of MHV-68 M11)
disrupt the structure of the BH3-peptide binding groove and
block the interaction with Bak or Beclin-1, resulting in the release
of the inhibition of apoptosis or autophagy (11). Furthermore, a
mutant MHV-68 strain lacking the antiautophagic activity of
vBcl-2 demonstrates an impaired ability to maintain chronic in-
fections in mice, whereas a mutant virus lacking the antiapoptotic
activity of vBcl-2 establishes chronic infections as efficiently as the
wild-type virus but displays a compromised ability for ex vivo
reactivation (11). Thus, while the MHV-68 M11 protein is not
required for lytic replication in vitro, its antagonism of autophagy
confers persistent infections (11, 25-28).

For successful infection and propagation, viruses use and mod-
ulate cellular signaling machineries, including the autophagy
pathway (8-10). While KSHYV is well equipped to overcome cel-
lular autophagy, all of these conclusions were obtained from indi-
vidual gene studies with overexpression cell lines in the absence of
true KSHV infection. In this study, we utilized a clone of the new
bacterial artificial chromosome (BAC) 16 (BAC16) KSHV genetic
modification system to knock out vBcl-2, vFLIP, and K7 individ-
ually to study their roles in KSHV lytic replication (29). To our
surprise, unlike vFLIP and K7, vBcl-2 is essential for KSHV lytic
replication. We show that knockout of vBcl-2 dramatically re-
duces KSHV lytic gene expression, viral DNA replication, and
progeny virus production (see also the accompanying article
[30]). Most importantly, we found that this novel function of
vBcl-2 for lytic replication does not depend on its antiapoptotic
and antiautophagic functions. These results further suggest that

May 2015 Volume 89 Number 10

Journal of Virology

KSHV Bcl-2 Is Essential for Virus Lytic Replication

KSHYV Bcl-2 carries a novel function in viral lytic replication that is
not shared with the MHV-68 M11 protein.

MATERIALS AND METHODS

Cell culture and viruses. HEK-293T and SLK cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, and 1% penicillin-streptomycin
(Gibco-BRL). iSLK cells were cultured in the presence of 1 pug/ml puro-
mycin and 250 pg/ml G418. BAC16 and its derivatives were introduced
into iSLK cells via transfection with the Fugene HD reagent (Roche), and
transfected iSLK cells were selected with 200 pg/ml hygromycin (Invitro-
gen). Wild-type (WT) KSHV and its mutant derivatives were all produced
from iSLK-BAC16 or iSLK-BAC16 mutant cell lines upon doxycycline
(1 pg/ml) induction for 3 to 4 days. SLK stable cell lines were estab-
lished using lentivirus vector infection with selection with 200 pg/ml
hygromycin.

Plasmid construction. The vBcl-2-coding sequence was amplified
from KSHV BAC16 genomic DNA and cloned into the pPCDH-CMV-
MSC-efl-hygromycin vector (System Biosciences) carrying an N-ter-
minal hemagglutinin (HA) tag (pCDH-HA-vBcl-2). Deletions and
mutations in the vBcl-2 gene were generated using a QuikChange site-
directed mutagenesis kit (Stratagene). MHV-68 M11 was subcloned
into the pPCDH-CMV-MSC-ef1-hygromycin vector carrying an N-ter-
minal V5 tag.

Immunoblotting. Cell lysates were collected in 1% NP-40 buffer and
quantified by the Bradford protein assay (Thermo Scientific). Proteins
were separated by SDS-PAGE and transferred to a polyvinylidene difluo-
ride membrane (Bio-Rad) by semidry transfer at 25 V for 30 min. All
membranes were blocked in 5% milk in phosphate-buffered saline—
Tween 20 and probed overnight with the antibodies indicated below in
5% bovine serum albumin at 4°C. Primary antibodies included mouse
Flag (Sigma), mouse V5 (Invitrogen), mouse HA (Covance), rat KSHV
latency-associated nuclear antigen (LANA; Advanced Biotechnologies),
rabbit KSHV ORF8/gB (GeneTex), rabbit KSHV interferon regulatory
factor 3 (IRF3; Novus Biologicals), mouse LC3 (Cosmo Bio), and actin
(Santa Cruz). Antibodies for mouse KSHV ORF65, rabbit KSHV K8.1,
rabbit KSHV K3, rabbit KSHV K8, and rabbit KSHV ORF50/RTA were
described previously (9, 31, 32). Appropriate horseradish peroxidase-
conjugated secondary antibodies were incubated on membranes in 5%
milk, and bands were developed with the enhanced chemiluminescence
reagent (Thermo Scientific) and imaged on a Fuji LAS-4000 imager.

