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ABSTRACT

Kaposi’s sarcoma-associated herpesvirus (KSHV) is associated with several human malignances. As saliva is likely the major ve-
hicle for KSHV transmission, we studied in vitro KSHV infection of oral epithelial cells. Through infection of two types of oral
epithelial cells, normal human oral keratinocytes (NHOKs) and papilloma-immortalized human oral keratinocyte (HOK16B)
cells, we found that KSHV can undergo robust lytic replication in oral epithelial cells. By employing de novo lytic infection of
HOK16B cells, we studied the functions of two previously uncharacterized genes, ORF18 and ORF30, during the KSHV lytic cy-
cle. For this purpose, an ORF18-deficient virus and an ORF30-deficient virus were generated using a mutagenesis strategy based
on bacterial artificial chromosome (BAC) technology. We found that neither ORF18 nor ORF30 is required for immediately
early or early gene expression or viral DNA replication, but each is essential for late gene expression during both de novo lytic
replication and reactivation. This critical role of ORF18 and ORF30 in late gene expression was also observed during KSHV reac-
tivation. In addition, global analysis of viral transcripts by RNA sequencing indicated that ORF18 and ORF30 control the same
set of viral genes. Therefore, we suggest that these two viral ORFs are involved in the same mechanism or pathway that coregu-
lates the viral late genes as a group.

IMPORTANCE

While KSHV can infect multiple cell types in vitro, only a few can support a full lytic replication cycle with progeny virions pro-
duced. Consequently, KSHV lytic replication is mostly studied through reactivation, which requires chemicals to induce the lytic
cycle or overexpression of the viral transcriptional activator, RTA. In this study, we present a robust de novo lytic infection sys-
tem based on oral epithelial cells. Using this system, we demonstrate the role of two viral ORFs, ORF18 and ORF30, in regulating
viral gene expression during KSHV lytic replication. As the major route of KSHV transmission is thought to be via saliva, this
new KSHV lytic replication system will have important utility in the field.

Kaposi’s sarcoma-associated herpesvirus (KSHV), also known
as human herpesvirus 8 (HHV-8), belongs to the gamma sub-

family of herpesviruses and establishes lifelong persistent infec-
tions in humans. KSHV has been shown to be the causative agent
of Kaposi’s sarcoma, primary effusion lymphoma, and multicen-
tric Castleman’s disease (1–3). Saliva is most likely the major
source of transmission for KSHV. KSHV DNA and infectious viral
particles are frequently detected in the saliva of KSHV-seroposi-
tive individuals, and the level of KSHV DNA in saliva is signifi-
cantly higher than those in other body fluids (4–9). It is thought
that KSHV may infect oral epithelial cells in transit during initial
infection. Moreover, studies from Johnson et al. have shown that
latent KSHV in the infected oral keratinocytes can be activated
and reenters the lytic cycle to produce infectious progeny virions
when oral keratinocytes differentiate into mature epithelium (10).
The other human gammaherpesvirus, Epstein-Barr virus (EBV),
is also transmitted by saliva. Virus shedding into saliva occurs not
only during primary infection but also continuously during per-
sistent infection (11–13). While B lymphocytes are the major site
for persistent infection of KSHV and EBV, it is generally believed
that epithelial cells in the oral cavity are likely the cell type that is
lytically infected to produce virions for subsequent infection of
naive cells and transmission to a new host. However, evidence
supporting such a role of oral epithelial cells in natural history of
EBV and KSHV is still limited.

The lytic genes of herpesviruses are expressed in a highly reg-
ulated cascade manner and can be classified as immediate early
(IE), early (E), and late (L) genes. While the regulation of IE and E
gene expression has been studied extensively in herpesviruses,
much less is known about the mechanisms controlling L gene
expression. Moreover, by definition, late genes are not expressed
until viral DNA replication; nevertheless, how these two processes
are linked together remains a mystery. Our previous studies in
murine gammaherpesvirus 68 (MHV-68) have shown that open
reading frame 18 (ORF18), ORF24, ORF30, ORF31, and ORF34
are required for L expression but not for IE or E gene expression or
viral DNA replication (14–17; unpublished data). These five viral
ORFs play an important role in activating viral late gene promot-
ers, and it has also been shown that ORF30 and -34 are critical for
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recruiting RNA polymerase II (Pol II). More recently, studies in
cytomegalovirus (CMV), a betaherpesvirus, have demonstrated
that the UL79, -87, -91, -92, and -95 genes, homologous to
MHV-68 ORF18, -24, -30, -31, and -34, respectively, are also es-
sential for viral late gene expression (18–22). The evidence
strongly suggests that beta- and gammaherpesviruses share a sim-
ilar mechanism to regulate late gene expression.

Recently, a new KSHV bacterial artificial chromosome (BAC)
plasmid, BAC16, was generated to facilitate the efficient genetic
modification of the KSHV genome (23). A high titer of BAC16-
derived virus stocks can be obtained with the use of the cell line
iSLK-puro, engineered to express a doxycycline (DOX)-inducible
immediate early viral protein, RTA (replication and transcription
activator), that drives the lytic replication of KSHV (23, 24). By
taking advantage of efficient production of infectious KSHV viri-
ons using the iSLK-KSHV BAC16 system, we studied KSHV in-
fection in oral epithelial cells with concentrated virus. We found
that in two types of oral epithelial cell lines, KSHV undertakes a
robust lytic gene expression program, resulting in virion produc-
tion. This de novo productive infection cell culture system pro-
vides a novel model to study the function of KSHV genes during
lytic replication and the virus-host interactions that may occur in
the oral cavity.

KSHV also encode the homologues of the five MHV-68 regu-
lators of late gene expression, ORF18, -24, -30, -31, and -34, but
the functions of these homologs during lytic replication of
KSHV remain to be determined. To study the roles of KSHV
ORF18 and ORF30, we used KSHV BAC16 to generate an
ORF18-deficient virus and an ORF30-deficient virus. In addi-
tion to examining the consequences of lacking ORF18 or
ORF30 on viral lytic replication, we also globally evaluated the
impact on viral gene expression by high-throughput RNA se-
quencing (RNA-Seq). In conclusion, neither ORF18 nor
ORF30 is required for IE or E gene expression or viral DNA
replication, but these two ORFs are both essential for efficient
late gene expression. Moreover, ORF18 and ORF30 appear to
control the same set of viral genes, indicating that these two
ORFs are likely involved in the same mechanism or pathway
that coregulates the viral late genes as a group.

