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Abstract
One of the hallmarks of the latent phase of Kaposi’s sarcoma-associated herpesvirus

(KSHV) infection is the global repression of lytic viral gene expression. Following de novo
KSHV infection, the establishment of latency involves the chromatinization of the incoming

viral genomes and recruitment of the host Polycomb repressive complexes (PRC1 and

PRC2) to the promoters of lytic genes, which is accompanied by the inhibition of lytic genes.

However, the mechanism of how PRCs are recruited to the KSHV episome is still unknown.

Utilizing a genetic screen of latent genes in the context of KSHV genome, we identified the

latency-associated nuclear antigen (LANA) to be responsible for the genome-wide recruit-

ment of PRCs onto the lytic promoters following infection. We found that LANA initially

bound to the KSHV genome right after infection and subsequently recruited PRCs onto the

viral lytic promoters, thereby repressing lytic gene expression. Furthermore, both the DNA

and chromatin binding activities of LANA were required for the binding of LANA to the

KSHV promoters, which was necessary for the recruitment of PRC2 to the lytic promoters

during de novo KSHV infection. Consequently, the LANA-knockout KSHV could not recruit

PRCs to its viral genome upon de novo infection, resulting in aberrant lytic gene expression

and dysregulation of expression of host genes involved in cell cycle and proliferation path-

ways. In this report, we demonstrate that KSHV LANA recruits host PRCs onto the lytic pro-

moters to suppress lytic gene expression following de novo infection.

Author Summary

Persistent KSHV infection of humans requires the establishment of viral latency in B cells
and endothelial cells following primary infection. This involves the spatially and tempo-
rally ordered recruitment of host epigenetic factors onto the viral DNA during de novo
infection, resulting in the genome-wide repression of lytic (but not latent) gene expression.
We have previously shown that the host epigenetic repressor Polycomb Repressive
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Complexes bind to the KSHV genome and play a role in the inhibition of lytic gene expres-
sion following de novo infection. Using reverse genetics approaches, we identified the
latent KSHV protein LANA to be responsible for the recruitment of the Polycomb pro-
teins onto the promoters of lytic genes following de novo infection. Importantly, our study
revealed a novel role for LANA in KSHV infection. LANA initiates the recruitment of host
repressive epigenetic factors onto the incoming viral genome to suppress lytic gene expres-
sion, which is ultimately required for the establishment of KSHV latency in the hosts and
the development of KSHV-associated cancers.

Introduction
It is estimated that 15%-20% of human cancers are caused by viral infections [1]. A hallmark of
the seven known human tumor viruses is their ability to cause persistent infection of humans.
One of these oncoviruses is Kaposi’s sarcoma-associated herpesvirus (KSHV or Human Her-
pesvirus 8), the etiologic agent of the vascular tumor Kaposi’s sarcoma (KS), and two B cell
lymphomas: primary effusion lymphoma and a subset of multicentric Castleman's disease
[2,3]. Accumulating evidence suggests that KSHV pathogenesis depends on the latent infection
of B cells and lymphatic endothelial cells, but the mechanism by which latency is established
following primary infection is still largely unknown.

KSHV has a double-stranded DNA genome of ~165-kb encoding more than 80 genes [4].
The majority of viral genes encode lytic proteins required for viral DNA replication and virion
production, and they are expressed in a temporally ordered manner during reactivation. In
contrast, during latency the lytic gene expression is repressed and only the latent genes (the
latency-associated nuclear antigen (LANA or ORF73), v-Cyclin (ORF72), v-FLIP (K13 or
ORF71), Kaposin (K12) and viralmiRNAs) are constitutively expressed from the latency locus
of the viral genome [5]. These latent viral products are involved not only in the maintenance of
viral latency, but also in growth-transformation and cell cycle-deregulation, both of which can
contribute to the development of KSHV-induced cancers [6]. In fact, transgenic mice express-
ing KSHV latent genes in B cells develop B cell hyperplasia and lymphomas [7]. Of the latent
gene products, LANA has a particularly critical role in both viral pathogenesis and the mainte-
nance of latent infection. LANA is a multifunctional viral protein that ensures the concurrent
latent replication of viral DNA with the host genome and the segregation of replicated KSHV
genomes into the daughter cells during mitosis [8,9]. In addition, LANA can regulate both viral
and cellular gene expression by interacting with numerous transcription and epigenetic factors
as well as modulating many signaling pathways [10]. These LANA-associated functions have
been implicated to play critical roles in the maintenance of latency by inhibiting lytic gene
expression and viral pathogenesis by deregulating host signaling pathways.