TEM. Cells were fixed at 48 h postinduction (by doxycycline and bu-
tyrate treatment), and the samples were prepared as previously described
(33). The prepared samples were subjected to transmission electron mi-
croscopy (TEM) at the USC/Norris Cell & Tissue Imaging Core within the
Vision Research Center.

RNA extraction and qRT-PCR. Total RNA was isolated from cells
with an RNeasy minikit (Qiagen) and treated with RNase-free DNase per
the manufacturer’s protocol. cDNA was reverse transcribed from 2 pg of
total RNA using an iScript cDNA synthesis kit (Bio-Rad), and quantitative
reverse transcription-PCR (qQRT-PCR) was performed with the iQ SYBR
green Supermix (Bio-Rad). The primer sequences used for qRT-PCR are
listed in Table 1.

Viral mutagenesis. Mutagenesis of the KSHV genome in BAC16 was
performed as described previously (9, 29). Briefly, PCR amplification was
used to generate a linear DNA fragment containing a kanamycin resis-
tance expression cassette, an I-Scel restriction enzyme site, and flanking
sequences derived from KSHV genomic DNA, each of which includes a
roughly 40-bp copy of a duplication. The fragment was then electropo-
rated into GS1783 cells harboring BAC16 and transiently expressing garm,
bet, and exo. The proteins encoded by these three genes are required for
homologous recombination of a linear DNA fragment with a target se-
quence and can be expressed in a temperature-inducible manner from the
bacteriophage lambda Red operon engineered within the endogenous
GS1783 chromosome. Integration of the Kan'/I-Scel cassette was verified
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TABLE 1 Primer sequences for gRT-PCR

Primer

name Sequence (5'-3")

ORF11-Fwd GGCACCCATACAGCTTCTACGA
ORF11-Rv CGTTTACTACTGCACACTGCA
LANA-Fwd GAGTCTGGTGACGACTTGGAG
LANA-Rv AGGAAGGCCAGACTCTTCAAC
ORF36-Fwd ATTGCCAACGACCTGATGCA
ORF36-Rv ACTCCAGTCCAGCTGCAGCA
ORF25-Fwd ACAGTTTATGGCACGCATAGTG
ORF25-Rv GGTTCTCTGAATCTCGTCGTGT
ORF64-Fwd CTTCCTCGAGGGCATCATATAC
ORF64-Rv TATACGGTGATGGACTTGATGG
RTA-Fwd TTGCCAAGTTTGTACAACTGCT
RTA-Rv ACCTTGCAAAGACCATTCAGAT
ORF48-Fwd CCACATCTTCATAGAGCACAT
ORF48-Rv ATTGCATCACCAGGGTATCCA
ORF57-Fwd AGGGATATCACCGCTCTCATAAGA
ORF57-Rv CTGCGGTTTCTCGACGGCAACTCA
18S-Fwd TTCGAACGTCTGCCCTATCAA
18S-Rv GATGTGGTAGCCGTTTCTCAGG
HS1-Fwd TTCCTATTTGCCAAGGCAGT
HS1-Rv CTCTTCAGCCATCCCAAGAC

by PCR and restriction enzyme digestion of the purified BAC16 DNA. The
GS1783 strain is also equipped with an arabinose-inducible gene encoding
the I-Scel enzyme. Upon treatment with 1% L-arabinose, the integrated
Kan'/I-Scel cassette is cleaved, resulting in a transiently linearized BAC16.
A second bacteriophage lambda Red-mediated recombination between
the duplicated sequences results in recircularization of the BAC DNA and
the scarless loss of the Kan'/I-Scel cassette. Kanamycin-sensitive clones
were screened via replica plating. The genomic sequences of target regions
were amplified by PCR and subsequently sequenced. The primers used to
generate BAC16-vBcl-2-HA, the BAC16-vBcl-2 knockout (KO), BAC16-
vFLIP-Flag, and the BAC16-vFLIP KO are listed in Table 2.