MATERIALS AND METHODS
Cells. Human papillomavirus 16 (HPV-16)-immortalized keratinocytes,
HOK16B, and normal human oral keratinocytes, NHOK, were de-
scribed in the previous studies (25). These two oral epithelial cell lines
were maintained in keratinocyte growth medium from Lonza or Epil-
ife, respectively. HEK293T, SCC23, Fadu, SLK, iSLK-puro, and iSLK-
BAC16 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum. iSLK-puro cells
were supplied with 1 �g/ml puromycin and 250 �g/ml G418. iSLK-
BAC16 and its derivatives were maintained in the presence of 1 �g/ml
puromycin, 250 �g/ml G418, and 1,200 �g/ml hygromycin B (23). To
generate a KSHV ORF18 or ORF30 stable expression cell line (293T-
kORF18, 293T-kORF30, iSLK-kORF18, or iSLK-kORF30), 293T or
iSLK-puro cells were transfected with pMSCV-zeocin-kORF18 or pM-
SCV-zeocin-kORF30 plasmid and then selected and maintained with
100 �g/ml zeocin. (Puromycin and G418 were also added for iSLK-
kORF18 and iSLK-kORF30 cells.)

Construction of KSHV-18S and KSHV-30S BACs. A stop codon was
introduced into ORF18 or ORF30 to generate BAC-18S or BAC-30S as
previously described (23, 26). BAC-18S and BAC-30S were further used to
generate ORF18 revertant (18R) and ORF30 revertant (30R) BACs. The
restriction patterns of BAC plasmids were verified by comparing them

with BAC16. Fragments with the mutations in the middle were PCR am-
plified from the BAC plasmids and sequenced to confirm that all muta-
tions were correct. BAC-18S and BAC-30S were then transfected into the
corresponding 293T-kORF18 or 293T-kORF30 cells, followed by selec-
tion with 100 �g/ml hygromycin B for 2 weeks. The resulting 293T-
kORF18 –18S and 293T-kORF30 –30S cells were then induced with 1.5
mM sodium butyrate (NaB) plus 20 ng/ml tetradecanoyl phorbol acetate
(TPA) for 2 days to induce lytic replication, followed by coculturing with
iSLK-puro cells for 3 days. In the end, iSLK-18S and iSLK-30S cells were
established by selection with 1,200 �g/ml hygromycin B in addition to
puromycin and G418 for 1 month. iSLK-18R and iSLK-30R were gener-
ated by the same method, except that 293T cells were used for the trans-
fection. In addition, BAC-18S and BAC-30S were also introduced into the
complementary cell lines iSLK-kORF18 and iSLK-kORF30 to generate
iSLK-kORF18-18S and iSLK-kORF30-30S cells, respectively.

Production and titration of KSHVs. Wild-type (WT) KSHV BAC
virus (KSHV BAC16) was prepared from iSLK-BAC16 cells as previously
described (23, 24). Briefly, iSLK-BAC16 cells were expanded to 30 15-cm-
diameter plates and then induced with 1 �g/ml doxycycline plus 1 mM
sodium butyrate for 3 days, when 90% of the cells were round and de-
tached from the plates. Supernatant was collected, centrifuged at 1,000 �
g for 15 min at 4°C, and then filtered (0.45-�m pore) to clear cells and
debris. Viral particles were pelleted by ultracentrifugation in an SW27
rotor (21,000 rpm for 1 h at 4°C), resuspended in 2 ml DMEM with 10%
fetal bovine serum (FBS), aliquoted, flash frozen in liquid nitrogen, and
stored in a �80°C freezer. 18S and 30S viruses were prepared from iSLK-
kORF18 –18S or iSLK-kORF30 –30S cells, and 18R and 30R viruses were
prepared from iSLK-18R or iSLK-30R cells by the same method as WT
BAC16 virus. To determine the KSHV titers, virus stocks were diluted in
DMEM with 10% FBS and used to infect 293T cells in 96 wells by spin-
oculation (3,000 � g for 1 h at 30°C). Three days postinfection, green
fluorescent protein (GFP)-positive cell clusters containing two or more
cells were counted under a fluorescence microscope to determine the
titers of KSHVs. Infectious units (IU) are expressed as the number of
GFP-positive cell clusters in each well at the time of analysis. The titers of
the final KSHV stocks are 1 � 108 to 4 � 108 IU/ml.

De novo KSHV infection. For de novo infection of KSHV, cells were
seeded in 12-well plates. When cells reached 60 to 70% confluence, the cell
numbers were determined, and the desired amounts of KSHV were added
to the cells in 400 �l culture medium. After incubation for 2 h at 37°C with
occasional swirling, the inoculum was removed, and the cells were washed
with 1 ml phosphate-buffered saline (PBS) three times, followed by addi-
tion of 1 ml cell growth medium before being returned to the incubator.

Real-time PCR. Total DNA was isolated from cells, and viral DNA
copy numbers were determined by quantitative real-time PCR using
primers for ORF59. Total RNA was extracted from cells with the Purelink
RNA minikit (Ambion), treated with DNase I, and reverse transcribed
with the qScript cDNA synthesis kit (Quantas). The sequences of the
primers used to quantify DNA and RNA are as follows: GAPDH (glycer-
aldehyde-3-phosphate dehydrogenase), 5=-TGC ACC ACC AAC TGC
TTA GC-3= and 5=-GGC ATG GAC TGT GGT CAT GAG-3=; RTA, 5=-
CAC AAA AAT GGC GC AAG ATG A-3= and 5=-TGG TAG AGT TGG
GCC TTC AGT T-3=; latency-associated nuclear antigen (LANA), 5=-
GAA GTG GAT TAC CCT GTT GTT AGC-3= and 5=-TTG GAT CTC
GTC TTC CAT CC-3=; ORF59, 5=-TTG GCA CTC CAA CGA AAT ATT
AGA A-3= and 5=-CGG GAA CCT TTT GCG AAG A-3=; ORF57, 5=-TGG
ACA TTA TGA AGG GCA TCC TA-3= and 5=-CGG GTT CGG ACA ATT
GCT-3=; ORF52, 5=-CTT ACG ATG GAA GAC CTA ACC G-3= and 5=-
ATC CCA GTG CTT TCC GAA G-3=; ORF39, 5=-ATC CTT TGC CCA
CAT CCA G-3= and 5=-GAT AGG TAC AGG TTG ACG CAG-3=; ORF27,
5=-ATC AAA GAC GCC TTC CTC AG-3= and 5=-TGT GAG AAT TTG
AGG GCA GG-3=; and ORF26, 5=-AGC CGA AAG GAT TCC ACC AT-3=
and 5=-TCC GTG TTG TCT ACG TCC AG-3=.

