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Virus-Like Vesicles of Kaposi’s Sarcoma-
Associated Herpesvirus Activate Lytic
Replication by Triggering Differentiation
Signaling

Danyang Gong,a Xinghong Dai,a Yuchen Xiao,b Yushen Du,a Travis J. Chapa,a

Jeffrey R. Johnson,d Xinmin Li,c Nevan J. Krogan,d Hongyu Deng,e Ting-Ting Wu,a

Ren Suna

Department of Molecular and Medical Pharmacology,a Department of Microbiology, Immunology, and
Molecular Genetics,b and Pathology and Laboratory Medicine,c University of California—Los Angeles, Los
Angeles, California, USA; Department of Cellular and Molecular Pharmacology, University of California—San
Francisco, San Francisco, California, USAd; CAS Key Laboratory of Infection and Immunity, Institute of
Biophysics, Chinese Academy of Sciences, Beijing, People's Republic of Chinae

ABSTRACT Virus-like vesicles (VLVs) are membrane-enclosed vesicles that resemble
native enveloped viruses in organization but lack the viral capsid and genome. Dur-
ing the productive infection of tumor-associated gammaherpesviruses, both virions
and VLVs are produced and are released into the extracellular space. However, stud-
ies of gammaherpesvirus-associated VLVs have been largely restricted by the techni-
cal difficulty of separating VLVs from mature virions. Here we report a strategy of se-
lectively isolating VLVs by using a Kaposi’s sarcoma-associated herpesvirus (KSHV)
mutant that is defective in small capsid protein and is unable to produce mature vi-
rions. Using mass spectrometry analysis, we found that VLVs contained viral glyco-
proteins required for cellular entry, as well as tegument proteins involved in regulat-
ing lytic replication, but lacked capsid proteins. Functional analysis showed that
VLVs induced the expression of the viral lytic activator RTA, initiating KSHV lytic
gene expression. Furthermore, employing RNA sequencing, we performed a genome-
wide analysis of cellular responses triggered by VLVs and found that PRDM1, a mas-
ter regulator in cell differentiation, was significantly upregulated. In the context of
KSHV replication, we demonstrated that VLV-induced upregulation of PRDM1 was
necessary and sufficient to reactivate KSHV by activating its RTA promoter. In sum,
our study systematically examined the composition of VLVs and demonstrated their
biological roles in manipulating host cell responses and facilitating KSHV lytic repli-
cation.

IMPORTANCE Cells lytically infected with tumor-associated herpesviruses produce a
high proportion of virus-like vesicles (VLVs). The composition and function of VLVs have
not been well defined, largely due to the inability to efficiently isolate VLVs that are free
of virions. Using a cell system capable of establishing latent KSHV infection and robust
reactivation, we successfully isolated VLVs from a KSHV mutant defective in the small
capsid protein. We quantitatively analyzed proteins and microRNAs in VLVs and charac-
terized the roles of VLVs in manipulating host cells and facilitating viral infection. More
importantly, we demonstrated that by upregulating PRDM1 expression, VLVs triggered
differentiation signaling in targeted cells and facilitated viral lytic infection via activation
of the RTA promoter. Our study not only demonstrates a new strategy for isolating VLVs
but also shows the important roles of KSHV-associated VLVs in intercellular communica-
tion and the viral life cycle.

KEYWORDS EBV, herpesvirus, KSHV, PRDM1, RTA, tegument protein, envelope
protein, extracellular vesicle, microRNA, virus-like vesicle
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Cells productively infected with viruses release membrane-enclosed entities. Some
of these membrane-enclosed entities are infectious progeny virions; others are

extracellular vesicles (EVs), which contain proteins and RNAs important for cell-cell
communication. However, EV is a broad term that describes vesicles heterogeneous in
size, structure, and biogenesis, serving a wide variety of functions (1–3). There is a
specific population of EVs that emerges only during virus infection and contains both
viral proteins and nucleotide products. These vesicles resemble native enveloped
virions in physical and chemical characteristics, so that it is hard to distinguish them
from actual virions (4–6). As a result, we refer to this population of EVs as virus-like
vesicles (VLVs). VLVs are noninfectious due to the absence of the viral capsid and
genome (4, 5). These vesicles have been identified in a wide variety of virus infections,
including infections with herpes simplex virus 1 (HSV-1) (7), human cytomegalovirus
(HCMV) (8), hepatitis B virus (9), hepatitis C virus (10), human immunodeficiency virus
(11), and vaccinia virus (12). Initially, VLVs were largely considered to be defective virion
particles or debris from viral assembly, with no biological significance. However, it has
been found that VLVs play roles in intercellular communication and viral infection. For
example, VLVs from cells lytically infected with HSV-1 facilitate early stages of viral
infection by delivering the virion host shutoff protein (vhs) into new host cells (13). In
addition, VLVs (also termed “dense bodies”) of HCMV are able to induce the maturation
and activation of dendritic cells (14). The VLVs attach to host cells via specific receptor
binding and enter through endocytosis or fusion. Eventually, the proteins and/or RNAs
contained within the VLVs interfere with cellular functions. The protein composition of
VLVs is highly related to that of the corresponding virions, making VLVs a potentially
useful tool in vaccinology (15–19).

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a member of the gammaherpes-
virus subfamily. Like all herpesviruses, KSHV is a large, double-stranded DNA (dsDNA)
virus with two distinct life cycle phases: latency and lytic (productive) replication.
During latency, the viral genome persists as a nuclear episome, with minimal viral gene
expression. During lytic replication, the viral genome replicates extensively, most viral
genes are expressed, and virions are assembled and released from cells. KSHV infection
is associated with several malignancies (20–23). Although KSHV-associated cancers are
directly linked with latently infected cells, both latent and lytic infections contribute to
tumorigenesis. Lytic replication contributes indirectly to tumorigenesis by providing a
proinflammatory and proproliferative environment, as well as by spreading infection
and expanding the population of latently infected cells, which subsequently develop
into transformed cells. Previous studies have also shown that gammaherpesvirus lytic
infection contributes to lymphoproliferative diseases in vivo (24). Moreover, clinical
observations with AIDS patients at high risk of Kaposi’s sarcoma (KS) showed that
treatment with ganciclovir, an inhibitor of herpesvirus lytic DNA replication, signifi-
cantly reduced the incidence of KS (25). This finding provides evidence for the signif-
icant role of gammaherpesvirus lytic replication in tumorigenesis (26–28).

