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ABSTRACT The early period of Kaposi’s sarcoma-associated herpesvirus (KSHV) infection involves the dynamic expression of
viral genes, which are temporally and epigenetically regulated. KSHV can effectively infect and persist in endothelial as well as
human B cells with different gene expression patterns. To understand the temporal epigenetic changes which occur when KSHV
infects the lymphocytic compartment, we infected human peripheral blood mononuclear cells (PBMCs) and comprehensively
analyzed the changes which occurred at the binding sites of virally encoded lytic as well as latent proteins along with epigenetic
modifications across the KSHV genome during early primary infection. Using chromatin immunoprecipitation (ChIP) assays,
we showed that the KSHV genome acquires a uniquely distinct histone modification pattern of methylation (H3K4me3,
H3K9me3, and H3K27me3) and acetylation (H3Ac) during de novo infection of human PBMCs. This pattern showed that the
epigenetic changes were temporally controlled. The binding profiles of KSHV latent protein LANA and the immediate early pro-
teins RTA and K8 showed specific patterns at different times postinfection, which reflects the gene expression program. Further
analysis demonstrated that KSHV can concurrently express lytic and latent genes which were associated with histone modifica-
tions at these specific regions on the viral genome. We identified three KSHV genes, K3, ORF49, and ORF64, which exhibited
different profiles of histone modifications during the early stages of PBMC infection. These studies established a distinct pattern
of epigenetic modification which correlates with viral gene expression temporally regulated during the first 7 days of PBMC in-
fection and provides clues to the regulatory program required for successful infection by KSHV of human PBMCs.

IMPORTANCE Kaposi’s sarcoma-associated herpesvirus (KSHV) has been documented as one of the major contributors to mor-
bidity and mortality in AIDS patients during the AIDS pandemic. During its life cycle, KSHV undergoes latent and lytic replica-
tion. Typically, KSHV maintains a stringent preference for latent infection in the infected B cells. However, 1 to 5% of infected
cells undergo spontaneous lytic reactivation. KSHV lytic replication and infection of new cells are likely to be critical for main-
taining the population of infected cells which drive virus-associated pathogenesis. Here, we explored the temporal changes of
crucial histone marks on the KSHV genome during early infection of human primary peripheral blood mononuclear cells (PB-
MCs), which are a physiologically relevant system for monitoring primary infection. These results showed that KSHV possessed
a distinct pattern of epigenetic marks during early infection of PBMCs. Further, KSHV concurrently expressed lytic and latent
genes during this early period. These results now provide new evidence which contributes to understanding the molecular mech-
anism that regulates viral gene expression during early infection.
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Kaposi’s sarcoma-associated herpesvirus (KSHV), a human
gammaherpesvirus, is closely associated with development of

at least two lymphoproliferative disorders, primary effusion lym-
phoma (PEL) and multicentric Castleman’s disease (MCD), as
well as a vascular cancer, Kaposi’s sarcoma (KS) (1–4). KS is a
tumor of lymphatic endothelial origin commonly seen in AIDS
patients (5). PEL, also referred to as body cavity-based lymphoma
(BCBL), is a non-Hodgkin’s lymphoma characterized by liquid

tumor growth in body cavities (6). PEL occurs predominantly but
not exclusively in HIV-positive patients with advanced AIDS (7,
8). It is aggressive and progresses rapidly with a high mortality
rate. The mean survival time for patients with PEL is approxi-
mately 2 to 6 months (9). KSHV is also associated with most cases
of MCD arising in patients infected with HIV (10). KSHV-MCD,
a rare B-cell lymphoproliferative disorder that affects lymph
nodes and other lymphoid tissue, is a rapidly progressing aggres-
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sive tumor, which can lead to death (10, 11). These lymphoprolif-
erative diseases are closely associated with KSHV-infected B cells.
However, the molecular mechanisms which trigger the develop-
ment of KSHV-mediated lymphoproliferative diseases are not
completely understood.

KSHV infections in endothelial cells are fairly well elucidated
(12, 13). Recently, Chandran’s group showed that KSHV infection
induces reactive oxygen species (ROS) during early infection to
promote its efficient entry via macropinocytosis in HMVEC-d
cells (14). For KSHV infection of primary B cells, two groups have
shown that KSHV infects a subset of tonsillar B cells driving plas-
mablast differentiation and proliferation and that KSHV-encoded
viral FLICE-inhibitory protein (vFLIP) induces B-lymphocyte
transdifferentiation and tumorigenesis in animal models (15, 16).
T and B lymphocytes in primary human tonsils can be infected by
KSHV, with B lymphocytes producing a substantial amount of
infectious virus progeny (17, 18). During its life span, KSHV ex-
presses latent and lytic cycle proteins. Our previous studies
showed that RBP-J� regulates the promoters of LANA and RTA in
a reciprocal manner (19–21). Recently, we generated a recombi-
nant KSHV with a deletion of the RBP-J� site within the LANA
promoter (LANAp) (22). This virus showed that the RBP-J� site
was critical for the establishment of latent infection in primary
cells, as mutation of this site resulted in increased lytic replication
during infection of human peripheral blood mononuclear cells
(PBMCs) (22). In contrast, recombinant KSHVs deleted for the
RBP-J� binding sites within the RTA promoter showed enhanced
viral latency with a substantial decrease in lytic replication during
primary infection of human PBMCs (23). Here, we utilized those
recombinant viruses to further explore the temporal and epige-
netic changes of KSHV latent and lytic genomes during primary
infection.

The impact of epigenetic changes on gene expression without
altering the DNA sequence can have a global effect on the genome
and occurs through DNA methylation and histone modifications
(24, 25). DNA methylation occurs at CpG sites, which are repeats
of a cytosine nucleotide followed by a guanine nucleotide (26). A
CpG island adjacent to a transcription initiation site is generally
associated with repression or silencing of transcription, and hy-
permethylation of CpG islands is a common epigenetic alteration
associated with cancer (27). Histone modifications include acety-
lation, methylation, phosphorylation, ubiquitylation, and citrul-
lination (28). Typically, epigenetic changes on DNA and histones
are important contributors to tumor progression (29). Epigenetic
modifications are frequently found in KSHV-associated cancer.
Interestingly, KSHV microRNA (miRNA) targets the viral imme-
diate early protein RTA and the cellular factor Rbl2 to regulate
global epigenetic reprogramming (30). KSHV also regulates the
host epigenetic modifier EZH2 to promote angiogenesis (31). Re-
cently, epigenetic analysis of KSHV latent and lytic genomes (32)
and epigenetic modifications of the KSHV genome by methylated
DNA immunoprecipitation (MeDIP) assay in the long-term in-
fected SLK cell line were examined (33). These studies showed
profound epigenetic changes across the KSHV genome during
lytic and latent infection (32). Furthermore, the KSHV RTA pro-
moter exhibited a bivalent promoter structure to flexibly regulate
both latent and lytic infections by KSHV (33). Here, we explored
the epigenetic changes of the KSHV genome in a physiologically
relevant background during early infection in human PBMCs,

important for establishment of persistent infection in the lympho-
cytic compartment.