Western blotting and antibodies. Cell lysates were resolved by SDS-
PAGE and transferred onto polyvinylidene difluoride (PVDF) mem-
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brane. Viral proteins were detected with the antibodies against K8
(Novus), K8.1A (Advanced Biotechnologies), ORF26 (Novus), FLAG
(Sigma), or RTA (polycolonal antibody produced in rabbit).

IFA. For the immunofluorescence assay, cells were plated on glass
slides placed in 24-well plates and infected with KSHV. At 2 days postin-
fection, cells were fixed with 2% paraformaldehyde, permeabilized with
0.1% Triton X-100, and then blocked with 3% bovine serum albumin
(BSA) and 10% FBS. The viral proteins were detected with the antibodies
against LANA, K8.1A, or ORF59 (all from Advanced Biotechnologies).
Hoechst dye was added for 10 min prior to analysis.

Directional RNA-Seq library preparation and sequencing. Libraries
were prepared according to the method of ScriptSeq mRNA-Seq library
preparation kits (Epicentre). Briefly, RNA was isolated from cells with a
PureLink RNA minikit (Ambion). Ten micrograms of total RNA was
submitted to two rounds of selection with Oligo (dT)25 Dynabeads (Am-
bion). Poly(A)-enriched RNA was partially fragmented by heating, fol-
lowed by first-strand DNA synthesis using the SuperScriptIII first-strand
synthesis system (Invitrogen) and a random hexamer primer with a tag-
ging sequence (5=-GAC GTG TGC TCT TCC GAT CT-NNNNNN-3=).
After reverse transcription, RNA template was removed by RNase H treat-
ment, and the first-strand cDNA was further tagged at the 3= terminus
with an oligonucleotide (5=-ACA CGA CGC TCT TCC GAT CT-NNNN
NN/3Phos/-3=) using T4 DNA polymerase. After tagging, the first-strand
cDNA was purified with AMPure XP beads (Beckman), and the cDNA
tagged at both ends was amplified by 15 cycles of PCR using primers that
anneal to the tag sequences (forward, 5=-AAT GAT ACG GCG ACC ACC
GAG ATC TAC ACT CTT TCC CTA CAC GAC GCT CTT CCG ATC
T-3=; reverse, 5=-CAA GCA GAA GAC GGC ATA CGA GAT-barcode-
GTG ACT GG AGT TCA GAC GTG TGC TCT TCC GAT CT-3=). The
PCR products were again purified with AMPure XP beads, and their qual-
ities were checked on an Agilent 2000 Bioanalyzer DNA 1000 chip (Agi-
lent Technologies). Multiplex sequencing was performed by 50-bp single-
end read with an Illumina HiSeq 2000 machine at UCLA Clinical
Microarray Core. Raw reads were aligned to both the KSHV ORF and the
viral RNA transcripts using TopHat under the default parameter (27).
Results were quantified by reads per kilobase of coding region per million
total reads (RPKM).

RESULTS
KSHV infection in different oral epithelial cell cultures. Previ-
ous studies have shown that KSHV readily infects oral epithelial
cells in vitro and establishes latent infection in most of the infected
cells (9, 10, 28). Here, we reexamined de novo KSHV infection of
oral epithelial cells by using a concentrated KSHV viral stock (108

IU/ml) obtained from the iSLK-KSHV BAC16 system (Materials
and Methods). In addition, the KSHV BAC16 virus harbors a
green fluorescent protein (GFP) expression cassette driven by the
cellular EF1� promoter (23), and thus, GFP fluorescence provides
an indicator for infection regardless of lytic or latent replication.
We tested multiple types of cells derived from oral keratinocytes,
including primary NHOK, immortalized HOK16B, tumor-de-
rived SCC23, and Fadu cells, by infecting them with KSHV BAC16
at two different dosages, 3 and 30 IU/cell (referring to multiplici-
ties of infection [MOI] of 3 and 30, respectively). As the epithelial
cell line SLK has been used recently to develop the robust KSHV
lytic replication system, it was also included in our experiment. An
immunofluorescence assay (IFA) with the antibodies against two
KSHV lytic antigens, ORF59 (an early gene) and K8.1 (a late gene),
was performed to examine lytic replication of KSHV. The graphs
in Fig. 1A summarize the results from day 2 after infection. At an
MOI of 3, more than 80% of cells were infected, as indicated by
GFP fluorescence, in all of the cell lines we tested, except for Fadu.
However, very few cells, if any, expressed viral lytic antigens. At an

MOI of 30, 100% of NHOK, HOK16B, and SLK cells were infected
but with different levels of lytically infected cells. While infection
with KSHV in SLK, SCC23, and Fadu cells largely led to latent
infection, significant percentages of infected NHOK and HOK16B
cells expressed viral lytic proteins. The representative IFA images
of infected HOK16B and NHOK cells are shown in Fig. 1B and C,
respectively. In addition to the lytic antigens, we also examined
expression of the latent antigen, LANA (latency-associated nu-
clear antigen). For HOK16B cells at an MOI of 3, over 90% of
the HOK16B cells were positive for LANA, less than 1% were
positive for ORF59, and no cells were positive for K8.1A. At an
MOI of 30, all of the cells were positive for LANA with a much
higher expression level than at an MOI of 3. Forty-four percent
of the cells were ORF59 positive, and 24% were K8.1A positive.
For NHOK cells, we observed higher percentages of cells that
expressed the two lytic antigens. Furthermore, the lytic gene
expression was verified by Western blotting (Fig. 1D). All three
viral proteins, LANA, RTA, and K8.1A, were expressed well in
HOK16B cells infected at an MOI of 30 compared to SCC23,
Fadu, and SLK cells, while at an MOI of 3, only LANA was
detected, albeit at a very low level.