Autophagy analyses. SLK stable cells expressing the WT or mutant
forms of vBcl-2 were treated with 2 wM rapamycin (Sigma) in DMEM
containing 1% fetal bovine serum for 2 to 4 h. LC3 mobility shift was
detected by immunoblotting. Quantitation of punctate green fluorescent
protein (GFP)-LC3 was performed by confocal microscopy as previously
described (34, 35).

Apoptosis analyses. SLK cells stably expressing the WT or mutant
forms of vBcl-2 were seeded at 10° cells per well of 6-well plates and grown
for 24 h. The cells were then treated with fresh medium containing 5

TABLE 2 Primer sequences for KSHV BAC16 mutagenesis

ng/ml tumor necrosis factor alpha (TNF-a) plus 5 pg/ml cycloheximide
(CHX) for 12 h. For the analysis of apoptotic cells, the samples were
prepared using a Deadend fluorometric terminal deoxynucleotidyltrans-
ferase-mediated dUTP-biotin nick end labeling (TUNEL) system kit
(Promega) per the manufacturer’s protocol. For the caspase-3 activation
assay, cleaved caspase-3 was measured from cell lysates using a cleaved
caspase-3 (Aspl75) sandwich enzyme-linked immunosorbent assay
(ELISA) kit (Cell Signaling).

Statistical analysis. All data were analyzed using a 2-tailed Student’s ¢
test with data from a minimum of 3 experiments. P values of less than 0.05
were considered significant.

RESULTS

Generation of knockout or tagged mutations of autophagy-
modulating genes in the KSHV genome. To study the roles of the
antiautophagy-related genes of KSHV in the context of virus, we
introduced the stop codon or C-terminal tagging for vBcl-2 or
vELIP into BAC16, a highly infectious BAC clone derived from
KSHV.219 (29, 36), using two-step bacteriophage lambda Red-
mediated seamless recombination (37, 38). Putative mutant BAC
clones were analyzed for the integrity of terminal repeats by diges-
tion with the restriction enzyme Nhel (Fig. 1A). Sequencing of the
genomic region further confirmed that all mutants had the desired
sequences (Fig. 1B). The BAC16-K7-KO and BACI16-K7-Flag
constructs were described previously (9).

vBcl-2 is essential for KSHV production. In an effort to inves-
tigate the role of autophagy-modulating genes in KSHV lytic rep-
lication, vBcl-2-KO, vBcl-2-HA, vFLIP-KO, vFLIP-Flag, K7-KO,
K7-Flag, and wild-type BAC16 DNAs were transfected into iSLK
cells, which express KSHV RTA under the control of a doxycy-
cline-inducible promoter (39). After hygromycin selection of
BAC16 DNA-transfected cells, comparable levels of GFP expres-
sion and viral DNA were found in iSLK cells harboring the differ-
ent KSHV BACs (data not shown). Upon doxycycline and bu-
tyrate treatment, RTA is expressed to initiate the lytic replication
program, which results in the expression of lytic genes and, ulti-
mately, the release of infectious viral particles (39). The culture
supernatants containing progeny viruses were collected from each
individual iSLK-BACI16 cell line at 3 days postinduction, and these
supernatants were directly used to infect SLK cells. GFP expres-
sion was examined at 1 day postinfection, and the results indicated
that knocking out vVFLIP or K7, as well as tagging vBcl-2, vFLIP, or
K7 in the C terminus, did not affect the production of KSHV

Primer name Sequence (5'-3")

vBcl-2 KO-Fwd

GCCCTGGTGACCGTCCACAATGGACGAGGACGTTTTGCCTTAAGGGAGAGGTGTTGGCCA

AGGATGACGACGATAAGTAGGG

vBcl-2 KO-Rv

GGCCATGAATATCCCTTCAATGGCCAACACCTCTCCCTTAAGGCAAAACGTCCTCGTCCA

AACCAATTAACCAATTCTGATTAG

vBcl-2-HA-Fwd

ATTGGCCACTATATTGGCAGCGGTCGCGATGAGCAGGAGATACCCTTACGATGTCCCTGAT

TACGCAGGGAGCTACCCATTATGCCAAGTACGCCCCCTATTGAC

vBcl-2-HA-Rv
vFLIP KO-Fwd

GCAACCCTCTACTCTTCCGGGGACCTCGAATTACGCGTTAGGAGCCGGCGTAGTCGGGCACGTC
CATCCGTGCCCAGTTTCCGCGCCACCTCACAGAGAACCTCACTAGTAAGTGGCCATGGTG