Recent works have demonstrated that the establishment of KSHV latency involves a
dynamic interaction of the viral genome with cellular epigenetic factors during de novo infec-
tion [11,12,13]. While the KSHV genome is linear and histone-free in the virion, upon infec-
tion it becomes circular and is maintained as an episome that adopts a chromatin structure
similar to the host chromosomes [14,15]. We and others have demonstrated that different
combinations of activating and repressive histone modifications on the viral episome are
involved in the regulation of both the latent and lytic gene expression programs of KSHV
[13,16,17,18,19]. Recently, we have shown that, following de novo infection, the KSHV genome
rapidly becomes chromatinized and undergoes different chromatin states [11,12]. The viral
genome initially acquires a transcriptionally permissive chromatin structure (euchromatin
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marked by H3K4me3 and H3K27ac) that allows the expression of a subset of viral lytic genes.
Thereafter, transcriptionally repressive chromatin (heterochromatin) forms on the KSHV
genome resulting in the repression of lytic gene expression, a crucial step in the establishment
of viral latency. Two of the major cellular transcription repressor complexes for the viral het-
erochromatin formation are the Polycomb Repressive Complex 1 (PRC1) and 2 (PRC2) [12].
PRC2 is composed of three core subunits (EZH2, SUZ12 and EED) that interact with other
transcription repressors such as histone deacetylases and DNAmethyltransferases to maintain
gene silencing [20]. EZH2 functions as a histone methyltransferase within PRC2, catalyzing the
trimethylation of lysine 27 on histone H3 (H3K27me3), a hallmark of PRC2 function on chro-
matin. PRC1 is also a multisubunit complex containing the histone H2A mono-ubiquitin
ligases RING1A/B, its regulatory subunit BMI-1 and other accessory factors. PRCs can repress
gene expression in many different ways such as blocking the activity of RNA polymerase II and
histone methyltransferases involved in transcription activation [21]. We have previously dem-
onstrated that both PRCs are involved in the downregulation of transient lytic gene expression
following KSHV infection. We have shown that both PRCs can bind to the entire KSHV epi-
some after 24 hours postinfection (hpi). As with the host genome, PRC1 recruitment depends
on the PRC2-mediated pre-deposition of the repressive histone mark H3K27me3 on the viral
chromatin [12]. While the recruitment of PRC2 onto its cellular target genes is often mediated
by long non-coding RNAs and transcription factors, the mechanism by which PRC2 is initially
recruited onto the KSHV genome following de novo infection is still unknown [12,22].

In this report, we hypothesized that KSHV latent factors might be involved in the recruit-
ment of the PRC2 complex onto the viral episomes during de novo infection. To address this
question, we used reverse genetics to generate KSHV knockout (KO) mutants of genes within
the latency locus and tested which latent genes were required for the recruitment of PRC2 onto
the KSHV genome during de novo infection. Our results show that loss of the LANA gene
completely abolished the recruitment of EZH2 onto lytic promoters during infection. Conse-
quently, levels of H3K27me3 modification and RING1B occupancy on the LANA-deficient
viral genomes were drastically reduced and lytic gene expression was increased. Our results
indicate that the KSHV LANA hijacks host polycomb proteins to create the heterochromatin
structure on the viral genome, which leads to the repression of lytic gene expression and
thereby, the establishment of viral latency.