The KSHV genome possesses very low redundancy and is com-
prised of an approximately 140-kbp long unique coding region
with 53.5% GC content, which encodes ~86 open reading frames
(ORFs). Many regions of the genome are still not well character-
ized (34). The early steps of KSHV infection are a dynamic process
and involve collaboration of viral genes that are temporally ex-
pressed due to various epigenetic modifications of their regulatory
regions. In this study, we used human PBMCs to explore KSHV
infection using a physiologically relevant primary cell back-
ground. Our previous data have shown that KSHV efficiently in-
fects human PBMCs (22, 23). Here, we focused on the dynamic
changes in KSHV gene expression and the epigenetic program-
ming using activation markers H3K4me3 and H3Ac and repres-
sion markers H3K9me3 and H3K27me3 that occur during the
first 7 days after infection of human PBMCs. These studies con-
tribute to our understanding of the molecular mechanisms that
regulate viral gene expression to successfully establish latent infec-
tion in human PBMCs. Collectively, this study elucidates a mech-
anism of KSHV genome programming during the early stages of
KSHV infection.

RESULTS
The KSHV genome undergoes distinct epigenetic changes dur-
ing primary infection. Early infection by gammaherpesviruses is a
multistep complex process, which involves a series of temporal
interactions between multiple viral antigens and host cell factors.
KSHV infection requires a series of highly regulated steps, which
include virus-receptor interactions, entry, intracellular traffick-
ing, and a highly specialized viral and host gene expression pro-
gram (13). Previously, we have demonstrated that KSHV can suc-
cessfully infect human PBMCs for up to 7 days (22, 23). Here, we
analyzed a genome-wide response during these early steps of
PBMC infection. Human PBMCs (40 � 106) were infected with
purified KSHV virions and incubated for 1, 2, 4, and 7 days. Chro-
matin immunoprecipitation (ChIP) assays for histone modifica-
tions were performed on those infected PBMCs using the antibod-
ies against H3K4me3, H3K9me3, H3K27me3, and H3Ac (Fig. 1).
ChIP DNAs were assayed by quantitative real-time PCR (qPCR)
using the KSHV genome-wide primer sets amplifying 250- to
500-bp regions across the entire KSHV genome. An enrichment of
targets greater than 2-fold over the respective isotype control an-
tibody was considered significant.

Histone H3 exhibited active as well as repressive modifications
through methylation across the KSHV genome during infection of
human PBMCs. Significant modifications of trimethylated his-
tone H3 lysine 4 (H3K4me3) and H3K27me3 were seen through-
out the KSHV genome from 1 day to 7 days postinfection (p.i.)
(Fig. 1). The viral genes associated with H3K4me3 modifications
were localized at three major KSHV gene clusters (15 to 25 kb, 70
to 80 kb, and 105 to 120 kb). There, highly methylated DNAs were
found in KSHV-positive latently infected BCBL1 cell lines but not
in the de novo-infected endothelial SLK cell line (SLKp) (33).
H3K4me3 modifications at the genomic regions 15 to 25 kb and
70 to 80 kb were seen in noninduced TRExBCBL1-RTA cells.
However, the modification at genomic region 105 to 120 kb was
not detected in these cells (32). In contrast to these earlier studies,
the BCBL1 viral genome also had widely distributed H3K27me3
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marks, emphasizing trends similar to those in KSHV-infected PB-
MCs observed in this study (32).

The trimethylated histone H3 lysine 9 (H3K9me3) exhibited a
distinct enrichment at KSHV genomic regions 5 to 10 kb, 15 to
25 kb, 70 to 80 kb, 105 to 120 kb, and 130 to 140 kb from 1 day to
7 days p.i. during primary PBMC infection (Fig. 1). This pattern
peaked at these regions at 2 days p.i. but became more diffused by
7 days p.i. with a pattern that seems to be throughout the genome
but at lower intensities (Fig. 1). Interestingly, these regions with
methylation modifications were consistent with those reported in

previous BCBL1 cells (33). However, no significant modification
of H3K9me3 was found except for the genomic region 105 to
120 kb in the latent TRExBCBL1-RTA cell background (32). In
addition, histone H3 acetylation (H3Ac) marks were enriched
throughout the KSHV genome at 1 day p.i. but less so by 7 days p.i.
(Fig. 1). The KSHV genomic region at 30 to 50 kb during primary
PBMC infection was consistent with previous studies with a re-
duced or minimal change in H3Ac (32). However, the H3Ac
marks were distributed at genomic regions 10 to 25 kb, 70 to 80 kb,
and 130 to 140 kb but not enriched within the 105- to 120-kb

FIG 1 Global patterns of histone modification across KSHV genome during early primary infection. The histone modification ChIP assays were performed with
wt KSHV-infected PBMCs at 1, 2, 4, and 7 days p.i. using the antibodies for histone H3K4me3, H3K9me3, H3K27me3, and H3Ac. ChIP DNA was assayed by
quantitative PCR using a genome-wide array of primers across the KSHV genome. Approximate KSHV genome positions are indicated on the top of the panel.
IE, immediate early; dpi, days postinfection.
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region in BCBL1 cells and SLKp cells (35). These results are indic-
ative of a different pattern of epigenetic modification across the
KSHV genome during early primary PBMC infection from the
patterns seen in BCBL1 and SLKp cells. This may reflect a pattern
of epigenetic regulation of the KSHV genome which is unique for
primary PBMC infection and could be important for latency es-
tablishment.

Distinct regions of the KSHV genome are regulated by
LANA, RTA, and K8 during infection of human PBMCs. During
infection of primary lymphocytes, KSHV strives to establish latent
infection by expressing genes capable of modulating and repro-
graming the host signaling pathways. Both latent and lytic gene
expression programs occur simultaneously during the early stages
of primary infection (36). Therefore, we hypothesized that KSHV
activates multiple genes involved in latent as well as lytic replica-
tion to successfully complete the early steps of infection, which
ultimately leads to establishment of a latent infection. Here, we
used antibodies against the KSHV latent protein LANA and the
lytic proteins RTA and K8 to perform ChIP assays to identify the

KSHV genomic regions associated with these virus-encoded latent
and lytic regulatory proteins during early primary PBMC infec-
tion (Fig. 2). The results of genome-wide ChIP assay showed that
the KSHV major latent protein LANA associated with viral DNA
primarily at three genomic regions, 20 to 40 kb, 108 to 120 kb, and
130 to 140 kb, which included a number of lytic and latent genes
(Fig. 2). Moreover, the association with LANA was more uniform
at 7 days p.i. throughout the genome, compared to a more focused
association at 2 and 4 days post-infection of PBMCs. Recent stud-
ies have also shown that the genomic regions 20 to 40 kb and 130
to 140 kb were regulated by LANA in the BCBL1 cells (37). How-
ever, the genomic region 130 to 140 kb did not show high enrich-
ment with LANA in the BCBL1 cells (37). This indicates that this
region may be important for establishment of KSHV latency after
infection of PBMCs.