During KSHV lytic replication, VLVs were generated in addition to mature virions
(reference 29 and our unpublished results). Due to the technical difficulty of separating
VLVs from virions, very little is known about the components and functions of KSHV-
associated VLVs. Since KSHV is prevalent among AIDS patients and causes global cancer
concern, understanding the composition and function of these VLVs may be an
important key to alleviating these burdens. Here we report a strategy of isolating
KSHV-associated VLVs from a mutant virus defective in the small capsid protein (SCP).
Using mass spectrometry (MS) and high-throughput RNA sequencing (RNA-seq), we
quantitatively characterized the protein and RNA compositions of these VLVs. Through
a reporter assay, we showed that KSHV-associated VLVs were able to induce viral lytic
replication by activating the RTA promoter. After evaluating the global cellular re-
sponse by RNA-seq, we found that VLVs induced differentiation signaling in targeted
cells by upregulating PRDM1. Through overexpression and knockdown by use of small
interfering RNA (siRNA), we further confirmed that PRDM1 is critical for KSHV reactiva-
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tion when induced by VLVs. Our study demonstrates the important roles of VLVs in
intercellular communication and the facilitation of viral lytic infection.

RESULTS
Virus-like vesicles are released from cells during gammaherpesvirus lytic in-

fection. Due to the similarity in morphology between virions and VLVs, it is very
challenging to separate these two populations. To examine the presence and quantity
of KSHV-associated VLVs, we performed sucrose density gradient ultracentrifugation
and collected the band containing viral particles. We then employed cryo-electron
microscopy (cryo-EM) to visualize KSHV virions and VLVs. Under cryo-EM, VLVs are easily
distinguishable from virions due to the lack of capsids (Fig. 1A, left). To determine
whether VLVs were also produced by other gammaherpesviruses, we examined vesicles
released from cells lytically infected with murine gammaherpesvirus 68 (MHV-68) or
Epstein-Barr virus (EBV). Not surprisingly, VLVs were associated with both viruses (Fig.
1A, center and right). We noticed that the average diameters of both virions and VLVs
were around 200 nm. However, while the diameters of virions have a small range of
variance, the diameters of VLVs fluctuated significantly (Fig. 1B), indicating that the
morphology of VLVs is more diverse than that of virions. In addition, the relatively large
size of VLVs renders them distinguishable from exosomes, which normally fall into a
range of 40 to 100 nm (3). We further determined the ratio of VLVs in cryo-EM images
and found that VLVs made up 57.5% of total vesicles of related morphology in the KSHV
samples. Interestingly, this percentage was not the same for the other gammaherpes-
virus samples we tested. While fewer VLVs (49.6%) were present in the MHV-68 samples,
there were dramatically more in the EBV samples (84%) (Fig. 1C).

Virus-like vesicles are generated in MVB-like compartments of lytically in-
fected cells. In order to explore the formation and release pathways of VLVs, we
examined the localization of VLVs inside and outside infected cells. Since MHV-68

FIG 1 VLVs are produced during gammaherpesvirus lytic infection. (A) Three gammaherpesviruses, KSHV, MHV-68,
and EBV, were purified individually by sucrose density gradient ultracentrifugation. Then virions and VLVs were
examined by cryo-EM. Red arrows indicate VLVs. Bar, 100 nm. (B) Sizes of virions and VLVs. (C) Quantification of
virions and VLVs. More than 200 membrane particles each from KSHV, MHV-68, and EBV were counted. The
percentages of VLVs and virions were then plotted.
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readily undergoes lytic replication, we used NIH 3T3 cells infected with MHV-68 as a
model for this set of experiments. As shown in Fig. 2A, MHV-68 nucleocapsids under-
went tegumentation and envelopment in cytoplasmic multivesicular body (MVB)-like
compartments. VLVs, identifiable as empty vesicles with double membranes, were also
enveloped in the same compartments. When we looked at the extracellular space of
infected cells, we found that both virions and VLVs were present, and their ratios were
similar to those observed in the cryo-EM images (Fig. 2B). These data suggest that VLVs
form in the same cellular compartment as virions, and likely through a similar pathway.

Purification of VLVs from a KSHV mutant defective in SCP. One of the funda-
mental steps in the study of VLVs is to isolate VLVs that are free of virions. In our
previous study of KSHV capsid assembly (30), we generated a KSHV mutant in which a
stop codon was introduced into the coding region of the small capsid protein (SCP).
The SCP-null virus (KSHV-SCPnull) is capable of DNA replication and the production of
all viral proteins except SCP; as a result, the virus is defective in capsid maturation.
KSHV-SCPnull produces 1,000- to 10,000-fold fewer infectious virions than the wild-type
virus. Importantly, cells lytically infected with KSHV-SCPnull were still able to produce
KSHV-associated VLVs (30), while in the absence of reactivation, iSLK cells latently
infected with KSHV do not produce VLVs and barely release other extracellular vesicles
(data not shown). By using the KSHV-SCPnull mutant and the iSLK cell system (31, 32),
which allows for lytic KSHV replication, we efficiently purified KSHV-associated VLVs
through sucrose density gradient ultracentrifugation. Upon cryo-EM examination, we
found that VLVs derived from cells lytically infected with KSHV-SCPnull were similar to
VLVs produced during wild-type virus infection: their average size was around 200 nm,
and they did not contain capsids (Fig. 3A). To confirm that our VLV preparation was free
of virions, we incubated 293T cells with either KSHV-SCPnull-derived VLVs or wild-type
KSHV. Since our KSHV genome carries a green fluorescent protein (GFP) expression
cassette driven by the EF-1� promoter, GFP can serve as an indicator for infection. We
found that the cells incubated with VLVs were GFP negative, while cells infected with
wild-type KSHV displayed a very strong GFP signal (Fig. 3B). This suggests that the
KSHV-SCPnull-derived VLVs are free of virion contamination.

Proteomic analysis of VLVs. After successfully isolating VLVs, we examined their
protein components. As shown in Fig. 2A, gammaherpesvirus-associated VLVs formed
at MVB-like compartments, which are also the location for virion assembly. This result
indicates that VLVs might contain virion proteins. Indeed, KSHV tegument proteins
ORF52 and ORF45 were detected at comparable levels in virion and VLV samples by
Western blotting, while capsid triplex protein 2 (ORF26) could be detected only in
virions (Fig. 3C). Since triplex protein 2 is absolutely required for herpesvirus capsid
assembly (33), its absence confirms that our KSHV-SCPnull-derived VLVs are free of
virion contamination.