KSHV infection in HOK16B cells. Since primary NOHK cells
grow slowly and have a limited life span in vitro, we carried out
further characterization of KSHV infection in HOK16B cells. Fig-
ure 2A shows at 2 days postinfection, over 90% of the HOK16B
cells were infected at an MOI of 3, and 100% of the cells infected at
an MOI of 30 showed expression of GFP. Compared to the infec-
tion at an MOI of 3, stronger GFP fluorescence and an extensive
cytopathic effect (CPE) with cell death in approximately half of
the culture were observed at an MOI of 30. We also monitored
infection at the high MOI over time (Fig. 2B). The infected cells
experienced CPE and stopped proliferating from day 1 to day 4
after infection, and the cells that survived appeared to start grow-
ing again at day 5 postinfection.

As shown in Fig. 1, infection of HOK16B results in lytic gene
expression. We then examined whether lytic KSHV gene expres-
sion in oral epithelial cells leads to the production and release of
progeny virions into the supernatant. HOK16B cells were infected
with KSHV BAC16 at an MOI of 3 or 30 for 2 h, and then the
inoculum was removed by being washed with PBS three times. At
the indicated time points after infection, the supernatants were
collected and replaced with fresh medium. The amount of infec-
tious virions in the supernatant was measured by incubating 293T
cells with serial dilutions of the supernatant and then counting
GFP-positive clusters. As shown in Fig. 2C, at an MOI of 30, the
resulting viral titers in the supernatant reached the peak at day 1
postinfection, decreased gradually thereafter, and lasted for at
least 5 days. No progeny KSHV was detected at an MOI of 3, which
is consistent with the observation of a very low or undetectable
lytic gene expression (Fig. 1). We also showed the increase in viral
DNA within first 24 h after infection, and this increase was abol-
ished by treatment with an inhibitor of viral DNA replication,
phosphonoacetic acid (PAA) (Fig. 2D). Taken together, these re-
sults demonstrate that when infected at an MOI of 30, HOK16B
cells can support the completion of KSHV lytic replication with
the expression of immediate early, early, and late genes and the
release of infectious progeny virions. Such lytic replication re-
sulted in the observed cytopathic effect of infected cells. However,
it is also clear that KSHV lytic replication does not occur in all of
the infected cells.
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Next, we examined the consequences of KSHV infection at an
MOI of 3, which led to infection in over 90% of HOK16B cells, and
most were latently infected (Fig. 1). Since KSHV BAC16 contains
a hygromycin-resistant selection marker, we first selected the in-
fected culture in the presence of 100 �g/ml of hygromycin, start-
ing from the third day of infection for a month. After 1 month of
hygromycin selection, all cells were GFP positive and did not show
obvious morphological difference from normal, uninfected
HOK16B cells. We then removed hygromycin from the growth

medium and passaged the infected cells every 2 or 3 days to deter-
mine whether KSHV could be stably maintained in HOK16B cells.
As shown in Fig. 3, as early as 5 days after hygromycin withdrawal,
HOK16B cells started to lose KSHV BAC16, indicated by the de-
crease in the number of GFP-expressing cells. At 10 days after
withdrawal, about 30% of the cells lost GFP fluorescence and
LANA staining. The result indicates that similar to what has been
previously observed in other cultured cell lines (29), KSHV does
not establish stable latency in HOK16B cells.

FIG 1 Analysis of KSHV infection in different epithelial cells. (A) Cells of four oral epithelial cell lines (NHOK, HOK16B, SCC23, and Fadu) and an additional
epithelial cell line (SLK) were infected with KSHV BAC16 virus at an MOI of 3 or 30, when the confluence of cells reached 60%. Cells were fixed 2 days after
infection and stained with antibodies against ORF59 and K8.1A. Images were taken under the fluorescence microscope for quantitation of the percentage of cells
expressing GFP, ORF59, and K8.1A. The data shown are means � standard deviations from three experiments. (B) Immunofluorescence analysis of KSHV latent
and lytic proteins in HOK16B cells with antibodies against LANA, ORF59, and K8.1A. (C) Immunofluorescence analysis of KSHV latent and lytic proteins in
NHOK cells. (D) KSHV BAC16-infected HOK16B, SCC23, Fadu, and SLK cells were also collected and submitted to Western blotting with antibodies against
LANA, RTA, K8.1A, and actin.
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Generation of ORF18- and ORF30-null KSHV mutants. Like
all herpesviruses, KSHV lytic gene expression is tightly regulated
in a coordinated cascade fashion (30). Our previous studies in
MHV-68 have shown that ORF18 and ORF30 play an important
role in regulating late gene expression (15, 16). To study the
functions of KSHV ORF18 and ORF30 in the context of viral
replication, we constructed the mutant KSHV BAC plasmids to
eliminate the expression of either ORF18 or ORF30 by intro-
ducing a stop codon near the N terminus of the coding region
using the scarless mutagenesis strategy (described in Materials
and Methods). A restriction site (XbaI or HindIII) was inserted
next to the stop codon to facilitate the screening of the mutants

(Fig. 4A). The respective revertants (18R and 30R) were also
generated from the 18S and 30S BAC plasmids. All of the BAC
plasmids were analyzed by digestions of XbaI or HindIII to
ensure their overall integrity without gross changes other than
the expected ones (Fig. 4B). Furthermore, direct sequencing of
the modified region was also carried out to verify the flanking
regions of the introduced Stop codons.

ORF18 and ORF30 are required for late gene expression dur-
ing reactivation. The BAC plasmids of the WT, null mutants, and
revertants were individually introduced into iSLK-puro cells and
selected by hygromycin to generate stable cells containing the
BAC16-derived KSHV genome. iSLK-puro cells were previously