The major immediate early protein RTA showed association
with a wide range of genomic regions across the entire genome,
including regions 1 to 10 kb, 20 to 30 kb, 50 to 55 kb, 70 to 80 kb,
and 110 to 120 kb (Fig. 2). Interestingly, the regions enriched by

FIG 2 Analysis of KSHV latency and lytic life cycle during early primary infection at 1, 2, 4, and 7 days p.i. ChIP assays were performed with wt KSHV-infected
human PBMCs using the antibody for KSHV latent protein LANA and lytic proteins RTA and K8. ChIP DNAs were assayed by quantitative PCR using a
genome-wide array of primers across the KSHV genome. Approximate KSHV genome positions are written on the top of the panel. IE, immediate early; dpi, days
postinfection.
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RTA antibody were not consistent with the previous study in la-
tently infected BCBL1 cells (38). This suggests that RTA regulates
different regions of the KSHV genome during early PBMC infec-
tion. K8 was enriched at the genomic regions 20 to 30 kb, 60 to
80 kb, 105 to 115 kb, and 125 to 140 kb, suggesting that K8 is likely
to be actively involved in activating the lytic gene expression pro-
gram during KSHV early infection (Fig. 2). The data shown here
suggest that KSHV can utilize its latent as well as lytic proteins to
regulate its latent and lytic program genes transcribed during the
first few days of PBMC infection.

Epigenetic modifications and gene regulation on the KSHV
genome during PBMC infection. The results from the ChIP as-
says using various antibodies against histone modifications
(H3K4me3, H3K9me3, H3K27me3, and H3Ac) showed that the
KSHV genome is temporally modified with histone methylations
and acetylation marks during primary infection of PBMCs.
H3K4me3 occupancy on the KSHV genome was typically in-
creased from 1 day to 4 days p.i., indicating occurrence of an active
chromatin modification during early primary infection which is
regulated in a time-dependent manner (Fig. 1). In contrast,
H3K9me3 and H3K27me3 enrichment plateaued at 2 days p.i. and
then declined after 4 days, suggesting that the repressive marks
were generated first, which was followed by the active mark
H3K4me3 on the viral genome during early infection (Fig. 1).
Specifically, H3K9me3 and H3K27me3 established a stronger en-
richment throughout the genome by 2 days p.i. than did
H3K4me3, although similar peaks were seen at 2 days p.i. for both
H3K4me3 and H3K9me3 (Fig. 1). These data strongly suggest that
KSHV utilizes a mechanism which involves temporal regulation
of epigenetic marks during PBMC infection. Furthermore, his-
tone acetylation (H3Ac) was readily detected from 1 day to 4 days
p.i., suggesting that H3Ac was also important during the early
steps of KSHV infection in PBMCs. Remarkably, the repressive
epigenetic modifications were generally suppressed at 7 days p.i.
compared to the modifications at 1 day to 4 days p.i. of the repres-
sive marks (Fig. 1). These results indicate that these changes in
epigenetic modifications are important for KSHV primary infec-
tion and a successful establishment of latency.

The ChIP data showed that LANA, RTA, and K8 bound to a
number of genomic regions to concurrently regulate virus-carried
genes from both the latent and lytic programs during the early
stages of primary infection (Fig. 2). An increase in association of
LANA with viral DNA from 1 day to 4 days p.i. was seen, and the
neighboring genes suggest that LANA may bind to regions that
regulate these viral ORFs to stimulate their expression during the
early stages of primary infection. In contrast, the major lytic pro-
teins RTA and K8 associated with a wide range of viral genes and
regulatory regions across the entire genome (Fig. 2). ChIP results
with RTA showed an enhanced enrichment at regions which in-
clude ORFs across the viral genome that were temporally regu-
lated as seen from 1 day to 7 days p.i. (Fig. 2). This suggested that
RTA plays a major role in regulation of genes across the KSHV
genome during the early stages of primary infection. Interestingly,
RTA enrichment was more robust at 7 days p.i. across the KSHV
genome and overlapped in some regions with LANA enrichment
at the KSHV genome. In addition, immunoprecipitation of viral
DNA bound to K8 also showed a significant enrichment across the
KSHV genome from 1 day to 7 days p.i. (Fig. 2). However, the
strongest association was seen at 4 days postinfection, and this
tapered off at 7 days p.i. Notably, the enrichment of RTA on the

KSHV genome was seen later than that for K8 (7 days p.i. com-
pared to 4 days p.i.), indicating that K8 may be required much
earlier as it relates to its contribution to viral lytic replication dur-
ing the early period of PBMC infection. It is interesting that LANA
as well as RTA and K8 was enriched at the regulatory regions of
ORF50, suggesting involvement in its control (Fig. 2).

Epigenetic modifications on the KSHV genome are coordi-
nated with viral gene expression during primary infection. Epi-
genetic programming of herpesviral genomes plays an important
role in transcriptional regulation of latent and lytic genes during
the viral life cycle (32). The data above showed that viral genes
associated with histone H3 methylation and acetylation occurred
at three major KSHV genome clusters (8 to 30 kb, 53 to 80 kb, and
105 to 130 kb). H3K4me3 modifications were associated with
genomic regions which include genes involved in antiapoptosis
(ORF16), DNA replication (ORF49, ORF56, ORF59, and ORF70),
oncogenesis (K3), and virion particle assembly (ORF25, ORF29b,
ORF45, ORF64, and ORF65) (Fig. 1 and Table 1). H3K27me3
modifications on the KSHV genome during primary infection
were widespread and efficiently occurred at many regions on the
viral genome, including genes related to functions associated with
antiapoptosis, DNA replication, oncogenesis, immunomodula-
tion, regulation of transmembrane protein, and virion particle
assembly (Fig. 1 and Table 1). H3K9me3 modifications on the
KSHV genome were linked to regulation of the transmembrane
proteins (ORF4 and ORF7), virion structural proteins (ORF64
and ORF65), and proteins involved in the oncogenic process (K3
and K15) (Fig. 1 and Table 1). The H3Ac ChIP assay showed
acetylation of a number of H3-associated regions across the KSHV
genome, including regions encoding ORF11, K3, ORF18,
ORF29a, ORF36, ORF42, ORF49, ORF59, ORF64, ORF68, and
ORF69 (Fig. 1 and Table 1), which have a wide range of functions
and are dispersed throughout the KSHV genome.

The results of genome-wide ChIP assays showed that the
KSHV major latent protein LANA associated with the regulatory
regions of a number of lytic and latent genes (Fig. 2 and Table 1).
The LANA-ChIP assay showed that LANA associated with viral
DNA which carries lytic and latent ORFs, including K3, K7, K15,
ORF18, ORF19, ORF25, ORF49, ORF64, ORF65, ORF68, ORF69,
and ORF73. This suggests that KSHV may establish latent infec-
tion in PBMCs by activating a specific program of gene expression,
which includes both latent and lytic genes. Further, a look at
KSHV genomic regions associated with the lytic protein RTA
showed that it binds to a large number of ORFs spread across the
KSHV genome (Fig. 2 and Table 1). The viral genes bound by RTA
belonged to a group of transmembrane proteins (ORF4, ORF7,
ORF22, ORF68), virion proteins (ORF29a, ORF32, ORF45, and
ORF64), and capsid proteins (ORF62, ORF65, and ORF75) and
also included genes involved in transcription regulation (ORF49
and ORF70) with some overlap for those also bound to LANA
(Fig. 2 and Table 1). Therefore, as expected, RTA can regulate the
expression of proteins involved in synthesis of virus particles and
virion release. The viral genomic regions bound by K8 were mostly
associated with DNA replication (ORF59), transcription regula-
tion (K8 and ORF49), virion proteins (ORF17, ORF27, ORF42,
and ORF45), and oncogenesis (ORF34, ORF73, K3, K11.1, and
K12) (Fig. 2 and Table 1), suggesting that K8 is involved in pro-
moting viral replication during early primary infection.