Results

Identification of the latent gene required for the recruitment of polycomb
proteins onto the KSHV genome during de novo infection
To determine which of the latent genes is required for the recruitment of polycomb proteins
onto the KSHV genome during de novo infection, we generated a series of latent gene KO
mutant viruses using en passant mutagenesis on the KSHV BAC clone BAC16 (Fig 1A and S1
Fig). Next, we performed chromatin immunoprecipitation (ChIP) assays for EZH2 and
RING1B binding to the promoters of K2 and ORF25 lytic genes in SLK cells infected with WT,
latency locus (Laloc) KO or latent gene KO viruses at 72 hpi (Fig 1B). This showed that deletion
of either the latency locus or the LANA gene completely abrogated the binding of EZH2 and
RING1B to the K2 and ORF25 viral promoters (Fig 1B). Accordingly, at 72hpi, the enrichment
of H3K27me3 was greatly reduced on the promoter of RTA, K2 and ORF25 lytic genes in
LANA KO KSHV-infected cells compared to WT or LANA revertant (LANA rev) KSHV-
infected cells (Fig 1C). In contrast, both the deposition of activating histone mark H3K4me3
on the viral LANA, RTA, and K2 promoters and the occupancy of host transcription factors
CTCF and RAD21 on the LANA promoter and in the RTA locus were comparable between
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WT KSHV- and LANA KO KSHV-infected cells (Fig 1C and S2A Fig). The transcriptionally
active promoter of the host actin (ACT) gene and the PRC2-repressed promoter of the host
MYT1 gene had comparable occupancy of histone marks H3K27me3 and H3K4me3 in WT
KSHV- and LANA KO KSHV-infected cells, indicating the comparable efficiency of ChIPs in
both WT and LANA KO-infected cells (Fig 1D). These results indicate a specific role for
LANA in the recruitment of EZH2 and thereby, the deposition of H3K27me3 onto the KSHV
lytic promoters during de novo infection.

LANA has also been implicated in the repression of the KSHV immediate early (IE) gene,
RTA, whose expression can induce the dissociation of polycomb proteins from lytic promoters
during lytic reactivation [16,23,24]. To exclude the possibility that the loss of EZH2 and
RING1B occupancy on viral lytic promoters was due to the expression of RTA in LANA KO
KSHV-infected cells, we made a LANA/RTA double KO (dKO) virus (Fig 1E). Our ChIP anal-
ysis showed that EZH2 and RING1B recruitment onto the RTA, K2 and ORF25 lytic viral pro-
moters was also abrogated in the LANA/RTA dKO KSHV-infected cells (Fig 1F). Furthermore,
shRNA-mediated depletion of LANA expression in SLK cells infected with either WT or RTA
KO KSHV also resulted in the reduced deposition of H3K27me3 and RING1B onto lytic pro-
moters at 72 hpi, while the H3K4me3 deposition was not affected (S2B and S2C Fig). Taken
together, our results indicate that LANA is required for the recruitment of both PRC1 and
PRC2 onto the lytic KSHV promoters during de novo infection.

Genome-wide binding and requirement of LANA for EZH2-binding on
the KSHV genome during de novo infection
The genome-wide recruitment of EZH2 onto the KSHV episome during de novo infection
raises the possibility that LANA binds throughout the entire viral genome to recruit EZH2
[12]. In order to test LANA-binding to the viral episomes during de novo infection, we gener-
ated recombinant KSHV BAC16-3xF-LANA carrying a N-terminal 3xFLAG tagged LANA

Fig 1. LANA is required for the recruitment of Polycomb proteins to lytic promoters during de novo infection. (A) Schematic of the KSHV latency
locus encoding latent genes. (B) ChIP assays testing the recruitment of PRC2 factor EZH2 and PRC1 factor RING1B onto viral lytic promoters in SLK
cells 72 hours after infection with WT or the indicated KSHVmutants. (C and D) ChIP assays for the repressive (H3K27me3) and activating (H3K4me3)
histone marks on viral and cellular promoters at 72 hpi. The LANA and actin (ACT) promoters devoid of H3K27me3 and the PRC2-regulated MYT1
promoter served as controls. (E) Immunoblots showing LANA protein levels in mock and KSHV-infected SLK cells at 72 hpi. *Non-specific. (F) ChIP
assays for EZH2 and RING1B associations with viral promoters at 72 hpi.