CCGGAGGATGACGACGATAAGTAGGG

vFLIP KO-Rv

GGTGCCTTCACATATACAAGCCGGCACCATGGCCACTTACTAGTGAGGTT

CTCTGTGAGGTGGCAACCAATTAACCAATTCTGATTAG

VFLIP-Flag-Fwd

ACATTCTACGGACCAAAAATTAGCAACAGCTTGTTATCTACTTGTCATCGTCATCCTTGTAATCG

ATGTCATGATCTTTATAGGGATAACAGGGTAATCGATTTATTC

vFLIP-Flag-Rv

TTCCGGCCCATCACACTCCCAACACTATCGCCATACACCAGACTACAAAGACCATGACGG
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FIG 1 Generation of individual knockout or tagged mutants of vFLIP or vBcl-2 in the BAC16 genetic system. BAC16-vFLIP-Flag, BAC16-vFLIP-KO, BAC16-
vBcl-2-HA, and BAC16-vBcl-2-KO constructs were generated by two-step bacteriophage lambda Red-mediated recombination. (A) BAC16 DNAs isolated from

overnight cultures were digested by Nhel and subjected to gel electrophoresis. (B) The sequence of each BAC16 mutant clone was confirmed by DNA sequencing.
veyclin, viral cyclin.

progeny upon induction of RTA expression; however, knocking BACI16 cells at 2 days postinduction, but almost no premature
out vBcl-2 blocked the production of KSHV progeny (Fig. 2A).  viral particles existed in vBcl-2-knockout cells (Fig. 2B). To fur-
On the basis of transmission electron microscopy (TEM), numer-  ther confirm the role of vBcl-2 in KSHYV lytic replication, we uti-
ous premature viral particles accumulated in wild-type iSLK- lized a lentiviral vector to express vBcl-2 and its MHV-68 ho-
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FIG 2 vBcl-2 is essential for KSHV production in iSLK cells. (A) iSLK-BAC16 (wild type), iSLK-BAC16-vFLIP-Flag, iSLK-BAC16-vFLIP-KO, iSLK-BACI16-
vBcl-2-HA, iSLK-BAC16-vBcl-2-KO, iSLK-BAC16-K7-Flag, and iSLK-BAC16-K7-KO cells were induced by doxycycline (1 pg/ml) and sodium butyrate (0.3
mM) for 3 days, and the supernatants were harvested and used for infection of SLK cells. At 24 h postinfection, cells were collected and the infectious units were
quantified by fluorescence-activated cell sorter analysis. (B) iSLK-BAC16 (wild type) and iSLK-BAC16-vBcl-2-KO cells were induced by doxycycline and sodium
butyrate for 2 days, and cells were harvested and processed for transmission electron microscopy analysis. The number of viral particles in each cell was quantified.
(C) iSLK-BAC16-vBcl-2-KO cells were complemented with empty vector, V5-tagged Bcl-2 of KSHV, or V5-tagged M11 of MHV-68. At 36 h postcomplemen-
tation, these cells were induced by doxycycline and sodium butyrate for 3 days, and the supernatants were harvested and used for infection of SLK cells. At 24 h
postinfection, cells were collected and the infectious units were quantified by fluorescence-activated cell sorter analysis. The expression of complemented vBcl-2
or M11 was analyzed by immunoblotting (IB) with anti-V5 antibody. **, P < 0.002.
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FIG 3 vBcl-2 is essential for KSHV lytic gene expression in iSLK cells. (A) iSLK-BAC16-vBcl-2-HA cells were induced by doxycycline (Dox) and sodium
butyrate, and whole-cell lysates (WCLs) were collected at 0, 12, 24, and 48 h postinduction and subjected to immunoblotting with the indicated antibodies. (B
to D) iSLK-BAC16 (wild type) and iSLK-BAC16-vBcl-2-KO cells were induced by doxycycline and sodium butyrate, and cells were collected at 0, 12, 24, 48, and
72 h postinduction. The whole-cell lysates were subjected to immunoblotting with the indicated antibodies (B); total RNA or DNA was extracted and subjected
to qRT-PCR with the indicated primers to examine viral gene expression (C) or viral genome copy number (D), respectively.

molog, M11, in iSLK-BAC16-vBcl-2-KO cells and induced lytic
replication. Expression of vBcl-2, but not that of MHV-68 M11, in
iSLK-BAC16-vBcl-2-KO cells restored virus production upon in-
duction of RTA expression (Fig. 2C). Collectively, these results
showed that vBcl-2 plays a critical role in KSHV progeny produc-
tion.