Next, we sought to systematically analyze the proteome of KSHV-SCPnull-derived
VLVs. We performed mass spectrometry on the isolated VLVs and compared the results

FIG 2 VLVs are generated in multivesicular bodies. (A) Formation of VLVs in cells lytically infected with
MHV-68. NIH 3T3 cells were first infected with MHV-68 and then examined by plastic embedding,
ultrathin sectioning, and transmission electron microscopy. Red arrows indicate VLVs. Cy, cytoplasm; Nu,
nucleus. (B) Release of VLVs into extracellular space.
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to those for KHSV virions. As shown in Table 1, VLVs contained envelope and tegument
proteins at levels comparable to those in KSHV virions. In contrast to their detection in
virions, however, capsid proteins were barely detected in VLVs, with a signal intensity
significantly lower than that in the virion sample. This result is consistent with our EM
observation that VLVs do not contain capsids (Fig. 3). Furthermore, two tegument
proteins that we have previously shown to be directly associated with capsids, ORF19
and ORF32, were barely detectable in VLVs (34).

In addition to viral proteins, cellular proteins were also identified in VLV and virion
samples (Table 2). Many of these cellular proteins (including actin, HSP70, HSP90,
pyruvate kinase, annexins, ezrin, and enolase) have been reported to be present in
KSHV virion samples, which were purified from lytically infected B cells (35, 36).
Interestingly, cellular proteins were more abundant in VLV samples than in virion
samples. One possible explanation is that VLVs do not contain capsid, and thus, more
space is allowed for packaging cellular proteins. Another explanation is that cellular
proteins do not require the capsid to be packaged efficiently, a hypothesis supported
by the observation that the VLV/virion signal ratios of tegument proteins are lower than
those of cellular proteins in general. This observation may suggest that most tegument
proteins need the presence of the capsid to be efficiently packaged. Taken together,
these proteomics data suggest that KSHV-SCPnull-derived VLVs have a protein com-
position similar to that of KSHV virions.

Quantification of microRNA in VLVs. It has been shown previously that microRNAs
(miRNAs) are packaged into gammaherpesvirus virions (37, 38) and also into circulating
exosomes from KSHV patients (39). To test whether microRNAs are also present in
KSHV-associated VLVs, we first purified total RNA from the VLV sample and then
analyzed the size and abundance of the purified RNA. We found that large amounts of
microRNAs were packaged into KSHV-associated VLVs (Fig. 4A). Using microRNA deep
sequencing, we further identified and quantified individual microRNAs. We found that
69 host microRNAs and 14 KSHV microRNAs showed �100 reads (see Table S1 in the

FIG 3 The KSHV-SCPnull mutant serves as a model for the study of virus-like vesicles. (A) KSHV-associated
VLVs were examined by cryo-EM. iSLK cells latently infected with KSHV-SCPnull were treated with
doxycycline and sodium butyrate to induce lytic viral replication. Four days later, VLVs were purified from
supernatants through a sucrose density gradient and were further examined by cryo-EM. Bar, 100 nm. (B)
Detection of infectious virion particles by de novo infection. 293T cells were infected with a virion sample
or a VLV sample at a final concentration of 2 �g/ml. Two days later, cells were examined under a
fluorescence microscope. Bar, 20 �m. (C) Viral proteins in VLV and virion samples. One microgram of a
virion sample, purified from iSLK cells infected with wild-type KSHV, or a VLV sample, purified from iSLK
cells infected with KSHV-SCPnull, was first lysed in SDS buffer and then subjected to Western blotting.
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supplemental material). In terms of microRNA quantity, 18.0% of total microRNAs were
encoded by KSHV, while 82.0% were derived from host cells (Fig. 4B). Many microRNAs
previously identified in KSHV virion samples also showed high abundance in VLVs (37)
(Table S1). In addition, pathway union analysis of the gene targets of the top 24 cellular
microRNAs revealed significant overrepresentation of signaling pathways, including the
extracellular matrix (ECM)-receptor pathway, proteoglycan-related pathways in cancer,
and cell adhesion molecules (Fig. 4C). Thus, VLVs indeed package microRNAs, which
may be important for regulating cellular signaling pathways.

VLVs promote KSHV lytic replication. In our mass spectrometry analysis, we found
that viral envelope glycoproteins were present in VLVs at levels comparable to those in
the virion sample (Table 1). Since envelope proteins facilitate viral attachment and
entry, we speculated that VLVs could also attach to and enter host cells. To test our
hypothesis, we first incubated cells with 1,1=-dioctadecyl-3,3,3=,3=-tetramethylindo-
dicarbocyanine (DiD)-labeled VLVs and then examined the DiD signal by fluorescence
microscopy. As shown in Fig. 5A, host cells showed strong dot-like signals in the
cytoplasm, indicating that VLVs were indeed capable of entering cells.

VLVs were shown to contain viral tegument and envelope proteins (Table 1). Since
many of these proteins play important roles in facilitating KSHV infection (40), we

TABLE 1 Proteomic analysis of viral proteins in KSHV virion and VLV samples using mass
spectrometry

Category and protein
Size
(aa)

No. of
peptides in:

Intensity ratio
(VLV/virion) FunctionVirions VLVs

Capsid proteins
ORF25 1,376 180 24 0.003 Major capsid protein (MCP)
ORF26 305 23 6 0.021 Triplex protein 2 (Tri2)
ORF17.5 288 22 4 0.031 Scaffold protein
ORF65 170 20 2 0.005 Small capsid protein (SCP)
ORF43 605 12 0 0.000 Portal protein
ORF62 331 9 1 0.003 Triplex protein 1 (Tri1)

Other virion proteins
largely absent in EVs

ORF32 454 11 1 0.009 Binds triplex
ORF19 549 9 0 0.000 Binds penton

Envelope proteins
ORF8 845 55 60 0.763 gB
ORF22 730 20 19 0.756 gH
ORF68 545 13 14 1.129 UL32 homolog
ORF39 400 7 9 1.169 gM
K8.1 228 3 4 1.061 gp35/37
ORF47 167 4 3 0.624 gL
ORF28 102 3 3 1.273 EBV gp150 homolog
ORF4 550 12 11 0.610 Complement control

Tegument and other viral
proteins

ORF75 1,296 72 75 0.740 Tegument protein
ORF64 2,635 60 69 0.816 Large tegument protein
ORF21 580 43 43 0.800 Thymidine kinase
ORF63 928 35 32 0.490 UL37 homolog
ORF33 334 28 29 0.844 Virion egress
ORF45 407 29 27 0.857 Inhibition of IRF-7
ORF52 131 23 25 1.146 Virion egress
ORF23 404 12 11 0.873 UL21 homolog
ORF38 61 6 7 1.421 Virion egress
ORF42 278 6 6 1.371 Virion egress
ORF27 290 5 7 1.795 Intercellular viral spread
ORF49 302 6 5 0.671 Transcription regulation
ORF55 227 4 6 1.748 Unknown
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speculated that VLVs may regulate KSHV lytic replication. We tested the hypothesis by
determining if VLVs could reactivate KSHV from latency. For this experiment, we used
immortalized human keratinocytes (HOK16B) latently infected with KSHV.219, a virus
that expresses GFP from the EF-1� promoter during both lytic and latent infection and
also expresses red fluorescent protein (RFP) from the KSHV PAN promoter during lytic
infection only. Therefore, KSHV.219 facilitates the identification of cells undergoing lytic
KSHV replication (41). First, we generated a HOK.219 cell line by latently infecting
HOK16B cells with KSHV.219. Then we incubated the HOK.219 cells with VLVs and
examined lytic viral replication by microscopy. As shown in Fig. 5B, exposure to VLVs
efficiently induced RFP expression, indicating viral reactivation.