On closer examination, we found that three major domains/
clusters of viral genes were temporally bound to LANA, RTA, and
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TABLE 1 Summary of KSHV ORFs with epigenetic modifications (H3K4me3, H3K9me3, H3K27me3, and H3Ac) and associated with LANA, RTA,
and K8 proteins during primary PBMC infectionb

Classification KSHV ORF Name Associated function Enrichmenta

LANA RTA K8 H3K4me3 H3K9me3 H3Ac H3K27me3

ORF02 DHFR Dihydrofolate
reductase

� � �

ORF04 Complement
binding protein

� � � �

E ORF06 SSB Single-strand
binding protein

�

E ORF07 Transport
protein

� � �

L ORF08 gB Glycoprotein �
E ORF09 POL DNA polymerase �

ORF10 Derived from
the herpesvirus
dUTPase

�

ORF11 Derived from
the herpesvirus
dUTPase

� �

E ORF16 vBcl-2 Viral homolog
of Bcl-2,
antiapoptotic

� � �

E ORF17 Viral protease/
capsid protein

� �

ORF18 trans factor, for
late gene transcription

� �

E ORF19 Tegument
protein

� �

L ORF20 Inducers of
cell cycle arrest

E ORF21 TK Thymidine kinase � �
L ORF22 gH Glycoprotein � �

ORF23 Tegument
protein

ORF24 Related to HHV-5
UL87

�

L ORF25 Major capsid
protein

� � �

L ORF26 Minor capsid
antigen

L ORF27 Virion proteins
(unclassified)

� � �

L ORF28 Membrane protein
E ORF29a Packaging protein � � �
IE ORF29b Packaging protein �
L ORF30 Related to

HHV-5 UL91
E ORF31 MHV ORF31,

required for viral
replication

�

L ORF32 Tegument protein �
L ORF33 Tegument

ORF34 HRE Hypoxia, HRE � �
ORF35 Associated in vitro

infection
E ORF36 Phosphotransferase/

serine protein kinase
� �

E ORF37 SOX Shutoff and
exonuclease

�

(Continued on following page)
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TABLE 1 (Continued)

Classification KSHV ORF Name Associated function Enrichmenta

LANA RTA K8 H3K4me3 H3K9me3 H3Ac H3K27me3

ORF38 g/M? Myristylated
tegument protein

L ORF39 gM Glycoprotein
E ORF40 PAF Primase-associated

factor
�

E ORF41 PAF Primase-associated
factor

�

L ORF42 Tegument protein � � � �
L ORF43 Capsid protein
E ORF44 HEL Helicase � �
IE ORF45 Tegument,

phosphorylated
protein

� � � � �

E ORF46 UDG Uracil DNA
glucosidase

� �

L ORF47 gL Glycoprotein
IE ORF48 Unknown

function
E ORF49 � � � � � � �
IE ORF50 RTA Replication and

transcription activator
�

ORF51 Envelope
glycoprotein

L ORF52 Virion proteins,
unclassified

L ORF53 gN Glycoprotein �
E ORF54 dUTPase � �
L ORF55 Tegument protein � �
E ORF56 PRI Viral primase,

DNA replication
protein

� �

E ORF57 MTA M transactivator,
posttranscriptional
regulator

L ORF58 EBV BMRF2
homolog

� �

E ORF59 PPF Polymerase
processivity factor

� � � �

E ORF60 RNR Ribonucleotide
reductase small
subunits

�

E ORF61 RNR Ribonucleotide
reductase large
subunits

�

L ORF62 Capsid � � �
E ORF63 Viral homolog

of human NLRP1
�

E ORF64 Tegument � � � � � � �
ORF65 Capsid � � � � �

E ORF66 NA �
E ORF67 Primary

envelopment
processes

E ORF68 Glycoprotein � � � �
E ORF69 p33 Primary

envelopment
processes

� � �

(Continued on following page)
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K8. These domains/clusters are between the genome coordinates 8
and 30 kb, 53 and 80 kb, and 105 and 130 kb, which encompass
genes including K3, ORF49, and ORF64 (Fig. 2 and 3). This is
reminiscent of what was seen in the results of the H3K4me3,
H3K9me3, H3K27me3, and H3Ac ChIP assays (Fig. 1 and 3). The
regions which encompass genes for K3, ORF49, and ORF64
showed a distinct enrichment pattern for association with KSHV
latent/lytic proteins LANA, RTA, and K8 as well as histone mod-

ification proteins during the early stages of KSHV primary infec-
tion. Therefore, we hypothesized that these proteins are important
for orchestrating the critical events during early infection of PB-
MCs by KSHV. Here, we focused on 3 genes that were affected, K3,
ORF49, and ORF64, because they showed significant changes dur-
ing PBMC infection and were not extensively explored previously
in the physiologically relevant primary cell background PBMCs.
We investigated the expression of these three ORFs to further

TABLE 1 (Continued)

Classification KSHV ORF Name Associated function Enrichmenta

LANA RTA K8 H3K4me3 H3K9me3 H3Ac H3K27me3

ORF70 Thymidylate
synthase

� � �

L ORF71/K13 vFLIP Virus-encoded
FLICE-inhibitory
proteins

L ORF72 vCyclin Viral cyclin D
homolog

� �

L ORF73 LANA Viral tethering,
oncogene, etc.,
as called LANA-1

� � � �

E ORF74 GPCR G-protein-coupled
receptor

�

ORF75 Tegument protein/
FGARAT/activator
of NF-�B

� �

K1 ORF1 Transmembrane
glycoprotein K1

K10 NA
L K10.5 vIRF3 Viral interferon

regulatory factor
3 or LANA-2

K11.1 vIRF2 Viral interferon
regulatory factor 2

� � �

L K12 Kaposin Oncogene � �
K14 NCAM-like

adhesion protein,
cytokine

�

K15 Transmembrane
protein, angiogenesis

� � �

E K2 vIL-6 IL-6-like cytokine
K3 MIR-1 E3 ubiquitin ligases/

inhibition of IFN-�
and MHC-I

� � � � � � �

E K4 vMIP-II Angiogenesis,
chemotaxis, cytokine

K4.1 vMIP-III Angiogenesis,
chemotaxis, cytokine

IE/E K5 MIR-2 E3 ubiquitin ligases/
inhibition of IFN-�
and MHC-I

E K6 vMIP-1 Cytokine �
K7 vIAP Viral inhibitor

of apoptosis protein
E K8 k-bZIP E3 ubiquitin ligases

with specificity toward
SUMO2/3

�

L K8.1 Glycoprotein
E K9 vIRF-1 IFN regulatory

factor protein
�

a �, enrichment of target more than 2-fold over that obtained from an isotype antibody control from ChIP assay.
b Abbreviations: IE, immediate early lytic; E, early lytic; L, latent; HHV-5, human herpesvirus 5; MHV, murine herpesvirus; HRE, hypoxia response element; NA, not available; IL-
6, interleukin-6; IFN-�, gamma interferon.
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explore the mechanism of gene expression at these viral genomic
sites during KSHV primary infection. During the first 7 days p.i.,
these 3 genes, K3, ORF49, and ORF64, showed distinctly different
associations with changes in histone modifications and with
KSHV latent and lytic antigens (Fig. 3). Interestingly, the
H3K4me3 activation mark was highly induced within 24 h after
infection but gradually decreased after 48 h and continued up to 7
days p.i. (Fig. 3).