Effect of vBcl-2 knockout on viral gene expression. vBcl-2 is a
lytic gene, and its expression starts 24 h after stimulation of lytic
replication (Fig. 3A). To pinpoint exactly how vBcl-2 affects
KSHYV production, we examined the lytic cycle in the iSLK-BAC16
and iSLK-BAC16-vBcl-2-KO cell lines. We analyzed by Western
blotting the expression levels of proteins encoded by some viral
Iytic genes at 0, 12, 24, 48, and 72 h postinduction and found that
the immediate early gene RTA, early genes K3, K8, and vIRF3, and
late genes ORF65, gB, and K8.1 accumulated in cells during the
lytic cycle in wild-type iSLK-BAC16 cells; however, vBcl-2 knock-
out weakened the expression of RTA, K3, K8, and vIRF3 and al-
most eliminated the expression of the late genes ORF65, gB, and
K8.1 (Fig. 3B). To assess the impact of vBcl-2 knockout on KSHV
gene expression at the mRNA level, we analyzed the transcription
of several KSHV ORFs at 0, 12, 24, 48, and 72 h postinduction by
quantitative reverse transcription-PCR (qRT-PCR). Consistent
with the levels of viral proteins, the results of QRT-PCR indicated
that the mRNA levels of latent genes, immediate early genes, early
genes, and late genes were reduced in iSLK-BAC16-vBcl-2-KO
cells (Fig. 3C). These data demonstrate that knockout of vBcl-2
has a broad impact on viral gene expression upon lytic reactiva-
tion.
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The intracellular viral genome copy number was also exam-
ined by qRT-PCR at 0, 12, 24, 48, and 72 h postinduction. KSHV
DNA started to replicate at about 48 h postinduction, and its copy
number dramatically increased at 72 h postinduction. However,
the loss of vBcl-2 resulted in a 2- to 3-fold decrease in the viral
DNA copy number at 48 and 72 h postinduction (Fig. 3D). Since
viral DNA replication is required for the effective transcription
and translation of KSHYV late genes, the defect in late gene expres-
sion was much more significant than the defect in immediate early
and early gene expression in vBcl-2-knockout cell lines during the
lytic cycle (Fig. 3B). These results demonstrate that the loss of
vBcl-2 dramatically impairs lytic gene expression and viral DNA
replication, which resulted in reduced progeny virus production
during the lytic cycle.

The essential role of vBcl-2 for lytic replication does not de-
pend on its antiapoptotic or antiautophagic activities. Since
Bcl-2 of KSHV and its homologs in other herpesviruses demon-
strated antiapoptotic and antiautophagic activities by interaction
with Bak and Beclin-1, respectively (11), we investigated whether
these two critical functions of vBcl-2 are involved in KSHYV lytic
replication by using the antiapoptosis- and antiautophagy-defec-
tive vBcl-2 AAA mutant (in which the amino acids in the 3, WGRg,
sequence were changed to alanine). We introduced the vBcl-2
AAA mutant, wild-type vBcl-2, and the vector control into iSLK-
BAC16-vBcl-2-KO cells by use of a lentivirus vector, induced re-
activation, and monitored lytic gene expression, viral DNA copy
number, as well as progeny virus production. As shown in Fig. 4,
both the vBcl-2 AAA mutant and wild-type vBcl-2 restored the
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FIG 4 The essential role of vBcl-2 for KSHV Iytic replication does not depend on its antiapoptotic and antiautophagic functions. iSLK-BAC16-vBcl-2-KO cells
were complemented with empty vector, V5-tagged vBcl-2 (wild type), or V5-tagged vBcl-2 AAA. At 36 h postcomplementation, these cells were induced by
doxycycline and sodium butyrate, and cells were collected at 0, 48, and 72 h postinduction. Total RNA or DNA was extracted and subjected to qRT-PCR with the
indicated primers to examine viral gene expression (A) or viral genome copy number (B), respectively. The supernatant collected from complemented iSLK cells
at 3 days postinduction was used for SLK cell infection. (C) At 24 h postinfection, SLK cells were collected and the infectious units were quantified by
fluorescence-activated cell sorter analysis. (D) The expression of complemented vBcl-2 or its mutant was analyzed by immunoblotting with anti-V5 antibody.

induction of lytic genes (Fig. 4A), viral DNA copy number (Fig.
4B), and the production of progeny infectious viruses (Fig. 4C) to
similar levels. These results indicate that vBcl-2 plays an important
role in KSHV lytic replication independently of its antiapoptotic
and antiautophagic activities and further explain why its close
homolog, MHV-68 M11, cannot restore lytic replication in iSLK-
BAC16-vBcl-2-KO cells, suggesting a novel additional function of
vBcl-2 in the KSHYV Iytic life cycle.