doi:10.1371/journal.ppat.1005878.g001
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(Fig 2A) and used either anti-Flag antibody or anti-LANA antibody to detect LANA-binding
to the KSHV genome during de novo infection (Fig 2A–2C). ChIP assay with an anti-FLAG
antibody or an anti-LANA antibody showed LANA-binding on the EZH2-regulated promoters
of KSHV lytic genes RTA, K2 and ORF25 at 72 hpi. The LANA promoter, which possesses a
LANA-binding site, and the host MYT1 promoter were used as positive and negative controls,

Fig 2. LANA binds to the entire KSHV genome and is required for the recruitment of EZH2 onto the viral episome during
de novo infection. (A) Immunoblot analysis of LANA expression in BAC16-3xF-LANA infected SLK cells at 72 hpi using anti-
LANA and anti-FLAG antibodies. (B and C) FLAG and LANA ChIP assays for testing LANA-binding to viral promoters in BAC16
and BAC16-3xF-LANA KSHV-infected SLK cells at 72 hpi. Cellular MYT1 promoter was used as a control. (D) ChIP-on-chip
analysis of the genome-wide binding of LANA and EZH2 to the KSHV genome in WT and LANA KO KSHV-infected cells at 72
hpi.

doi:10.1371/journal.ppat.1005878.g002
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respectively [25]. In order to test if LANA bound throughout the KSHV genome and whether
LANA was required for the genome-wide recruitment of EZH2 onto the viral episome, we
infected SLK cells with WT KSHV or LANA KO KSHV, and performed ChIP-on-chip assays
for LANA and EZH2 at 72 hpi (Fig 2D). We found that LANA was highly enriched on the
majority of the KSHV genome in WT virus-infected cells, but LANA-binding to the viral epi-
some was not detected in LANA KO virus-infected cells (Fig 2D). The ChIP-on-chip experi-
ments also revealed that LANA was distributed throughout the viral genome with detectable
enrichments at specific genomic regions. Compared to WT KSHV-infected cells, LANA KO-
infected cells showed a drastic reduction of the genome-wide recruitment of EZH2 on the viral
genome (Fig 2D). These results indicate a widespread binding of LANA on the KSHV genome
during de novo infection, which is required for EZH2 recruitment onto the KSHV episome.

Effect of LANA on viral and host gene expression in KSHV-infected cells
LANA has been shown to modulate expression of many host genes involved in the regulation
of cell cycle and survival [26]. To determine the impact of LANA on viral and host gene expres-
sion during de novo infection, we performed NanoString analysis for KSHV gene expression
and microarray analysis for host gene expression in WT, LANA KO and LANA/RTA dKO
KSHV-infected SLK cells at 72 hpi (Fig 3 and S3 Fig). Our NanoString analysis revealed that
the expression of the majority of KSHV genes was highly induced in LANA KO KSHV-infected
cells compared to those in WT KSHV-infected cells (Fig 3). However, the expression of most
viral genes was drastically reduced in LANA/RTA dKO KSHV-infected cells, suggesting that
the lytic genes were upregulated as a result of increased RTA expression in the absence of
LANA gene (Fig 3 and S3 Fig). Interestingly, the expression of several viral genes (e.g. ORF29,
ORF32, K15, and K6) was comparable in LANA KO KSHV cells vs. LANA/RTA dKO KSHV-
infected cells, indicating RTA-independent expression of several KSHV genes. The NanoString
data were further confirmed by real time quantitative PCR (qPCR) measurement of several
viral transcripts (S3B and S3C Fig). In summary, our data show that LANA can function as a
genome-wide repressor of lytic gene expression during de novo infection.