FIG 2 Infection of HOK16B cells by KSHV BAC16 recombinant viruses. (A) HOK16B cells were infected with KSHV BAC16 at an MOI of 3 or 30, when the
confluence of cells reached 60%. Images were taken 2 days postinfection. (B) HOK16B cells were infected with KSHV BAC16 at an MOI of 30, and photographs
of cells were taken on the indicated days postinfection. (C) Infectious progeny virus production from KSHV BAC16-infected HOK16B cells. The supernatants
were harvested at the indicated times postinfection, and viral titers were determined on 293T cells as described in Materials and Methods. (D) Quantification of
viral DNA replication. HOK16B cells were infected with KSHV BAC16 at an MOI of 30 with 0.1 mM phosphonoacetic acid (PAA) or control vehicle. Total DNA
from infected cells was harvested on the indicated days, and viral DNA copy number was determined by quantitative PCR. The data shown are means � standard
deviations from three experiments.
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generated to express RTA, the viral immediate early protein that
drives the lytic replication of KSHV, upon doxycycline induction
(23). Therefore, to produce the virus, the stable iSLK cells were
treated with doxycycline and sodium butyrate, a chemical known
to induce KSHV reactivation. While the levels of progeny virus
production were comparable among iSLK-WT, iSLK-18R, and
iSLK-30R cells, there was no detectable infectious virus from
iSLK-18S or iSLK-30S cells (Fig. 5A). This result indicates that
both ORF18 and ORF30 are required for KSHV virion produc-
tion. To confirm this interpretation, we also introduced the 18S
and 30S BAC plasmids into their respective iSLK-derived comple-
mentary cell lines, iSLK-kORF18 and iSLK-kORF30, which were
generated to stably express ORF18 and ORF30, respectively. In-
deed, virion production of 18S and 30S was rescued from iSLK-
kORF18 –18S and iSLK-kORF30 –30S cells. To confirm that the
rescued virions are not revertants, we purified the virion DNA and
validated the presence of the desired mutation by both PCR-re-
striction enzyme digestion and sequencing analyses.

To determine at which stage of viral lytic replication the 18S
and 30S mutants were blocked, we first examined viral DNA rep-
lication by real-time PCR to quantify the levels of viral genomes.
We found that both 18S and 30S synthesized comparable amounts
of viral DNA to the WT and revertant viruses after reactivation.

Therefore, neither ORF18 nor ORF30 is required for viral lytic
DNA replication (Fig. 5B). We then assessed the expression of
viral IE, E, and L genes by Western blotting with antibodies against
RTA, K8, and K8.1A. Both 18S and 30S produced levels of RTA
and K8 similar to or slightly lower than those of the WT and
revertant viruses. In contrast, neither of the mutant viruses ex-
pressed detectable K8.1A, which is a viral late gene product and
was readily detected from the infection of the WT and the rever-
tant viruses (Fig. 5C). Taken together, the results indicate that in
the absence of ORF18 or ORF30, KSHV lytic replication is able to
proceed normally with the expression of IE and E genes as well as
viral lytic DNA synthesis, but KSHV is severely impaired in the
expression of viral late genes, thereby resulting in no detectable
virion production.

ORF18 and ORF30 are also required for late gene expression
during de novo lytic replication. As we were able to obtain 18S
and 30S viruses from iSLK-kORF18 –18S and iSLK-kORF30 –30S
cells, we sought to examine the function of ORF18 and ORF30
during KSHV de novo lytic replication in HOK16B cells. Cells were
infected with the WT or mutant viruses at an MOI of 30, and virus
production was analyzed. Both 18S and 30S produced more than
100-fold less infectious virions than the WT virus, and thus,
ORF18 and ORF30 were both required for KSHV de novo produc-
tive infection in HOK16B cells (Fig. 6A). Since similar levels of
expression of LANA were observed among all infections (Fig. 6C),
the efficiency of 18S and 30S infection was comparable to that of
the WT and revertant viruses. Moreover, lack of either ORF18 or
ORF30 did not significantly affect viral lytic DNA synthesis (Fig.
6B) or the expression of RTA (IE) and K8 (E) (Fig. 6C). However,
major deficiency in the production of viral late gene products
(ORF26 and K8.1A) was seen for infection with 18S or 30S. We
further examined the transcripts of viral genes by reverse tran-
scription and real-time PCR. Similar to the protein results, only
the transcripts of the viral late genes, including ORF52, ORF39,
ORF27, and ORF26, were greatly reduced (Fig. 6D). In summary,
ORF18 and ORF30 are required for de novo lytic replication in
HOK16B cells and most likely function in regulating late gene
transcription after viral DNA synthesis. Importantly, this result
also shows that de novo infection of HOK16B can be used as a
model to study the roles of KSHV genes during lytic replication,
without using artificial chemicals, which potentially induce many
signaling changes.

While reactivation of 18S and 30S in SLK cells led to no virion
production, de novo infection of these two mutant viruses in
HOK16B cells still produced some infectious viruses. This result is
also different from the observations in human cytomegalovirus
(HCMV) and MHV-68 that similar mutants did not yield any
virion (14–16, 20, 21). To determine whether the difference is
intrinsic to KSHV de novo infection of HOK16B cells, we com-
pared levels of virion production with and without PAA treatment
(Fig. 6E and F). PAA is a known inhibitor of herpesviral DNA
replication and is often used to define the viral late genes whose
expression depends on viral DNA replication and thus is inhibited
by PAA. PAA reduced virion production of WT to a level similar
to those in the 18S and 30S viruses but did not completely abolish
it. In addition, PAA did not further reduce the viral titers from 18S
and from 30S infection. We also showed that this low level of
virions detected in the presence of PAA or from infection of 18S
and 30S is not from the inoculum since there was no infectious
virus at 6 h postinfection. The analysis of viral transcripts con-

FIG 3 Analysis of KSHV latent infection in HOK16B cells. (A) HOK16B cells
were infected with KSHV at an MOI of 3, followed by selection with 100 �g/ml
hygromycin for 2 weeks. Then cells were cultured in medium without hygromy-
cin, and images were taken on the indicated days after hygromycin withdrawal. (B)
Immunofluorescence analysis of KSHV latent infection in HOK16B cells with
antibodies against LANA. DAPI, 4=,6-diamidino-2-phenylindole.
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firmed that late gene transcription of the WT was indeed greatly
diminished by PAA and as low as that during infection with 18S
and 30S. Therefore, during both reactivation in iSLK cells and de
novo infection of HOK16B cells, transcription of late genes is reg-
ulated by viral DNA replication and by ORF18 and ORF30. How-
ever, despite the severe reduction in late gene transcription, unlike
reactivation in iSLK cells, there appear to be sufficient late gene
products synthesized during de novo infection of HOK16B cells to
support some virion production.

Genome-wide analysis of viral transcripts during de novo
lytic replication and reactivation. To globally examine how viral
gene expression was affected by the lack of ORF18 or ORF30, we
performed high-throughput RNA sequencing (RNA-seq). For de
novo lytic replication, HOK16B cells were infected with the WT,
18S, or 30S virus (or the corresponding UV-treated viruses as a
control) at an MOI of 30. Total RNA was harvested at 12, 24, and
48 h after infection. For reactivation, total RNA was isolated from
iSLK-WT, iSLK-18S, or iSLK-30S cells 3 days after being treated
with doxycycline plus NaB or the vehicle. The oligo(dT)-selected
RNA was subjected to directional cDNA sequencing library con-
struction. To discriminate reads among different samples, a
unique barcode was introduced into each cDNA library generated
from each RNA sample. Eighteen barcoded libraries were mixed
in one lane and submitted to deep sequencing analysis on the
Illumina 2000 platform. Raw reads were grouped by barcodes and
then aligned to the KSHV ORF library. The transcript levels of
individual viral genes were quantified in reads per kilobase of cod-

ing region per million total reads (RPKM) in the sample (see Table
S1 in the supplemental material).