In addition, we tested the impact of VLVs on de novo lytic infection by mixing VLVs
with wild-type virions during virus inoculation. We observed that VLVs were able to
enhance de novo KSHV lytic infection (Fig. 5C), further supporting the notion that VLVs
have a stimulating impact on KSHV lytic replication. To quantify the lytic replication
induced by VLVs, we further analyzed viral gene expression and virion production.
During the herpesvirus lytic cycle, viral gene expression is highly coordinated and
occurs in a sequential cascade divided into immediate early (IE), early (E), and late (L)
genes. Treatment of latently KSHV infected HOK.219 cells with VLVs induced the
expression of all three classes of viral genes, including RTA (IE), ORF59 (E), ORF52 (L),
and K8.1A (L) (Fig. 5D), and resulted in the production of infectious progeny viruses
(Fig. 5E).

To systematically quantify the impact of VLVs on the expression of each viral gene,
we used RNA-seq to examine the viral transcriptome during VLV treatment (Fig. 5F; see
also Table S2 in the supplemental material). We found that all viral genes were

TABLE 2 Presence of cellular proteins in KSHV virions and VLVsa

UniProtKB
accession
no. Protein

Size
(aa)

No. of
peptides in:

Intensity ratio
(VLV/virion)Virions VLVs

P07355 Annexin A2 339 29 29 1.30
P60709 Beta-actin 376 23 30 1.65
Q09666 Neuroblast differentiation-associated protein 5,890 80 110 1.63
P14618 Pyruvate kinase isozymes M1/M2 605 35 42 2.49
P11142 Heat shock cognate 71-kDa protein 646 29 32 1.25
P04406 Glyceraldehyde-3-phosphate dehydrogenase 293 22 29 1.54
P08107 Heat shock 70-kDa protein 1A/1B 641 24 30 2.32
P06733 Alpha-enolase 341 22 30 1.73
P62937 Peptidyl-prolyl cis-trans isomerase A 165 14 17 1.39
P11021 78-kDa glucose-regulated protein 654 34 20 1.14
P08758 Annexin A5 320 23 22 0.86
P08195 4F2 cell surface antigen heavy chain 631 18 28 2.82
P08133 Annexin A6 673 25 30 1.26
P07237 Protein disulfide-isomerase 508 28 12 1.12
P21333 Filamin-A 2,647 29 58 3.77
P63104 14-3-3 protein zeta/delta 245 13 18 1.61
P62158 Calmodulin 149 10 13 1.56
P04075 Fructose-bisphosphate aldolase A 364 16 22 2.65
P60174 Triosephosphate isomerase 286 17 23 2.16
P23528 Cofilin-1 166 9 13 1.64
P08670 Vimentin 466 16 26 2.90
P68104 Elongation factor 1-alpha 1 462 10 17 2.29
P15311 Ezrin 586 16 24 2.10
P08238 Heat shock protein HSP 90-beta 724 10 19 3.09
P60903 Protein S100-A10 97 9 11 0.90
P05556 Integrin beta-1 798 18 22 1.46
P30101 Protein disulfide-isomerase A3 505 22 13 1.25
P04083 Annexin A1 346 21 20 1.15
P07900 Heat shock protein HSP 90-alpha 732 11 22 3.14
P37802 Transgelin-2 199 13 16 1.64
aThe cellular proteins encoded by the top 30 genes are listed in order of decreasing signal intensity of the
gene in VLVs.

Comprehensive Analysis of KSHV-Associated VLVs Journal of Virology

August 2017 Volume 91 Issue 15 e00362-17 jvi.asm.org 7

http://www.ncbi.nlm.nih.gov/nuccore?term=P07355
http://www.ncbi.nlm.nih.gov/nuccore?term=P60709
http://www.ncbi.nlm.nih.gov/nuccore?term=Q09666
http://www.ncbi.nlm.nih.gov/nuccore?term=P14618
http://www.ncbi.nlm.nih.gov/nuccore?term=P11142
http://www.ncbi.nlm.nih.gov/nuccore?term=P04406
http://www.ncbi.nlm.nih.gov/nuccore?term=P08107
http://www.ncbi.nlm.nih.gov/nuccore?term=P06733
http://www.ncbi.nlm.nih.gov/nuccore?term=P62937
http://www.ncbi.nlm.nih.gov/nuccore?term=P11021
http://www.ncbi.nlm.nih.gov/nuccore?term=P08758
http://www.ncbi.nlm.nih.gov/nuccore?term=P08195
http://www.ncbi.nlm.nih.gov/nuccore?term=P08133
http://www.ncbi.nlm.nih.gov/nuccore?term=P07237
http://www.ncbi.nlm.nih.gov/nuccore?term=P21333
http://www.ncbi.nlm.nih.gov/nuccore?term=P63104
http://www.ncbi.nlm.nih.gov/nuccore?term=P62158
http://www.ncbi.nlm.nih.gov/nuccore?term=P04075
http://www.ncbi.nlm.nih.gov/nuccore?term=P60174
http://www.ncbi.nlm.nih.gov/nuccore?term=P23528
http://www.ncbi.nlm.nih.gov/nuccore?term=P08670
http://www.ncbi.nlm.nih.gov/nuccore?term=P68104
http://www.ncbi.nlm.nih.gov/nuccore?term=P15311
http://www.ncbi.nlm.nih.gov/nuccore?term=P08238
http://www.ncbi.nlm.nih.gov/nuccore?term=P60903
http://www.ncbi.nlm.nih.gov/nuccore?term=P05556
http://www.ncbi.nlm.nih.gov/nuccore?term=P30101
http://www.ncbi.nlm.nih.gov/nuccore?term=P04083
http://www.ncbi.nlm.nih.gov/nuccore?term=P07900
http://www.ncbi.nlm.nih.gov/nuccore?term=P37802
http://jvi.asm.org


upregulated and that the most upregulated genes were those responsive to RTA,
including ORF59, PAN, and K12 (kaposin) (42–44) (Fig. 5F, top). This observation led us
to test the hypothesis that VLVs might induce lytic replication by activating RTA. We set
up a luciferase reporter assay to detect activation of the RTA promoter and found that
the RTA promoter was activated by VLVs in a dose-dependent manner (Fig. 5G). Since