The repressive histone mark H3K9me3 was enriched at the K3
site, increasing up to 7 days p.i., which is in sharp contrast to the
activation mark H3K4me3. Moreover, H3K27me3 was enriched
after 48 h and was maintained until 4 days p.i. However, the H3Ac
modification showed a pattern of enrichment of K3 similar to that
of the H3K4me3 activation mark. On further analysis, we showed

that LANA as well as RTA association was enriched at K3. How-
ever, the b-Zip K8 lytic protein increased steadily up to 4 days p.i.
and then declined at 7 days p.i., suggesting a transcriptional role
for K8 during early infection of PBMCs by KSHV (Fig. 3). K3 may
therefore be involved in the early steps of KSHV infection and is
temporally regulated.

Previous studies of ORF49 suggested a role in KSHV lytic rep-
lication cooperating with RTA to activate lytic transcription
through the c-Jun and p38/Jun N-terminal protein kinase (JNK)
pathway (39). Here, we showed that ORF49 was associated with
repressive and activation marks on histones which are enriched at
2 days p.i. for repressive H3K9me3 and at 4 days p.i. for H3K4me3
and activation (Fig. 3). Interestingly, by 7 days p.i. the enriched
signals for both the activation (H3K4me3) and repressive

FIG 3 Schematic representation of the experimental setup for genome-wide ChIP analysis during KSHV early primary infection. (A) Experimental flow
schematic for ChIP assay during KSHV early primary infection. (B) A representative picture of sonicated DNA samples from KSHV-infected PMBCs at 1, 2, 4,
and 7 days p.i. After sonication, 10 �l sonicated DNA samples was run on a 1.5% agarose gel to verify that sonication had resulted in ~500-bp DNA fragments.
Numbers at left are sizes in bp. (C) Analysis of histone modification and gene regulation of K3, ORF49, and ORF64 during KSHV primary infection at 1, 2, 4, and
7 days p.i. Human PBMCs were infected by wt KSHV, and cells were harvested at 1, 2, 4, and 7 days p.i. ChIP assays were performed with wt KSHV-infected
human PBMCs using the antibodies for histone modification markers (H3K4me3, H3K9me3, H3K37me3, and H3Ac) and KSHV proteins (LANA, RTA, and
K8). Real-time quantitative reverse transcription-PCR (qRT-PCR) was performed on a StepOnePlus real-time PCR system. dpi, days postinfection.
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(H3K9me3) marks were sharply diminished, suggesting a role for
ORF49 and lytic replication at 4 days p.i. (Fig. 3). In this investi-
gation, we demonstrated that the association of LANA, RTA, and
K8 at ORF49 was enriched at 2 days p.i. and maintained up to 7
days p.i., although the K8 association was somewhat diminished at
that time (Fig. 3).

KSHV-encoded ORF64 is an identified deubiquitination en-
zyme (Dub) and is important for regulating the activity of the
RIG-1 sensor which mediates interferon-induced signaling activ-
ity (40, 41). This tegument protein was associated with the
H3K4me3 activation marks, which increased up to 7 days p.i.,
suggesting increased expression of ORF64 up to 7 days p.i. How-
ever, a similar increase was seen for enrichment for H3Ac as well as
the repressive mark H3K9me3 at 2 days p.i. but was substantially
diminished at 4 days p.i. and much more so at 7 days p.i. (Fig. 3).
One interesting observation was the association of LANA, RTA,
and K8 at increasing levels as seen up to 7 days p.i. (Fig. 3). These
data provide new insights into the role of important KSHV-
carried genes during the early stages of PBMC infection.

KSHV-carried K3, ORF49, and ORF64 have distinctly differ-
ent mRNA expression profiles during early infection. In analyz-
ing the data obtained from our ChIP assay focusing on the KSHV
genes within the LuR which were associated with KSHV latent/
lytic proteins (LANA/RTA/K8) as well as histone modification, we
identified a number of virus-carried genes associated with epige-
netic modifications in addition to the latent/lytic replication anti-
gens during early primary infections (Table 1).

To further explore the relevance of the histone modifications
and the association with latent/lytic replication antigens during
early infection, we used recombinant viruses, LANAp (RBP-J�
binding site deleted within the LANA promoter), RTA1st (first
RBP-J� binding site deleted within the RTA promoter), and RTA-

all (all three RBP-J� binding sites deleted within the RTA pro-
moter), to infect human PBMCs. These recombinant viruses are
important as they can preferentially select latent or lytic replica-
tion after infection (22, 23). We monitored the kinetics of mRNA
levels of three distinctly different genes, K3, ORF49, and ORF64,
in human PBMCs infected with these recombinant viruses at 1, 2,
4, and 7 days p.i. (Fig. 4). The results showed that with the wild-
type (wt) KSHV infection, expression of K3 plateaued at 1 day p.i.
and continued at that level for up to 4 days p.i. and then showed a
slight decline at 7 days p.i. (Fig. 4A). This indicated that K3 is
robustly expressed and is likely associated with regulation of crit-
ical processes required for KSHV early infection and subsequent
persistence of the virus in infected cells. Importantly, PBMCs in-
fected with recombinant virus RTAall (deleted for all three RBP-J�
sites in the RTA promoter) showed the highest expression of K3 at
1 day p.i. (24 h after infection), which was more than 2-fold over
that seen with wt virus. Further, this expression of K3 gradually
diminished over 7 days p.i. and was more pronounced with the
LANAp recombinant (Fig. 4A). The results therefore suggest that
K3 may contribute to the establishment of latency during the early
stages of infection (Fig. 4A). K3 expressed very early during KSHV
PBMC infection may be critical for the establishment of KSHV
within the first 24 h of PBMC infection. In contrast, ORF49 levels
continuously increased during KSHV infection of PBMCs up to 4
days p.i. and had a more pronounced expression level in KSHV
LANAp-infected PBMCs. This suggests that ORF49 contributed
to KSHV early lytic replication programming, as the KSHV
LANAp virus is more prominent for driving lytic replication (22)
(Fig. 4B). ORF64 gradually increased during KSHV primary
PBMC infection and was dramatically enhanced when using the
KSHV RTAall recombinant virus with about an 8-fold increase.
This suggests that ORF64 most likely contributes to KSHV latent

FIG 4 Analysis of mRNA levels for K3, ORF49, and ORF64 during KSHV primary infection at 1, 2, 4, and 7 days p.i. Human PBMCs were infected by wt KSHV,
RTA1st, RTAall, and LANAp, and cells were harvested at 1, 2, 4, and 7 days p.i. Total RNAs were extracted by using TRIzol (Invitrogen), and cDNAs were
synthesized using a high capacity RNA-to-cDNA kit. The mRNA levels of K3 (A), ORF49 (B), and ORF64 (C) were quantified by qRT-PCR on a StepOnePlus
real-time PCR system. (D) The mRNA levels of K3, ORF49, and ORF64 in BJAB, BCBL1, and BC3 cells were analyzed by qRT-PCR. dpi, days postinfection; RQ,
relative quantity.
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programming during the early period of PBMC infection
(Fig. 4C). Interestingly, ORF64 signals were dramatically reduced
at 7 days p.i. after a robust expression at 4 days p.i. (Fig. 4C).