We first compared the transcriptional profiles of the WT be-
tween reactivation at 3 days after induction and de novo lytic rep-
lication at 48 h postinfection. As shown in Fig. 7A, reactivation in
iSLK-puro cells had more robust lytic gene expression than de
novo infection of HOK16B cells, and almost all of the viral genes
showed greater expression (�10-fold higher), except for K4. This
gene expression result is consistent with more progeny viruses
produced from iSLK-puro cells than infected HOK16B cells (Fig.
5A and 6A). Although the expression levels of individual viral
genes are different between de novo infection and reactivation, the
relative levels among viral genes are very similar (Fig. 7A and see
Fig. 9A), indicating that KSHV employs the same mechanism to
regulate its gene expression during de novo lytic replication and
reactivation. It is not surprising to find that PAN, as the most
abundant viral transcript, overwhelms the transcripts of all the
other genes, and the number of reads for PAN is more than half of
the total reads for all viral genes.

Next we compared the level of viral gene expression of the 18S
or 30S virus with that of the WT virus during both reactivation in
iSLK cells and de novo lytic replication in HOK16B cells. The com-
parisons were displayed as fold changes and arranged according to
the magnitude from largest to smallest (Fig. 7B; see Table S2 in the
supplemental material). A general reduction in viral gene expres-
sion was observed for both the 18S and 30S viruses; however, the
degrees varied among genes. The most downregulated viral genes

FIG 4 Construction and analysis of KSHV mutant BACs. (A) Schematic illustration of KSHV BAC16 at the regions containing ORF18 and ORF30. A
single stop codon was introduced into the coding region of ORF18 or ORF30. The XbaI and HindIII restriction sites were also underlined. (B) Restriction
analysis of KSHV BACs. All BAC plasmids were digested with XbaI or HindIII overnight. Fragments different between WT KSHV BAC16 and mutants are
indicated by arrowheads.
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are those encoding envelope glycoproteins, capsid proteins, DNA
packaging proteins, and other virion-associated proteins, which
are classical viral late genes (Table 1). While this result is consis-
tent with the roles of ORF18 and ORF30 in regulating viral late
genes, it is noticeable that the viral early transcripts, though to a
lesser extent, were also reduced.

Herpesviral genes are expressed in a highly ordered manner.
Because it is difficult to synchronize lytic replication during
reactivation, we examined the kinetics of viral gene expression
during de novo infection of in HOK16B cells (see Table S2 and
Fig. S1 in the supplemental material). In the WT-infected cells,
some genes had already significant expression at 12 h, while
others showed major increases in expression from 12 to 24 h
postinfection. After 24 h, the expression of most genes further
increased. In contrast, the transcripts of most viral genes in the

18S- or 30S-infected cells did not increase from 12 to 24 h
postinfection, and many of the viral transcripts even decreased
after 24 h. This probably accounts for the overall reduction in
viral gene expression observed at late times for infection with
18S and 30S (Fig. 7B).

To better illustrate the different expression kinetics of viral
genes, we created a graph using the percentage of maximal expres-
sion by dividing the RPKM value at each time point by the maxi-
mum. We classified the viral genes into three groups according to
when their expression increased the most during WT infection
(Fig. 8A). More than two-thirds of genes have most of their in-
creases in expression before 24 h. Expression of the first group of
genes increases rapidly after infection, and most of the increases in
expression occur from 0 to 12 h. Group I includes the known viral
immediately early and early genes, ORF50, K8, and ORF57, as well
as those involved in DNA replication, ORF40, ORF44, ORF6,
ORF56, and ORF59. The second group of genes were not ex-
pressed much prior to 12 h and had most of their increase in
expression from 12 to 24 h. Group II consists mostly of the classi-
cal late genes that encode structural components of the virion,
such as K8.1, ORF8, ORF25, ORF26, ORF39, ORF52, and ORF65.
The third group of genes are those whose expression increased
most from 24 to 48 h. Group III include several structural genes
and assembly genes, ORF38, ORF29, ORF53, ORF62, ORF67, and
ORF68, as well as PAN, K2 (coding for viral interleukin-6 [vIL-
6]), K3, and K5. Despite some exceptions, overall, the expression
patterns of viral genes are generally consistent with what would be
predicted for their functions.

We next compared the gene expression of 18S or 30S virus with
that of the WT virus (Fig. 8B). At 12 h postinfection, the differ-
ences in viral gene expression were small among three viruses, and
for most of the viral genes, the expression was even slightly higher
in the 18S- and 30S-infected cells than in WT-infected cells. At 24
h postinfection, the transcripts of several genes were significantly
reduced for the 18S and 30S viruses, and importantly, most of the
highly affected genes belong to group II. Furthermore, expression
of almost every gene in group II was diminished greatly, while only
a few genes in group I and group III were moderately affected in
expression. In addition, many genes in group I and group III that
had higher expression at 12 h postinfection in the 18S- and 30S-
infected cells were still expressed more than in WT-infected cells
at this time. However, at 48 h postinfection, we observed a global
reduction across the three groups of genes. This across-the-board
effect is most likely due to the general decrease in viral transcripts
that occurred from 24 to 48 h during infection of 18S and 30S,
while expression of most of genes still increased for the WT (see
Fig. S1 and Table S1 in the supplemental material). Nevertheless,
group II genes were still affected more than the genes in the other
two groups.

The most downregulated viral genes during lytic replication of
18S and 30S (Fig. 7B) are those encoding envelope glycoproteins,
capsid proteins, DNA packaging proteins, and other virion-associ-
ated proteins, which are traditionally regarded as the viral late genes
(Table 1). Furthermore, most of these genes belong to group II, the
expression of which increased largely from 12 to 24 h and which were
also most affected by the lack of ORF18 or ORF30. Interestingly,
certain viral genes that function to modulate the host immune re-
sponse (ORF4, K9, K4.1, and K4.2) or angiogenesis (K15) (31–35)
were also among the highly downregulated ones.