FIG 4 VLVs contain significant amounts of microRNA. (A) MicroRNA in VLVs. Total RNA was purified from
VLVs and was then subjected to sizing and quantitation analysis using an Agilent 2100 Bioanalyzer. LM,
Agilent lower marker (15 bp). (B) Percentages of microRNA reads from the host cell genome and the
KSHV genome. (C) Pathway analysis of the top 24 human miRNAs (reads, �1,000) by the DIANA miRPath
server (v3.0) (65). Shown are P values, corrected for the false discovery rate by the Benjamini-Hochberg
procedure, for miRNAs associated with KEGG pathways.
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FIG 5 VLVs promote lytic replication of KSHV. (A) VLVs can attach to and enter host cells. Vero cells were treated
with DiD-labeled VLVs or PBS, used as a control (Ctl), for 1 h at 37°C. Then the cells were fixed and were
examined under a fluorescence microscope. Bars, 20 �m. (B) VLVs reactivate KSHV from latency. HOK.219 cells

(Continued on next page)
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VLVs do not contain the viral genome, the results from this reporter assay also indicate
that activation of the RTA promoter by VLVs does not require new expression of viral
proteins. In conclusion, these results suggest that VLVs promote KSHV lytic replication
by inducing RTA expression.

VLVs induce differentiation signaling in host cells. In order to explore cellular
responses to VLVs and investigate the potential mechanism of activation of viral lytic
replication, we performed RNA-seq to globally analyze cellular gene expression with
and without VLV treatment. In brief, HOK16B cells were treated with phosphate-
buffered saline (PBS) or VLVs for 1 day, and then mRNA was purified and subjected to
DNA library construction and sequencing. Raw reads were aligned to a human genome
assembly, and the expression levels of individual genes were expressed as reads per
million total reads (RPM) (see Table S3 in the supplemental material). Fifty-five genes
were upregulated �2-fold in VLV-treated cells (P � 0.05; difference in RPM, �2), and 40
genes were downregulated �2-fold (P � 0.05; difference in RPM, �2) (Fig. 6A; see also
Table S4 in the supplemental material). We then performed Gene Ontology enrichment
analysis on the 55 upregulated genes and found that they are significantly enriched for
the following biological processes: cell differentiation, protein dephosphorylation, and
antiapoptosis (Fig. 6B; see also Table S5 in the supplemental material). With regard to
the 40 downregulated genes, we did not identify significant enrichment for specific
biological processes (data not shown), but we did find that transcription of the tumor
suppressor gene TP53 was downregulated 65%.

VLVs induced the expression of a panel of epithelial differentiation genes, especially
genes belonging to the epidermal differentiation complex (SPRR2C, SPRR2D, SPRR3,
LCE3D, and SCEL) (45). Notably, PRDM1 was found to be upregulated �5-fold. PRDM1,
also known as Blimp-1, functions as a transcriptional repressor and plays a critical role
in cell differentiation (46, 47). Since epithelial cell differentiation is a process reported
to induce KSHV lytic replication (48), we examined the role of PRDM1 in VLV-treated
cells. We knocked down PRDM1 expression in HOK16B cells by siRNA, treated those
cells with VLVs, and then tested the expression of genes related to epithelial cell
differentiation. As shown in Fig. 6C, VLVs significantly induced the expression of SPRR
genes and KRT34 in control siRNA-transfected cells. However, this induction was largely
impaired in PRDM1 siRNA-transfected cells. This result suggests that VLVs induce a host
cell differentiation response through the upregulation of PRDM1 expression.

To characterize the host cell differentiation response, we further examined the
kinetics of PRDM1 and SPRR3 expression after VLV treatment. We found that the
expression of PRDM1 reached its highest level at 2 h after VLV treatment and then
decreased gradually over time. In contrast, SPRR3 expression increased continuously
between 4 h and 24 h after treatment with VLVs (Fig. 6D). This result showed that
PRDM1 expression was transiently activated after VLV treatment, suggesting that a brief
event— e.g., VLV attachment and/or entry—might be responsible for signaling PRDM1
upregulation. This result also showed that SPRR3 was expressed later than PRDM1,
further supporting our conclusion that VLVs induced the host cell differentiation
response through upregulation of PRDM1 expression.

FIG 5 Legend (Continued)
were treated with VLVs at a final concentration of 1 �g/ml or with PBS as a control. Two days later, the cells were
examined under a fluorescence microscope. Bar, 20 �m. (C) VLVs enhance de novo lytic replication of KSHV.
HOK16B cells were infected with KSHV.219 at an MOI of 3. At the same time, VLVs were added to the viral inoculate
at a concentration of 1 �g/ml, while the same volume of PBS was used as a control. Two days later, cells were
examined under a fluorescence microscope. (D) VLVs upregulate KSHV lytic gene transcription. RNA was purified
from the same cells as those shown in panel B, and viral transcripts were quantified by qRT-PCR. Viral gene
expression relative to that in PBS-treated cells was plotted as means � SD from triplicate experiments. **, P � 0.01.
(E) VLVs induce infectious virion production. (F) Genomewide analysis of viral gene expression after VLV treatment.
HOK16B.219 cells were treated with PBS or VLVs. Total RNAs were purified 1 or 2 days after VLV treatment (1d or
2d) and were sequenced. Transcriptional levels of viral genes were quantified in reads per kilobase of coding region
per million total reads (RPKM) in the sample. Viral genes are listed in decreasing order of fold induction, and their
RPKMs are plotted as means � SD from two experiments. (G) Activation of the RTA promoter (RTAp) by VLVs. 293T
cells were transfected with an RTA promoter plasmid and were split into new 24-well plates 12 h later. Cells were
further treated with PBS or increasing amounts of VLVs for 24 h and were then lysed for luciferase activity analysis.