Identification of the functional regions of vBcl-2 for KSHV
lytic replication. To further investigate how vBcl-2 regulates
KSHYV lytic replication, we decided to map the functional region
of vBcl-2 necessary for lytic replication. KSHV Bcl-2 is a small
protein with 175 amino acids (aa) and shares a similar structure
with cellular Bcl-2 and MHV-68 M11 (Fig. 5A) (11, 40). Based on
the structure, we constructed a series of internal deletion mutants
on the pPCDH-HA-vBcl-2 lentiviral vector and individually recon-
stituted these mutants, along with wild-type vBcl-2 and the empty
vector, in iSLK-BAC16-vBcl-2-KO cells. Following RTA induc-
tion, expression of only the vBcl-2 mutant lacking aa 144 to 175
(the vBcl-2 A144-175 mutant) restored KSHV production as well
as wild-type vBcl-2 did (Fig. 5B), indicating that the C-terminal
region consisting of aa 144 to 175 is not required for KSHV lytic
replication. Since KSHV Bcl-2 is relatively small and therefore
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mutations consisting of 20- to 30-aa internal deletions may dra-
matically change the structure and disrupt the function of vBcl-2,
we decided to perform alanine scanning through the region from
aa 1 to 143. We generated 29 mutants (named Al to A29) of
pCDH-HA-vBcl-2 with mutations from aa 1 to 143, and each
mutant contained 4 to 5 amino acids mutated to alanines (Fig.
5A). Following the reconstitution of each mutant and lytic cycle
induction in iSLK-BACI16-vBcl-2-KO cells, the production of
progeny infectious viruses was measured. As shown in Fig. 5C,
mutations in A3, A4, and A14 almost eliminated KSHV produc-
tion, mutations in Al, A6 to A8, A15, A19, and A22 to A26 im-
paired KSHV production, and the rest of the mutations showed no
effect on KSHV production (Fig. 5C). We focused on the mutated
regions in the A3, A4, and A14 mutants and further generated a series
of mutants with a single alanine mutation. As shown in Fig. 5D, a
change of glutamic acid 14 (E,,) to alanine in vBcl-2 aa 1 to 143
completely abolished KSHV production, and other single mutations
in mutants A3, A4, and A14 showed little or no effect (Fig. 5D). These
results suggest that the E, , residue of KSHV Bcl-2 is critical for KSHV
Iytic replication and progeny infectious virus production.

The essential role of vBcl-2 in lytic replication is genetically
separated from its antiapoptotic or antiautophagic activity.
Since KSHV Bcl-2 contains at least three functions, including an-
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FIG 5 Identification of the functional regions of vBcl-2 for KSHV lytic replication. (A) The 175-amino-acid sequence of KSHV Bcl-2. (B) iSLK-BAC16-vBcl-
2-KO cells were complemented with empty vector, HA-tagged vBcl-2 (wild type), or its internal deletion mutants (the A1-18, A19-42, A43-74, A75-95, A96-125,
A126-143, and A144-175 mutants). At 36 h postcomplementation, these cells were induced by doxycycline and sodium butyrate for 3 days, and the supernatants
were harvested and used for infection of SLK cells. At 24 h postinfection, cells were collected and the infectious units were quantified by fluorescence-activated
cell sorter analysis. The expression of complemented vBcl-2 or its mutants was analyzed by immunoblotting with anti-HA antibody. (C) iSLK-BAC16-vBcl-2-KO
cells were complemented with empty vector, HA-tagged vBcl-2 (wild type), or its alanine scanning mutants (mutants Al to A29). At 36 h postcomplementation,
these cells were induced by doxycycline and sodium butyrate for 3 days, and the supernatants were harvested and used for infection of SLK cells. At 24 h
postinfection, cells were collected and the infectious units were quantified by fluorescence-activated cell sorter analysis. The expression of complemented vBcl-2
or its mutants was analyzed by immunoblotting with anti-HA antibody. (D) iSLK-BAC16-vBcl-2-KO cells were complemented with empty vector, HA-tagged
vBcl-2 A143-175 (wild type), or its mutants with a single mutation to alanine (the L;,A, [;5A, E|,A, G 5A, [[4A, FLA, M 4A, Cy0A, [6A, N A, QgsA, LeoA, and
G,,A mutants). At 36 h postcomplementation, these cells were induced by doxycycline and sodium butyrate for 3 days, and the supernatants were harvested and
used for infection of SLK cells. At 24 h postinfection, cells were collected and the infectious units were quantified by fluorescence-activated cell sorter analysis. The
expression of complemented vBcl-2 or its mutants was analyzed by immunoblotting with anti-HA antibody. The size of vBcl-2 A143-175 E | ,A is about 16 kDa.