Both ORF18 and ORF30 play an important role in regulating

FIG 5 Characterization of KSHV-18S and -30S viruses during reactivation.
(A) Virus production during reactivation. iSLK cells harboring WT KSHV
BAC16 or mutants (KSHV-18S or -30S) were induced with 1 mM sodium
butyrate plus 1 �g/ml doxycycline for 3 days, and titers of infectious virus in
supernatant were determined on 293T cells. (B) Total DNA from the infected
cells was harvested, and viral DNA copy number was determined by quantita-
tive PCR. (C) Expression of viral proteins in the same set of infected cells was
also analyzed by Western blotting with the indicated antibodies.
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viral late gene transcription, and the effects from the lack of either
of them on viral gene expression appear similar (Fig. 7B). To
quantitatively compare the effects from lacking ORF18 and
ORF30, we plotted the folds of reduction in the viral transcripts
between 18S and 30S infection. We found a correlation in the

reduction of viral gene expression between these two mutants
during both reactivation and de novo infection (Fig. 9B). Taken
together, while neither ORF18 nor ORF30 is required for early
gene expression or DNA replication, the RNA-Seq data support
the conclusion that ORF18 and ORF30 are important for regulat-

FIG 6 Characterization of KSHV-18S and -30S viruses during de novo infection. (A) Virus production during de novo infection of HOK16B cells. HOK16B cells
were infected with WT KSHV BAC16 virus or mutants (KSHV-18S or -30S) at an MOI of 30. Two days postinfection, titers of the infectious virus in the
supernatant were determined on 293T cells. (B) Total DNA from the infected cells was harvested, and the viral DNA copy number was determined by quantitative
PCR. (C) Expression of viral proteins in the same set of infected cells was also analyzed by Western blotting with the indicated antibodies. (D) Levels of viral
transcripts were also measured by reverse transcription and real-time PCR with the indicated PCR primers, normalized to �-actin mRNA, and then presented as
fold change over mRNA level of WT virus at 12 h postinfection. (E) HOK16B cells were infected with the WT KSHV or the two mutants at an MOI of 30 in the
presence or absence of PAA. Six or 48 h after infection, titers of the infectious virus in the supernatant were determined on 293T cells. (F) Infected cells at 48 h
postinfection were also collected, and levels of viral transcripts were measured by reverse transcription and real-time PCR with the indicated PCR primers,
normalized to �-actin mRNA, and then presented as fold change over the mRNA level of WT virus.
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ing the expression of a specific subset of viral genes that includes
mostly the classical late genes that encode structural components
of virions.

DISCUSSION

In this report, we describe a new cell culture model for de novo
KSHV lytic replication based on an oral epithelial cell line,
HOK16B. Infection of HOK16B cells with KSHV at an MOI of 3
led to latent infection in more than 90% of cells, with very few
cells, if any, expressing detectable lytic genes. When HOK16B cells
were infected with an MOI of 30, lytic gene expression could be
detected in about half of the cells, with more than 20% of the cells
expressing the viral late gene, resulting in a relatively large amount

of progeny virions released. In addition to HOK16B cells, we also
tested the susceptibility of NHOK cells (normal human oral kera-
tinocytes) to KSHV infection. We found that NHOK cells can be
infected by KSHV with a high efficiency as well and support lytic
replication when infected at a high MOI.

Previous studies have shown that KSHV is able to infect mul-
tiple cell types in vitro, including epithelial cells, endothelial cells,
monocytes, macrophages, hematopoietic progenitor cells, tonsil-
lar IgMl-expressing B cells, and more, with the result of latent
infection (29, 36–40). The lytic gene expression in these cells lines
is inefficient after de novo infection, resulting in no or very few
progeny virions released. Consequently, KSHV lytic replication is
studied through reactivation, which requires one or more chem-

FIG 7 Genome-wide analysis of KSHV transcripts by RNA deep sequencing. (A) Comparison of the transcription profiles of KSHV BAC16 during reactivation
and de novo infection. Transcriptional levels of viral genes were quantified in reads per kilobase of coding region per million total read numbers (RPKM) in the
sample. (B) Fold change of viral gene expression in the KSHV-18S and -30S viruses compared to the WT. The viral genes are ordered based on the decreasing fold
reduction. The upper panel shows results from de novo lytic infection in HOK16B cells at 48 h postinfection, and the lower panel shows results from reactivation
in iSLK cells.

TABLE 1 Top 20 genes downregulated in ORF18S or ORF30S virus

Functional category

Gene(s) downregulated during:

De novo infection Reactivation

KSHV-18S KSHV-30S KHSV-18S KSHV-30S

Envelope glycoproteins K8.1, ORF53, ORF39, ORF8,
ORF27

K8.1, ORF53, ORF39, ORF8 K8.1, ORF39, ORF27 K8.1, ORF39, ORF27

Capsid ORF26, ORF62, ORF17 ORF26, ORF17 ORF26, ORF17, ORF25 ORF26, ORF17, ORF25
DNA packaging ORF29, ORF32 ORF32 ORF29, ORF32 ORF29, ORF32
Tegument ORF52, ORF75, ORF33 ORF52, ORF75, ORF33, ORF45,

ORF38, ORF42
ORF52, ORF75, ORF33, ORF45,

ORF38, ORF42
ORF52, ORF75, ORF33, ORF45,

ORF38
Immune modulation ORF4, K4.1, K4.2 K9, ORF4, K4.1, K4.2 K9, K4.2 K9, K4.1, K4.2
Others K15, K14, ORF46, ORF31 K15, ORF30, ORF31 K15, ORF46, ORF30, ORF31 K15, ORF46, ORF30, ORF31
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icals to artificially induce the lytic cycle. Thus, there is still a need
for a cell line that can support robust de novo lytic replication of
KSHV. The HOK16B cell line was created by human papilloma-
virus 16 (HPV-16) transfection of normal human oral keratino-
cytes (NHOK) (25). It is not fully transformed, maintains some
features of primary cells, and has been used for studying patho-
gen-host interaction, innate immune response, differentiation,
apoptosis, and tumorigenesis (41–49). As saliva is the major
source of transmission for KSHV and epithelial cells may play an
important role in producing infectious virions, we sought to iden-
tify an oral epithelial cell line that can support robust lytic repli-
cation of KSHV. Our studies support the use of HOK16B as a
novel cell culture model to study KSHV lytic replication and virus-
host interactions in oral epithelial cells, which may generate im-
portant knowledge regarding the events during KSHV transmis-
sion.