To compare the mRNA levels in latently infected cells to those
seen during early infection, we further investigated the mRNA
levels of K3, ORF49, and ORF64 in KSHV-latently infected cell
lines BCBL1 and BC3. The results showed that K3 had a very low
to undetectable level of expression, which corroborated our above
findings that K3 may likely function primarily during early infec-
tion (Fig. 4D). Because of a low level of spontaneous reactivation
in BCBL1 and BC3, as expected we saw active expression of ORF49
in these cell lines (Fig. 4D). However, the tegument protein
ORF64 showed a significant level of expression in both cell lines,
indicating that ORF64 may also be functioning as an active latent
gene, which is annotated as a tegument protein but may also have
functions important for latent infection. Taken together, these

data suggest that the RBP-J� sites within the RTA promoter play
critical roles in the establishment of KSHV latent infection.

K3 and ORF64 possess activated CpG islands, which are reg-
ulated during the early stages of PBMC infection by KSHV. The
KSHV genome is subject to enhanced methylation at CpG di-
nucleotides (33). CpG DNA methylation is one of the main epi-
genetic modifications that play an important role in the control of
gene expression (42). Recently, parvovirus B19 DNA was reported
to become methylated at CpG sites during in vitro infection (43).
Additionally, two methylated CpG islands flank the HIV-1 tran-
scription start site and contribute to regulation of HIV latency in
infected Jurkat and primary CD4� T cells (44). Our data showed
that many ORFs, such as K3, ORF49, and ORF64, may possess
“bivalent” chromatin within their promoter (Fig. 5 and Table 1).
Thus, we speculated that CpG islands, which may function to
subtly regulate gene expression, could determine the overall out-

FIG 5 Methylated-CpG island recovery assay (MIRA) utilizes the high enrichment of the MBD2B/MBD3L1 (2B/3L) complex for double-stranded methylated
DNA (61). It is able to recover the methylated DNA without the use of bisulfite conversion or antibody recognition and is sensitive enough to detect low-density
methylation of a single methylated CpG nucleotide. Analysis of active CpG levels for promoters of K3, ORF49, and ORF64 during KSHV primary infection at 1,
2, 4, and 7 days p.i. (A) The CpG islands within K3, ORF49, and ORF64 promoters were confirmed by Meth Primer software. (B) Relative degree of methylation
in KSHV episome from BCBL1 cells examined by MIRA approach. We validated the MIRA using primers across the KSHV K3, ORF49, and ORF64 promoters.
(C and D) Human PBMCs were infected by wt KSHV, RTA1st, RTAall, and LANAp, and cells were harvested at 1, 2, 4, and 7 days p.i. Samples were sonicated and
subjected to MIRA, which utilized the high enrichment of the MBD2B/MBD3L1 complex for double-stranded methylated DNA. The activities of CpG islands
within the K3, ORF49, and ORF64 promoters were determined by qRT-PCR. WT, wild type; dpi, days postinfection; FD, fold change in antibody compared to
IgG control; RE, relative enrichment.
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come of KSHV infection. Our results computationally indicated
that these activated genes possess CpG islands by Meth Primer
software (Fig. 5A). Investigation of activated CpG islands is likely
to further elucidate the gene expression changes of KSHV during
the early stages of primary infection. To identify the CpG islands
responsible for modulation of KSHV gene expression, we recently
developed a methylated-CpG island recovery assay (MIRA)
(Fig. 5A). We confirmed that both K3 and ORF64 contained acti-
vated CpG islands within their promoters. However, ORF49
showed a minimal CpG island footprint within its promoter as
seen by the methyl CpG binding protein 2B/3L assay (Fig. 5B),
indicating that ORF49 might have atypical CpG islands within its
promoter, consistent with the computational prediction (Fig. 5A).
We further compared the methylated statuses of these promoters,
K3, ORF49, and ORF64, at 1, 2, 4, and 7 days p.i. to examine the
activity of the CpG islands during primary infection by using the
KSHV wt, LANAp, RTA1st, and RTAall recombinant viruses. Our
results showed that the CpG islands at the K3 promoter possessed
activated CpG islands as early as 1 day p.i. during primary infec-
tion, and both the RTAp recombinant viruses showed that the K3
promoter also had highly activated CpG islands by 2 days p.i.
which plateaued at 4 days p.i. (Fig. 5A, B, and C). These results
suggest that K3 is active during initial infection and that the acti-
vated CpG islands are then suppressed by 7 days p.i. In contrast,
ORF64 showed a gradual decrease in CpG methylation from 1 day
p.i. to 7 days p.i. for the RTAall recombinant, which suggests that
ORF64, if expressed early, may induce lytic replication during the
early stages of primary infection as the RTAall recombinant is
driven toward a latent-type replication cycle. However, the low
CpG activities which declined after 24 h most likely regulate the
infection by allowing abundant mRNA expression of ORF64 and
thus contributing to the establishment and maintenance of KSHV
latent infection (Fig. 5A and D).

The KSHV genome contains bivalent chromatin during the
early stages of PBMC infection. The above epigenetic changes
showed that the KSHV genome is dynamically modified during
early PBMC infection. Previous studies have shown that the RTA
promoter possesses a distinct bivalent promoter during lytic rep-
lication (32, 33). Our results demonstrated that K3 as well as
ORF64 showed different patterns in terms of its mRNA expres-
sion, histone modification, and CpG activation. Though the
ORF49 promoter may not have the typical CpG islands, the ChIP
assay showed that ORF49 was enriched for histone modification.
We postulated that K3, ORF49, and ORF64 may contain bivalent
chromatin important for the dynamic regulation of their expres-
sion during the early stages of primary infection. We investigated
whether K3, ORF49, and ORF64 possessed bivalent chromatin
across their promoters during primary infection. H3K4me3 was
used as an active marker and H3K27me3 was used as a repressive
marker to monitor the changes within these promoters. The pre-
cipitated ChIP DNAs were measured by qPCR, using specific
primers from the promoter regions of K3, ORF49, and ORF64
(Fig. 6A and C). The results showed that K3 and ORF64 had biva-
lent chromatin domains as defined by the concomitant presence
of the activating H3K4me3 and the repressive H3K27me3 signals
(Fig. 6A and C). However, the K3 promoter showed the strongest
enrichment for H3K4me3 at 2 days p.i., which was repressed by 4
days p.i. and continued to decrease until 7 days p.i. for H3K27me3
(Fig. 6A). In contrast, ORF64 showed the highest enrichment for
H3K4me3 at 4 and 7 days p.i. compared to H3K27me3 at 1 and 7

days p.i. (Fig. 6C). These results provide an explanation as to why
KSHV-carried K3 may be expressed as an immediate early gene
during KSHV primary infection with related functions but why
ORF64 is likely to be a critical gene required for the establishment
and maintenance of KSHV latent infection through regulation of
the antiviral response at the early stages of primary infection. Sur-
prisingly, antibodies against H3K4me3 and H3K27me3 simulta-
neously bound the ORF49 promoter from 1 day to 7 days p.i.,
suggesting that ORF49 may have a bivalent chromatin structure,
which regulates ORF49 expression during primary infection. No-
ticeably, the ORF49 promoter was gradually enriched for
H3K4me3, increasing to 2 and 4 days p.i. However, this enrich-
ment was dramatically reduced by 7 days p.i. Furthermore, we
observed a striking increase in H3K27me3 at 1 day p.i., which was
dominant at 7 days p.i., although with a drop in about 55% en-
richment (Fig. 6B). The studies showed that KSHV might utilize
bivalent chromatin to dynamically regulate gene expression dur-
ing its early infection of human primary cells.