tiapoptosis, antiautophagy, and lytic replication functions, and  gesting that E,, is not required for vBcl-2 antiautophagic activity
these functions rely on different regions of vBcl-2 (3,WGRgq for  (Fig. 6A and B).

antiapoptosis and antiautophagy and E,, for lytic replication) To compare the abilities of wild-type vBcl-2 and its mutants to
(11), we determined whether these functions were genetically sep-  confer apoptosis resistance, SLK stable cells were treated with
arable. We generated SLK stable cell lines individually expressing TNF-a and cycloheximide for 12 h and subjected to apoptotic
wild-type vBcl-2, vBcl-2 AAA, and vBcl-2 E | ,A and treated these assays. Quantification of the apoptotic cells via TUNEL staining
cells to induce autophagy (by rapamycin treatment) or apoptosis  revealed that wild-type vBcl-2 and E,,A vBcl-2 have similar anti-
(by TNF-a and cycloheximide treatment). Upon autophagy in-  apoptotic activities. In contrast, mutations to 3, WGR4 abolished
duction, soluble microtubule-associated protein light chain 3  this inhibitory activity (Fig. 6C). Unlike the vBcl-2 AAA mutant,
(LC3-1) is converted to a lapidated form (LC3-1I), forming punc-  the vBcl-2 E,,A mutant had activity inhibiting caspase-3 activa-
tate cytoplasmic structures (6). As shown in Fig. 6A and B, rapa-  tion similar to that of wild-type vBcl-2 upon apoptosis stimula-
mycin treatment increased LC3-1I levels, the percentage of LC3  tion, as shown by the detection of cleaved caspase-3 with a com-
punctate-positive cells, and the numbers of LC3 punctated re- mercial ELISA kit (Fig. 6D). These data show that vBcl-2 controls
gions per cell in vector-containing or vBcl-2 AAA SLK cells. How-  cellular apoptosis and autophagy through the ,WGRg, region,
ever, expression of wild-type vBcl-2 as well as the vBcl-2 E|,A  consistent with the findings of previous studies (11), but controls
mutant blocked these autophagy processes upon stimulation, sug-  KSHYV lytic replication through the E,, residue, and these func-
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quantified. (D) Whole-cell lysates of the treated cells were subjected to ELISA analysis for caspase-3 cleavage. DMSO, dimethyl sulfoxide; OD 450, optical density

at 450 nm.

tions are genetically separable. Overall, our results identify the
novel essential function of vBcl-2 for KSHV lIytic replication,
which relies on glutamic acid 14 but not the antiapoptotic or an-
tiautophagic activity of vBcl-2.

DISCUSSION

Here we utilized the new KSHV BAC16 genome modification sys-
tem and the iSLK virus production cell line to study the role of
viral autophagy-modulating genes on KSHV lytic replication, and
we provide evidence that KSHV Bcl-2 is essential for KSHV lytic
replication. By inserting an HA tag in the C terminus of vBcl-2, we
detected the endogenous expression of the vBcl-2 protein during
lytic replication for the first time. We also found that mutation of
glutamic acid 14 of vBcl-2 abolished KSHV lytic replication,
whereas mutations of the 3,WGRg, region did not. Our study
indicates for the first time that vBcl-2 contains an additional func-
tion besides antiapoptotic and antiautophagic functions which is
directly essential for the KSHV Iytic cycle.