Gong et al. Journal of Virology

August 2017 Volume 91 Issue 15 e00362-17 jvi.asm.org 10

http://jvi.asm.org


FIG 6 VLVs induce cell differentiation. (A) Heat map diagram of differential gene expression after VLV treatment. HOK16B cells were
treated with PBS or VLVs in quadruplicate for 1 day. Then RNA was purified and sequenced. The cluster diagram represents 55
upregulated genes and 40 downregulated genes with P values of �0.05 and �2-fold changes in expression. Expression levels are
color-coded blue for low intensities and red for high intensities (see the scale at the bottom). The arrow outlined in green indicates

(Continued on next page)
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VLVs induce KSHV lytic replication by activating PRDM1. Differentiation signal-
ing has been reported previously to play a role in gammaherpesvirus reactivation
(48–51). Since PRDM1 has been reported to activate EBV lytic replication (49) and is also
upregulated in the presence of VLVs, we reasoned that VLVs induced KSHV lytic
replication as a consequence of PRDM1 upregulation. To test this hypothesis, we first
investigated whether PRDM1 overexpression was able to induce KSHV lytic replication
in latently infected cells (iSLK-KSHV). As shown in Fig. 7A, the expression levels of KSHV
lytic transcripts (ORF57, ORF59, ORF52, and ORF26) in cells transfected with PRDM1
were similar to those in RTA-transfected cells. These results suggest that PRDM1
expression is sufficient to induce KSHV lytic gene expression at levels comparable to
those with RTA, the master regulator of gammaherpesvirus lytic replication.

Next, we examined the function of PRDM1 during KSHV reactivation after treatment
with VLVs. As shown above, treatment of latently infected cells with VLVs induced the
expression of KSHV lytic genes (Fig. 3G and 5B). This induction was significantly
impaired when PRDM1 expression was knocked down by siRNA (Fig. 7B), leading to a
reduction in virion production (Fig. 7C). In the reporter assay, we showed that VLVs
were able to activate the RTA promoter (Fig. 5G). We further tested whether PRDM1 was
able to activate the RTA promoter. As shown in Fig. 7D, PRDM1 expression robustly
activated the RTA promoter in a dose-dependent manner. Taking these data together,
we propose a model in which VLVs facilitate KSHV lytic replication by upregulating
PRDM1 expression, which, in turn, induces RTA expression (Fig. 8).

DISCUSSION

After centuries of coevolution with their hosts, viruses have acquired many strate-
gies for modulating the cellular machinery to facilitate their own replication. During the
productive phase of viral infection, cells are manipulated to produce virions for
transmission. Infection also generates noninfectious vesicles, which, in turn, enhance
virus replication and pathogenesis (4, 13, 52). In this study, we expanded our under-
standing of VLVs by using KSHV-derived VLVs as a model. Infection with KSHV, a human
tumor-associated virus, produces VLVs that contain viral tegument and envelope
proteins in addition to various cellular proteins. These VLVs were also found to be rich
in viral and host microRNAs. In characterizing the function of KSHV-associated VLVs
during viral replication, we found that VLVs could efficiently reactivate KSHV from
latently infected cells as well as enhancing de novo lytic infection of native cells. In an
attempt to explore the functional mechanism, we showed that VLVs activated the RTA
promoter, the master regulator of gammaherpesvirus replication. Using RNA-seq, we
found that VLVs upregulated a group of cellular genes involved in cellular differentia-
tion signaling. A functional analysis confirmed that VLVs triggered a differentiation
response in target cells by inducing PRDM1, the master transcriptional regulator during
cell differentiation (46, 47). Interestingly, PRDM1 was also found to be necessary and
sufficient for KSHV reactivation induced by VLVs.

Previous studies have identified VLVs, also termed L-particles or dense bodies, from
alpha- and betaherpesviruses (7, 8, 53). HSV-1 L-particles are distinguishable from
mature virions by use of a density gradient; the former appear as a broad, low-density
band above the narrow, high-density virion band. L-particles contain viral envelope and
tegument proteins and can deliver these proteins into target cells. Functional studies

FIG 6 Legend (Continued)
PRDM1; the arrow outlined in brown indicates p53. (B) Gene Ontology enrichment analysis of the 55 upregulated genes using DAVID
bioinformatics resources. (C) Expression of PRDM1 and other epithelial cell differentiation-related genes after knockdown of PRDM1.
HOK16B cells were transfected with either a control siRNA, siPRDM1#8, or siPRDM1#10 and were then treated with PBS or VLVs for
1 day. Total RNA was purified and subjected to qRT-PCR analysis. Gene expression levels relative to those with the control siRNA (siCtl)
and PBS-treated cells were plotted as means � SD from triplicate experiments. For all genes, the P values for the differences in
expression between siCtl- and siPRMD1-transfected cells in the presence of VLVs are �0.01. (D) Kinetics of PRDM1 and SPRR3
expression after VLV treatment. HOK16B cells were treated with VLVs for 1 h at 4°C with gentle agitation, washed with culture medium
three times, and then transferred to a 37°C incubator. RNA was purified at the indicated times, and the transcription levels of PRDM1
and SPRR3 were quantified.
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have also shown that L-particles are able to facilitate HSV-1 infection (13, 53) by
enhancing virus replication and impairing the host immune response (52, 54). However,
no systematic analysis of the protein and RNA compositions of HSV-1 L-particles, or the
cellular response from targeted cells, has been carried out. Given that an alphaherpes-
virus, a betaherpesvirus, and three gammaherpesviruses have been shown to produce
VLVs (Fig. 1A), it seems likely that VLV production is a general feature of herpesviruses.
Additionally, virion samples from the three gammaherpesviruses tested in this study
contain large proportions of VLVs. Especially, EBV-associated VLVs constituted 84% of
the total population (Fig. 1C). Therefore, some viral and cellular proteins, which were
previously classified as virion components, may need to be reexamined, since they may
be mostly or only present in VLVs. From the cryo-EM images, we quantified the ratios
of VLVs to virions (Fig. 1C) and found that the percentage of VLVs in gammaherpes-
viruses is higher than those in HSV-1 and HCMV (data not shown). This finding indicates

FIG 7 PRDM1 induces lytic replication of KSHV after VLV treatment. (A) Overexpression of PRDM1 activates
lytic replication of KSHV. iSLK-KSHV cells were transfected either with an empty vector or with an RTA or
PRDM1 expression plasmid. Two days later, RNA was purified, and the transcription levels of viral genes
were quantified. Gene expression levels relative to those in vector-transfected cells are plotted as means �
SD for triplicate experiments. (B) Knocking down PRDM1 expression reduced VLV-induced lytic replication
of KSHV. HOK16B.KSHV cells were transfected with either a control siRNA (siCtl), siPRDM1#8, or siPRDM1#10
and were then treated with PBS or VLVs for 2 days. Total RNA was purified, and the transcription levels of
viral genes were quantified. (Top) Gene expression levels relative to those with the control siRNA and
PBS-treated cells are plotted as means � SD for triplicate experiments. For all genes, the P values for the
differences in expression between siCtl- and siPRMD1-transfected cells in the presence of VLVs are �0.01.
(Bottom) The cell lysates were harvested for Western blotting with an anti-PRDM1 antibody. (C) Knocking
down PRDM1 expression reduced VLV-induced production of infectious virions. Supernatants from the
same cells as those for which results are shown in panel B were collected to determine viral titers. Infectious
virion production relative to that with the control siRNA and VLV-treated cells is plotted as means � SD
from triplicate experiments. **, P � 0.01. (D) (Top) Results of luciferase reporter assays showing the
activation of the RTA promoter (RTAp) by PRDM1. (Bottom) The expression of the HA-PRDM1 protein was
analyzed by Western blotting with an anti-HA antibody.
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that VLVs may have a stronger impact on infection and/or pathogenesis for gamma-
herpesviruses than for alpha- and betaherpesviruses.