DISCUSSION

KSHV is found in immunoblastic B cells of HIV patients with
multicentric Castleman’s disease (MCD) and, predominantly in a
latent form, in primary effusion lymphoma (PEL) cells and Kapo-
si’s sarcoma (KS) spindle cells (45). The early period of infection
for KSHV is a dynamic process, involving the collaboration of
many viral genes, which are temporally and epigenetically regu-
lated. Therefore, understanding the changes in the KSHV genome
during the early stages of infection will provide clues to the mech-
anism regulating this period of KSHV infection in human PBMCs
and development of KSHV-associated B cell-lymphoma. Further-
more, infection of PBMCs is likely an important, if not critical,
part in the ability of the virus to gain access to the human host.

Viral infection by KSHV initially triggers activation of a subset
of genes as well as inducing chromatin modifications. Studies have
shown that Marek’s disease virus (MDV) infection induces wide-
spread differential chromatin marks in inbred chicken lines (46).
Epstein-Barr virus (EBV) also induces epigenetic alterations fol-
lowing transient infection (47). Further, KSHV experiences
unique epigenetic modifications across the whole genome during
latent and lytic replication, as well as during early infection in
epithelial cells (32, 33). Here, our investigation showed that his-
tone modifications across the KSHV genome presented a unique
pattern of histone modifications (H3K4me3, H3K9me3,
H3K27me3, and H3Ac) during early infection of human PBMCs.
The histone modifications were exhibited in a temporal manner,
which suggested that KSHV early infection is a dynamic process. It
was noteworthy that the majority of the epigenetic modifications
were suppressed at 7 days p.i., which strongly suggested that those
early epigenetic modifications were crucial to the successful estab-
lishment of latent infection in B cells post-infection of PBMCs and
that infection of T cells may also be critical to the changes and
persistence of the virus in the B-cell compartment.

Previous studies investigating KSHV latent/lytic genes and
genome-wide epigenetic modifications were focused on KSHV-
latently infected B-lymphoma and epithelial cell lines (32, 33, 38).
Our studies further showed that the KSHV latent genes, as well as
a subset of lytic genes, were tightly regulated during early primary
infection of human PBMCs. Furthermore, it was surprising that
the genes regulated by the KSHV major lytic transactivators were
different from those seen in latently infected cell lines (48). These
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results suggest that KSHV utilizes a novel programming strategy
to successfully transit through the early stages of human PBMC
infection. The data further showed that KSHV-carried K8 played a
critical role in triggering viral lytic replication during the early
period of PBMC infection. Notably, the regulated genes were dra-
matically activated at 7 days p.i. so that a fully lytic cycle was
induced and virion particles were released. This explains why a
large fraction of the population of KSHV-infected PBMCs were
lysed after 7 days p.i. In addition, the activation or suppression of
specific KSHV transcripts further underscores the complexity of
these regulatory events and helps to illuminate the early events
during KSHV infection, which shows temporal regulation of spe-
cific genes during this infection period.

We have now shown that a number of KSHV genes, which
include K3, ORF49, and ORF64, were not previously identified as
latent or lytic genes and were temporally activated or repressed
during primary infection. KSHV-carried K3 is a homolog of the
membrane-associated RING-CH (MARCH) E3 ubiquitin ligase
gene family and was detected as one of the lytic replication genes
(49). K3 also contributes to downregulation of major histocom-
patibility complex class I (MHC-I) surface expression (50). How-
ever, recent studies showed that deletion of K3 does not restore
MHC-I expression during lytic replication, suggesting that other
KSHV antigens could be involved (51). K3 was also activated and
expressed earlier than were ORF49 and ORF64 during the early
period of PBMC infection. K3 transcripts were induced very early

upon virus reactivation in PEL cells (52). Therefore, K3 may func-
tion as an immediate early gene product important for regulating
KSHV early lytic infection. KSHV-carried ORF49 is an immediate
early gene during the KSHV lytic cycle. It is located adjacent to and
in the opposite orientation from the immediate early replication
and transcription activator for Rta/ORF50 (39). It shares some
part of the promoter with ORF50, which possesses active CpG
islands (33). Our data showed that the promoter of ORF49
(~200 bp) does not contain a typical activated CpG island. How-
ever, it is also important to note that CpG methylation of KSHV
DNA in tumor cell lines or in infected endothelial cells has been
consistently reported (32, 33), whereas DNA extracted from viri-
ons does not show CpG methylation (33). Though KSHV early
infection showed profound changes in methylation status across
the viral genome, our data further demonstrate that a subset of
genes, which include K3 and ORF64, have distinct activated CpG
islands as determined by MIRA in KSHV-infected human
PBMCs. This is also consistent with data that show that ORF64
was amplified from methyl-CpG binding domain 2 (MBD2)
beads which immunoprecipitated KSHV viral DNA in KSHV-
latently infected BC3 cells (53). Further studies to identify specific
cytosine methylation within these viral ORFs using bisulfate se-
quencing are ongoing. Further consideration also needs to be
given to infection of T cells from the PBMC population. B cells
and other cells are infected with KSHV and may exhibit rather
different cytosine methylation at these ORFs, although this is un-

FIG 6 Bivalent histone modification patterns at K3, ORF49, and ORF64 promoters. Sequential ChIP assays were performed with antibodies directed against
H3K4me3 and H3K27me3 during the first and second rounds of immunoprecipitation (IP). (A) K3 promoter. (B) ORF49 promoter. (C) ORF64 promoter. FD,
fold change in antibody compared to IgG control.
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likely to be the case during early infection. This is more likely to be
so after 7 days p.i. for establishment of latency. However, our
results did show that changes at the KSHV genome occurred dur-
ing KSHV early primary infection. These profiles of KSHV CpG
methylation at early stages of primary infection could be utilized
to monitor KSHV early infection and transmission in patients.

Early detection of KSHV infection is important for the preven-
tion and treatment of KSHV-associated lymphoproliferative dis-
order. Recently, a study showed that early childhood infection by
KSHV is highly prevalent in Zambian children (54). Molecular
analysis has showed that KSHV may possess a variant strain dur-
ing viral transmission between children and adults (51). Further-
more, the virus may exist in different stages or phases of latency
based on the genetic background or cancer phenotype, similarly to
what has been demonstrated for EBV-associated cancers. There-
fore, early detection for KSHV infection in the blood cells of chil-
dren will help in monitoring KSHV infection and its transmission
(51). K3, ORF49, and ORF64 exhibit different profiles during the
early stage of infection in PBMCs. Therefore, these could be uti-
lized as potential biomarkers for the detection of KSHV during
early infection of human blood lymphocytes. These studies pro-
vide further clues to a deeper understanding of the early process of
KSHV infection in human PBMCs and may also have some ben-
efit in clinical detection of KSHV in HIV-positive patients who
may be at risk for developing pleural effusion lymphomas.

MATERIALS AND METHODS
Bioethics statement. Deidentified total human peripheral blood mono-
nuclear cells (PBMCs) were obtained from the University of Pennsylvania
Human Immunology Core (HIC). The HIC maintains the institutional
review board (IRB)-approved protocols according to which Declaration
of Helsinki protocols were followed and each donor/patient gave written,
informed consent.