Herpesviruses have evolved multiple strategies to overcome or
modulate cellular signaling pathways, ultimately leading to the
establishment of persistent infection and tumorigenesis (8).
KSHYV dedicates a large portion of its genome to functions that
sabotage almost every aspect of host immunity, including au-
tophagy (8, 9, 11, 12). Bcl-2 of KSHV targets Beclin-1 to down-
regulate the nucleation step of autophagy (11), FLIP of KSHV
blocks the elongation step of autophagy by preventing the inter-
action between Atg3 and LC3 (12), and K7 of KSHYV is associated
with Rubicon to impair the autophagosome maturation step (9).
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Bcl-2 homologs in other herpesviruses exhibit similar antiau-
tophagic activity. For instance, Epstein-Barr virus (EBV) encodes
two Bcl-2 homologs, BHRF1 and BALF1, which demonstrate an-
tiapoptotic activity and are required for transforming primary
resting B lymphocytes (41). MHV-68 encodes one Bcl-2 homolog,
M11, which demonstrates antiapoptotic as well as antiautophagic
activity (11, 25-28). In vivo studies suggested that MHV-68 lack-
ing M 11 exhibits an impaired ability to establish latency and com-
promised reactivation from latency; however, M11 is not required
for MHV-68 lytic replication in vitro (11, 25-28). Compared to
these virus genome-encoded homologs, vBcl-2 is critical for
KSHV lytic replication, besides its antiapoptotic and antiau-
tophagic activities. Although Bcl-2 of KSHV and M11 of MHV-68
have similar crystal structures, they have alow degree of sequence
identity (11, 40). KSHV Bcl-2 and MHV-68 M11 bind to Bak and
Beclin-1 with different binding affinities (11, 40), suggesting that
KSHYV Bcl-2 may have additional cellular or viral interaction part-
ners compared to those of MHV-68 M11. The different positions
with respect to the viral genome may cause the differences in func-
tion between KSHV Bcl-2 and MHV-68 M11. The gene for KSHV
Bcl-2 is a lytic gene and is located right after the origin of lytic
replication (29); however, the gene for MHV-68 M11 is located
within the latency locus (42). The positional difference between
KSHV Bcl-2 and MHV-68 M11 suggests that during evolution
KSHYV Bcl-2 may have tried to gain some additional functions for
effective lytic replication.

Since viral genomes are relative small, viruses always try to
compact more genetic information into their limited genome.
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Many viral proteins, such as NS1 of influenza virus (43), VP35 of
Ebola Zaire virus (44), and ICPO of herpes simplex virus 1 (45),
perform multiple functions. Therefore, it is not surprising that
KSHYV Bcl-2 harbors several functions which are not only required
for modulating cellular cell death signaling but also essential for
viral lytic replication. By a series of mutagenesis analyses, we iden-
tified the crucial amino acid of vBcl-2 (E,,) for KSHV lytic repli-
cation and found that it is genetically separable from its antiapo-
ptotic and antiautophagic functions. The E,, residue of KSHV
Bcl-2 is located in the first o helix (the a1 helix) (40), which has a
low degree of sequence conservation with the a1 helix sequence of
MHV-68 M11 (11). The a1 helix forms a BH4 domain but is not
involved in the formation of the central hydrophobic BH3-pep-
tide binding groove, which structurally explains why the vBcl-2
E14A mutant still showed antiapoptotic and antiautophagic activ-
ities similar to those of wild-type vBcl-2. The BH4 domain appears
to be responsible for protein-protein interaction and may be sen-
sitive to the change of amino acid polarity. In fact, the E14A mu-
tation changes its side chain charge and polarity, which may affect
the migration rate of this mutant in SDS-PAGE compared to that
of wild-type vBcl-2. However, the mutation of E14 does not con-
siderably affect the overall structure and function of KSHV Bcl-2,
since the vBcl-2 E14A mutant was still capable of blocking apop-
tosis and autophagy. On the other hand, the vBcl-2 AAA mutant
can still support KSHV lytic replication. Although the detailed
mechanism by which vBcl-2 supports KSHV lytic replication is
still elusive, we propose that vBcl-2 might interact with some
novel cellular or viral binding partners through its a1 helix pep-
tide, and this interaction might be essential for the tight regulation
of KSHYV lytic gene expression, viral DNA replication, or viral
particle assembly. In summary, we have identified a critical addi-
tional function of vBcl-2 which is required for KSHV lytic repli-
cation. The detailed mechanism is under further investigation,
and it will not be surprising if further exploration uncovers addi-
tional novel functions of this small viral protein.
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