In this report, we also observed that VLVs were assembled in the same MVB-like
compartments as virions (Fig. 2A). Taking this result together with the finding that VLVs
and virions contain comparable amounts of envelope proteins and most tegument
proteins, we conclude that VLVs may be generated in the same pathway as virions.
Moreover, we propose that VLVs do not simply represent a by-product of virus
infection, since the following evidence supports the intrinsic biological function of
VLVs: (i) all gammaherpesviruses tested produce VLVs; (ii) production of VLVs is not
restricted to a particular cell type or animal species; (iii) production of VLVs is not
correlated to the yield of virions.

PRDM1, also known as Blimp-1, plays a critical role in controlling cell differentiation
(46, 47). By using RNA-seq and functional assays, we found that PRDM1 upregulation is
central to cellular differentiation responses induced by VLVs and KSHV reactivation.
From studies of the regulation of PRDM1 expression, it is known that several signaling
pathways, including extracellular signal-related kinases (ERKs) and NF-�B, can activate
PRDM1 transcription (55, 56). Studies from Bala Chandran’s group showed that NF-�B
and ERK signaling were activated by the binding of KSHV envelope proteins to cell
surface receptors (40, 57, 58). Based on the facts that abundant KSHV envelope proteins
are present on VLVs (Table 1) and that VLVs are able to enter target cells (Fig. 5A), it is
very likely that VLVs could activate NF-�B and ERK signaling. In addition, the hypothesis
that VLVs trigger PRDM1 expression during their binding and/or entry is further
supported by our finding that PRDM1 was activated very early but not continuously
(Fig. 6D). However, the questions of whether and how ERK and NF-�B signaling
pathways play a role in activating PRDM1 in the presence of VLVs still need to be
examined. Future detailed signaling and transcriptional analysis is necessary to clarify
the role of PRDM1 and its mechanism of function.

The role of RTA in regulating gammaherpesvirus lytic replication has been studied
extensively. Expression of KSHV RTA is necessary and sufficient to switch on the lytic
gene expression program from latency (59, 60). In this study, we investigated the
mechanism of KSHV reactivation by VLVs and found that VLVs triggered the expression
of KSHV RTA by activating its transcription (Fig. 5D, F, and G). Furthermore, we showed
that RTA activation by VLVs depends on PRDM1 (Fig. 7B) and its ability to activate the

FIG 8 Model illustrating the mechanism by which VLVs reactivate KSHV from latency.
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KSHV RTA promoter (Fig. 7D). In a recent study, PRDM1 was found to induce EBV lytic
reactivation by activating R (EBV RTA) and Z promoters (49). These findings support a
common gammaherpesvirus strategy of control of lytic reactivation by PRDM1, espe-
cially through the control of RTA promoters. However, the mechanism by which
PRDM1, normally considered a transcription suppressor, activates RTA promoters is not
fully understood. Future studies of the interactions between RTA promoters and PRDM1
downstream factors may help answer this question.

In addition, VLVs generated from capsid assembly-deficient mutants offer obvious
advantages for the development of a noninfectious subunit vaccine. Previous studies
with HSV-1 L-particles were severely limited due to the inability to produce large
amounts of L-particles free of contaminating wild-type virus. Although very few infec-
tious particles are produced from KSHV-SCPnull, the risk of contamination could be
further reduced by combining this mutation with mutations of other capsid proteins. In
addition, an in vitro cell system enabling KSHV latent infection and robust reactivation
has been established successfully (31, 32), and this system shows a significant advan-
tage for producing VLVs on a large scale.

MATERIALS AND METHODS
Cells. Human papillomavirus 16-immortalized keratinocytes, (HOK16B cells) were maintained in

keratinocyte growth medium (Lonza) (61). HOK16B.219 cells were established by infection with KSHV.219
and were further selected and maintained with 0.5 �g/ml puromycin. HEK293T, iSLK-KSHV BAC16 (32),
and iSLK-SCPnull (30) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum. iSLK-KSHV and iSLK-SCPnull cells were maintained in the presence of 1
�g/ml puromycin, 250 �g/ml G418, and 1,200 �g/ml hygromycin B. NIH 3T3 cells were cultured in DMEM
supplemented with 10% newborn calf serum. EBV-producing marmoset B cells (B95-8) were cultured in
RPMI 1640 medium supplemented with 10% fetal bovine serum.

Production and purification of virions (KSHV, MHV-68, and EBV) and KSHV-associated VLVs. To
produce wild-type KSHV or VLVs, iSLK-KSHV cells or iSLK-SCPnull cells were expanded to 30 15-cm plates
and were then induced with 1 �g/ml doxycycline plus 1 mM sodium butyrate for 3 to 4 days, when 90%
of the cells were round and detached from the plates. To produce MHV-68, 30 15-cm plates of NIH 3T3
cells were infected with MHV-68 at a multiplicity of infection (MOI) of 0.05 for 4 days. To produce EBV,
15 T175 flasks of B95-8 cells were induced with 25 ng/�l tetradecanoyl phorbol acetate (TPA) plus 0.5 mM
sodium butyrate for 5 days. Virions and KSHV-associated VLVs were then purified from supernatants by
a procedure described previously (30). Briefly, the supernatant was collected and was centrifuged at
10,000 � g for 10 min at 4°C to clear it of cells and debris. Then viral particles or VLVs were pelleted by
ultracentrifugation (21,000 rpm for 1 h at 4°C; SW27 rotor), followed by resuspension in PBS. Viral
particles or VLVs were further purified by ultracentrifugation using a 10-to-50% sucrose gradient; sharp
viral particle bands or the corresponding section of VLVs was collected and then pelleted by ultracen-
trifugation. Pellets of virions or VLVs were resuspended in PBS, aliquoted, flash frozen in liquid nitrogen,
and further stored at �80°C. The number of PFU of MHV-68 virions was determined by infecting Vero
cells (62). Infectious units (IU) of KSHV virions were quantified by counting GFP-positive clusters after
infecting 293T cells (61). The concentration of KSHV VLVs was measured using a Bradford protein assay.