Cells, BACmid, and antibodies. The wild-type KSHV BACmid,
BAC36 wt, was provided by S. J. Gao (University of Texas, San Antonio,
TX) (55). BACmid mutations, BACLANAp, RTA1st, and RTAall, were as
described previously (56). Antibodies against LANA and RTA are purified
ascites from mouse injected by hybridoma from Ke Lan, Institute Pasteur
of Shanghai (Shanghai, China). The K8 antibody was a kind gift from
Yuan Yan (School of Dental Medicine, University of Pennsylvania). An-
tibodies against H3K4me3 (Millipore 07-473), H3K9me3 (Millipore 07-
442), H3K27me3 (Cell Signaling C36B11), and H3Ac (Millipore 06-599)
were used for histone modifications.

Chromatin immunoprecipitation assay. PBMCs (40 � 106 to ~50 �
106) were infected by incubation with virus suspension for 1, 2, 4, and
7 days (22, 23). Cells from these fractions were cross-linked with 1%
(vol/vol) formaldehyde for 10 min followed by addition of 125 mM gly-
cine for 5 min to stop the cross-linking reaction (57). Nuclei from these
cells were isolated, followed by sonication of the chromatin to an average
length of 500 bp. Samples were precleared with salmon sperm DNA/pro-
tein A Sepharose slurry for 30 min at 4°C with rotation. Supernatants were
collected after brief centrifugation. A 20% portion of the total chromatin
sample was set aside for the later preparation of input controls. The re-
mainder, 80%, was subjected to immunoprecipitation using 5 �g of con-
trol serum and corresponding antibodies. The remainder was divided into
two fractions, (i) control serum (Sigma-Aldrich, St. Louis, MO) and (ii)
antibodies specific for KSHV latent and lytic protein and histone modifi-
cations. Immune complex was precipitated using salmon sperm DNA and
protein A�G slurry. Beads were then washed and eluted by using the
elution buffer (1% SDS, 0.1 M NaHCO3) and reverse cross-linked by
adding 0.3 M NaCl at 65°C for 4 to 5 h. The eluted DNA was purified by
treatment with proteinase K at 45°C for 2 h; phenol extraction and ethanol
precipitation were carried out. Chromatin saved for input was also reverse

cross-linked to extract DNA for real-time PCR analysis. Purified DNA was
dissolved in 100 �l sterile water and stored at �20°C.

Sequential ChIP. Sequential ChIP was employed to detect the colo-
calization of bivalent histone marks. The first ChIP assay was performed
as described above. The immunoprecipitated DNA/protein complexes
were treated as described previously (32). Ten percent of eluted DNA/
protein complexes was saved and diluted in 1 ml ChIP dilute buffer
(0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris, pH 8.1,
167 mM NaCl plus protease inhibitors), the second ChIP was performed
as described above, the purified DNAs were analyzed by qPCR, and the
enrichment of the histone modifications on specific genomic regions was
calculated as a percentage of the immunoprecipitated DNA compared to
the total amount of DNA eluted after the first ChIP.

qPCR. The quantitative real-time PCR (qPCR) was performed on a
StepOnePlus real-time PCR system (Applied Biosystems Inc., Carlsbad,
CA) using Power SYBR green PCR master mix (Applied Biosystems Inc.,
Carlsbad, CA) as described earlier (58, 59). The reactions were carried out
in a 96-well plate at 95°C for 10 min, followed by 40 cycles at 95°C for 30 s,
52°C for 30 s, and then 72°C for 30 s. Primers spanning the entire KSHV
genome at every 1.5 kb were used in the real-time PCR assay (see Table S1
in the supplemental material). Relative amounts of DNA bound in chro-
matin were calculated by subtracting the amplification with control anti-
body.

RNA extraction and RT-PCR. Total RNAs from infected PBMCs were
extracted by using TRIzol (Invitrogen, Inc., Carlsbad, CA), and 1.0 �g
DNase-treated total RNA was used to generate cDNA using the high ca-
pacity RNA-to-cDNA kit (Applied Biosystems Inc., Foster City, CA) ac-
cording to the manufacturer’s instructions. Reverse transcription-PCR
(RT-PCR) was performed on a StepOnePlus real-time PCR system (Ap-
plied Biosystems Inc., Carlsbad, CA) or Opticon 2 real-time PCR system.
The reactions were carried out in a 96-well plate at 95°C for 10 min,
followed by 40 cycles at 95°C for 30 s, 52°C for 30 s, and then 72°C for 30 s.
The differences in cycle threshold values (CT) between the samples (�CT)
were calculated after standardization by glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) and converted to fold changes using one of the
samples as a standard (1-fold). The primers used were as follows: K3 (5=G
GCCGTGTTTCTAGAGATAGTG 3= and 5=GGGACCCCGGTTGCCTG
GAC 3=), ORF49 (5= ACTGAAAGGAGGGAGCACAC 3= and 5= GCTGC
ATAGGTTTTGAGAGA 3=), ORF64 (5= CTGGCCTCACGCACCTGCA
G 3= and 5= TAACACTGGAATTGATACGG 3=), and GAPDH (5=GGTC
TACATGGCAACTGTGA 3= and 5= ACGACCACTTTGTCAAGCTC 3=).
All the reactions were run in triplicate.

MIRA. Methyl-CpG binding domain protein 2B (MBD2B) and the
methyl-CpG binding domain protein 3-like 1 (MBD3L1) were cloned
into pGEX-5X1 and pET28a (�) vectors and confirmed by DNA sequenc-
ing. pGEX-5X1-MBD2B and pET28a (�)-MBD3L1 were transfected into
BL21 cells and expressed at 30°C overnight after induction. Glutathione
S-transferase (GST) proteins were purified, and effectiveness was verified
by using specific KSHV primers. Methylated-CpG island recovery assays
(MIRAs) were performed as essentially described previously (60). Briefly,
sonicated KSHV-infected PBMC samples were precleared with GST beads
for 2 h. Then, 1 �g purified GST-tagged MBD2B and 1 �g purified His-
tagged MBD3L1 were combined to immunoprecipitate the sonicated
DNA/protein complexes from KSHV-infected PBMCs for 4 h at 4°C with
continuous rotation. Immunoprecipitated DNA/protein complexes were
washed 3 times with washing buffer (10 mM Tris-HCl [pH 7.5], 700 mM
NaCl, 1 mmol/liter EDTA, 1 mM dithiothreitol [DTT], 3 mM MgCl2,
0.1% Triton X-100, 5% glycerol, 25 �g/ml bovine serum albumin) and
were resuspended in 100 �l of elution buffer for incubation at 50°C for
1 h. Pellets were removed by centrifugation at 800 rpm for 5 min, the
supernatant was transferred into a new tube, and DNA fragments were
precipitated by 100% ethanol with subsequent extraction in phenol-
chloroform-isopropanol. Activated CpG islands within KSHV K3,
ORF49, and ORF64 promoter regions were detected by using the follow-
ing primer sets: K3, 5= CTCCTCGTTGCAAATCCAGC 3= and 5= CTGA
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GCCACAAACGCCCCTC 3=; ORF49, 5= TAAACAGATGGTTGAACAG
GTG 3= and 5=GAAAAAAGCAGAAAAGGTTAAAC 3=; and ORF64, 5=G
GGACAACGGCAGGGGGCGGC 3= and 5= ATACAGTTAGCTTGGTG
GGTG 3=.
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