The regulation of IE and E gene expression in herpesviruses has
been extensively studied, whereas the mechanisms governing L
gene expression, especially how L gene expression is coupled with
lytic DNA replication, are still not fully understood. In recent

years, our group has identified five ORFs (ORF18, -24, -30, -31,
and -34) in MHV-68 as critical regulators of viral late gene expres-
sion independent of viral DNA synthesis (14–17, 50). The exact
molecular mechanisms of these five viral proteins remain to be
determined. The homologue of MHV-68 ORF24 in EBV is BcRF1,
and that in HCMV is UL87. Both BcRF1 and UL87 were postu-
lated to be a potential viral TATA-binding protein (TBP) based on
bioinformatics analysis (51). Recently, BcRF1 of EBV and
MHV-68 ORF24 were both shown to be capable of binding the
core promoter sequence of the viral late gene in vitro (52, 53).
Previously, we carried out extensive mutagenesis of the viral late
promoters of MHV-68 and found that the viral TATA boxes have
unconventional requirements for the TATA sequence, supporting
a virus-specific recognition of the TATA box (53). Furthermore,
we showed that MHV-68 ORF24 is also able to distinguish the
TATT sequence of a late gene promoter from the TATA sequence
of an early gene promoter for in vitro binding. It is worth noting
that although numerous viral proteins are conserved between all
three subfamilies of herpesviruses, the homologues of the five late
gene regulators identified in MHV-68 are encoded only by the

FIG 8 Viral gene expression kinetics during de novo infection of HOK16B cells. (A) Gene expression levels of WT virus were plotted as percentages of maximal
expression, and viral genes were divided into three groups based on when their expression increases the most among three time points—12, 24, or 48 h
postinfection. (B) Fold change of viral gene expression in the 18S and 30S viruses compared to the WT in three different time points. The viral genes are ordered
the same way as in panel A.

KSHV ORF18 and ORF30 Regulate Late Gene Expression

October 2014 Volume 88 Number 19 jvi.asm.org 11379

http://jvi.asm.org


beta and gamma subfamilies, suggesting alphaherpesviruses use a
different set of viral genes to regulate late gene expression.

Except for ORF24, the homologues of the other four late gene
regulators in human gammaherpesviruses have not been charac-
terized. By employing the novel de novo lytic replication cell cul-
ture model described here and KSHV reactivation in iSLK cells, we
studied the function of KSHV ORF18 and ORF30. Similar to what
was found in MHV-68, both ORFs are not required for the expres-
sion of IE and E genes or for lytic viral DNA replication but are
essential for viral late gene expression, demonstrating that both
ORF18 and ORF30 of KSHV function as viral late gene regulators.
Furthermore, this result supports the use of MHV-68 as a model
organism for studying gammaherpesviruses. More studies are re-
quired to elucidate the underlying detailed mechanisms.

It is noticeable that elimination of the expression of ORF18 or
ORF30 from KSHV while completely abolishing virion produc-
tion during reactivation in iSLK cells still allows some viruses pro-
duced from infected HOK16B cells. However, treatment with
PAA, a known inhibitor of herpesviral DNA replication, reduced
virion production from de novo WT infection of HOK16B cells to
a level similar to those in 18S and 30S infections without com-
pletely eliminating it. The incomplete block by PAA of virion pro-
duction during de novo infection of HOK16B cells is an unex-
pected and yet interesting result, especially because there are less
late gene transcripts and viruses in HOK16B cells compared to
with reactivation in iSLK cells (Fig. 5A, 6A, and 7A). We further
confirmed that PAA indeed greatly diminished late gene tran-
scripts in the infected HOK16B cells, as one would expect. There-

fore, the unusual outcome of PAA treatment likely results from
the difference in the steps after the viral late genes are transcribed,
such as their translation and assembly into virions. Understanding
the precise reason will require more work in the future.

The efficient de novo KSHV lytic replication system also allows
us to examine the highly ordered pattern of gene expression fol-
lowing infection. We normalized different levels of expression and
fold change by displaying the results as percentages of maximal
expression (Fig. 8A). We divided the viral genes into three groups
based on when their expression increases the most among three
time points—12, 24, and 48 h postinfection. The main constitu-
ents of group I and group II include classical early and late genes,
respectively, validating our grouping analysis. Furthermore, we
showed that lack of ORF18 or ORF30 affects the same set of viral
transcripts, and many of the genes whose transcripts were reduced
the most belong to group II. Previous studies have shown that
unconventional TATT boxes are critical for late gene regulation of
gammaherpesvirus (53–55). We have further defined the se-
quence requirement for the viral late gene core promoters using
MHV-68 (53). Based on the MHV-68 study, we scanned the
KSHV genome for distinct TATT sequences, TATTA/TA or TAT
ATA, within 400 bp upstream of the translation start codon.
Many of the genes that have these TATT sequences in their
putative promoter regions are classical viral late genes, such as
those encoding envelope glycoproteins, capsid proteins, DNA
packaging proteins, and tegument proteins (Table 2). Consis-
tently, most of them belong to group II, and their expression is
severely affected in expression in 18S- and 30S-infected cells.

FIG 9 Correlation analysis of KSHV gene expression. (A) Comparison of WT, KSHV-18S, or KSHV-30S gene expression during reactivation and de novo
infection (48 h). Plotted is the expression pattern correlation for all viral genes in two lytic replication systems. R2 is the coefficient of determination. (B)
Comparison of levels of viral gene expression between KSHV-18S and -30S. Plotted is the expression pattern correlation for the fold decrease of all viral genes in
KSHV-18S and -30S during reactivation or de novo lytic infection at 48 h.
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Taken together, these analyses support a model in which
ORF18 and ORF30 are part of the mechanism or pathway that
coregulates the viral late genes as a group through ORF24 rec-
ognition of the unconventional TATT box. It is also notable
that several genes that are not classified as the viral late genes,
including ORF4, K9, and K15, also have TATTA/TA or TA
TATA sequences in their putative promoter regions, and their
transcription is severely attenuated in the absence of ORF18 or
ORF30. Thus, our result indicates that the regulation of those
viral genes’ expression may be more complicated than previ-
ously thought and should be further characterized in the fu-
ture.
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