Cryo-electron microscopy (cryo-EM). Two microliters of a purified sample was applied to holey
carbon-coated grids, plunge-frozen in liquid ethane, and imaged at liquid nitrogen temperature with an
FEI Tecnai F20 transmission electron microscope.

Plastic embedding and transmission electron microscopy. NIH 3T3 cells were infected with MHV-68
at an MOI of 0.1 for 3 days. Then the cells were collected and were subjected to plastic embedding, ultrathin
sectioning, and transmission electron microscopy examination. Briefly, cells were washed twice with PBS, fixed
with 2% glutaraldehyde, postfixed in 1% OsO4, en bloc stained in 2% uranyl acetate, dehydrated in an
ascending ethanol series, and then embedded using Spurr resin (Electron Microscopy Sciences). Sections (�75
nm) were stained with saturated aqueous uranyl acetate and lead citrate and were examined with an FEI
Tecnai 12 transmission electron microscope.

Quantitative MS. KSHV virion and VLV samples were prepared in duplicate, digested with trypsin,
and concentrated for liquid chromatography (LC)-tandem mass spectrometry (MS-MS). Digested peptide
mixtures were analyzed by a Thermo Scientific LTQ Orbitrap Elite mass spectrometry system equipped
with a Proxeon Easy-nLC 1000 ultrahigh-pressure liquid chromatography and autosampler system.

KSHV titration. To determine the concentration of infectious KSHV virions released from HOK16B.219
cells, the cells were treated with VLVs or PBS for 3 days. Then supernatants were collected, centrifuged
at 10,000 � g for 10 min to remove cells and debris, serially diluted, and then used to infect 293T cells
by spinoculation (at 3,000 � g for 1 h at 30°C). Three days postinfection, GFP-positive cell clusters
containing two or more cells were counted under a fluorescence microscope to determine the titers of
infectious KSHV viruses. Infectious units are expressed as the number of GFP-positive cell clusters in each
well at the time of analysis (61).

Western blotting. KSHV virions, VLVs, or cells were lysed in 1� Western blotting loading buffer,
resolved by SDS-PAGE, and transferred to a polyvinylidene difluoride (PVDF) membrane. Viral proteins
were detected with antibodies against K8.1A (Advanced Biotechnologies), ORF26 (Novus), ORF52 (mono-
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clonal antibody produced from mouse hybridoma cells), or ORF45 (Abcam). PRDM1 expression was
detected with antibodies against either the native protein (Cell Signaling) or the hemagglutinin (HA)
epitope (Sigma).

Luciferase reporter assay. A dual-luciferase reporter assay was performed according to a previously
described method with some modifications (62). Briefly, 293T cells in a 12-well plate were transfected
with 50 ng RTA promoter and 50 ng pRL-PGK, with or without pCMVHA-PRDM1 (100 ng, 300 ng, or 900
ng) and/or an empty vector. Two days later, the cells were lysed, and luciferase activity was examined
using a dual-luciferase reporter assay system (Promega).

Reverse transcription and real-time PCR. Quantitative reverse transcription-PCR (qRT-PCR) was
performed as described previously (63). Briefly, total RNA was extracted from cells with a PureLink RNA
minikit (Ambion), treated with DNase I, and reverse transcribed with SuperScript III reverse transcriptase
(Thermo Fisher). The sequences of primers used to quantify DNA and RNA are as follows: for actin, 5=-GGA
CTT CGA GCA AGA GAT GG-3= and 5=-AGC ACT GTG TTG GCG TAC AG-3=; for RTA, 5=-CAC AAA AAT GGC
GC AAG ATG A-3= and 5=-TGG TAG AGT TGG GCC TTC AGT T-3=; for ORF59, 5=-TTG GCA CTC CAA CGA AAT
ATT AGA A-3= and 5=-CGG GAA CCT TTT GCG AAG A-3=; for ORF57, 5=-TGG ACA TTA TGA AGG GCA TCC
TA-3= and 5=-CGG GTT CGG ACA ATT GCT-3=; for ORF52, 5=-CTT ACG ATG GAA GAC CTA ACC G-3= and
5=-ATC CCA GTG CTT TCC GAA G-3=; for ORF26, 5=-AGC CGA AAG GAT TCC ACC AT-3= and 5=-TCC GTG
TTG TCT ACG TCC AG-3=; for PRDM1, 5=-TGT GGT ATT GTC GGG ACT TTG-3= and 5=-CTT TGG GAC ATT CTT
TGG GC-3=; for SPRR2C, 5=-GAC TCC TAA ACT CCT GGT ACT TG-3= and 5=-TGG CTC TGG ACG CTT TG-3=;
for SPRR3, 5=-AAA GTT CCT GAG CAA GGA TAC AC-3= and 5=-GAC ATG GCT CTG GTA GCT TTG-3=; for
KRT34, 5=-AGG AGT CAG TAT GAG GCT CTG-3= and 5=-GTG CGT CTC AGC TCG ATG-3=.

Directional RNA-seq library preparation and sequencing. For poly(A) RNA deep-sequencing
analysis, HOK16B or HOK16B.219 cells were either mock treated or treated with VLVs for 1 or 2 days; then
total RNA was purified with TRIzol, and RNA-seq libraries were prepared by a method described previously
(61). Multiplex sequencing was performed on 50-bp single-end reads with an Illumina HiSeq 2000 machine
at the UCLA Clinical Microarray Core. Raw reads were aligned to a human genome assembly (hg38) or KSHV
RNA transcripts using TopHat with default parameters (64). Results were quantified by reads per kilobase of
coding region per million total reads (RPKM). For microRNA deep-sequencing analysis, total RNA was purified
from KSHV-associated VLVs with TRIzol, and a miRNA-seq library was constructed using a TruSeq Small RNA
Library Prep kit (Illumina). Deep sequencing was performed on 50-bp single-end reads with an Illumina HiSeq
2000 machine at the UCLA Clinical Microarray Core. Raw reads were aligned to both KSHV and human
microRNAs using TopHat with default parameters.

MicroRNA deep sequencing. Two independent batches of KSHV virion and VLV samples were
purified, mixed in a 1:1 ratio (determined by protein concentration), and then subjected to total-RNA
purification with TRIzol. MicroRNAs were further isolated by gel purification and were subjected to library
construction using the TruSeq Small RNA Library Prep kit (Illumina) and deep sequencing with an
Illumina HiSeq 2000 machine at the UCLA Clinical Microarray Core.

Statistical analysis. All numerical data were calculated and plotted as means � standard deviations
(SD). Results were analyzed by an unpaired Student t test. Differences were considered statistically
significant when the P value was �0.05.

Accession number(s). Raw read data are available from NCBI Gene Expression Omnibus under
accession number GSE91386.
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