We performed microarray-based gene expression analyses followed by hierarchical cluster-
ing of the microarray datasets to determine differential host gene expression during de novo
mock infection, WT KSHV infection or LANA KO KSHV infection, (S3 Table, Fig 3B and S3D
Fig). This revealed that WT KSHV or LANA KO KSHV infection altered the expression of a
number of host genes. The data was organized by hierarchical clustering into three categories:
decreased host gene expression upon KSHV infection (blue cluster), increased host gene
expression primarily uponWT KSHV infection (green cluster), and increased host gene
expression primarily upon LANA KO KSHV infection (purple cluster) (Fig 3B). Gene set
enrichment analysis showed that expression of the p53 pathway-related genes was higher in
LANA KO virus-infected cells than in WT KSHV-infected cells, whereas expression of the cell
cycle-related genes was lower in LANA KO virus-infected cells than in WT KSHV-infected
cells (Fig 3C and S4 Table). Furthermore, we asked whether the differences in host gene expres-
sion observed between WT virus-infected cells and LANA KO virus-infected cells were solely
attributed to the absence of LANA or influenced by the induction of lytic viral gene expression
of LANA KO virus. To test this, we used LANA/RTA dKO KSHV, which shows greatly
reduced lytic gene expression. Among host genes upregulated in LANA KO virus-infected cells
relative to WT virus-infected cells, several were no longer upregulated in LANA/RTA dKO
virus-infected cells, indicating that RTA and/or other induced lytic genes can play a role in
increased host cell gene expression in LANA KO virus-infected cells during de novo infection.
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Collectively, these data indicate that LANA is involved in the global inhibition of viral lytic
gene expression during de novo infection. Furthermore, this inhibition is mainly mediated via
the repression of RTA expression. In the absence of LANA, increased lytic gene expression
affects cell cycle and proliferation pathways following de novo infection, which may compro-
mise the establishment of latency.

LANA-binding precedes the temporally ordered binding of EZH2 on the
KSHV genome
To measure the kinetics of LANA expression and its recruitment to the KSHV genome during
de novo infection, we infected SLK cells with WT KSHV and analyzed LANA expression by
immunoblot and immunofluorescence analyses and the binding of LANA to viral promoters
by ChIP assays at 1, 4, 8, 16, 24 and 72 hpi (Fig 4 and S4 Fig). These showed that LANA expres-
sion and its recruitment to viral promoters could be detected as early as 8 hpi and further
increased thereafter (Figs 4A and 4B and S4A). Immunofluorescence (IF) assay also showed
that LANA was detected as puncta in the nucleus of infected SLK cells as early as 8hpi and the
number and intensity of puncta increased over the course of infection, indicating a gradual
increase of LANA expression and recruitment to viral promoters following KSHV infection
(Fig 4B and S4 Fig).

We have previously demonstrated that EZH2 is recruited onto the KSHV genome after 24
hpi [12]. Next, we tested whether ectopic expression of LANA affected the kinetics of EZH2

Fig 3. Deregulated viral and cellular gene expression in LANAKO KSHV-infected cells. (A) Analysis of viral gene expression in LANA KO and
LANA/RTA KO KSHV-infected cells compared to WT KSHV-infected cells by NanoString technology. (B) Heat map of differential gene expression
between mock and KSHV-infected cells. Rows A and B, C and D, E and F represent two biological replicates of mock-, WT, and LANA KO KSHV-infected
SLK cells, respectively. Also see S3 Table. (C) Biological pathways significantly affected by the lack of LANA in KSHV-infected cells were determined by
gene set enrichment analysis. Also see S4 Table.

doi:10.1371/journal.ppat.1005878.g003
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recruitment onto the KSHV episome before 24 hpi. To address this, we infected SLK cells with
lentivirus vector or lentivirus-3xFLAG-LANA followed by WT KSHV infection 24 hours later,
and performed ChIPs to test the recruitment of LANA and EZH2 on the promoters of LANA,
RTA and ORF25 at 8 and 72 hrs after KSHV infection. Immunoblot analysis with an anti-
LANA antibody showed that the LANA level was substantially higher in 3xFLAG-LANA
expressing cells than in vector control cells at 8 hrs of KSHV infection (Fig 4C). ChIPs with an
anti-LANA antibody also showed higher LANA binding on the viral promoters in 3xFLA-
G-LANA expressing cells compared to that in vector control cells. In fact, the level of LANA
enrichment in 3xFLAG-LANA expressing cells at 8 hpi was comparable or even higher to that
on the same viral promoters in vector control cells at 72 hpi (Fig 4D). However, the higher
enrichment of LANA on the promoters of lytic genes (RTA and ORF25) resulted in neither
faster nor enhanced recruitment of EZH2 in 3xFLAG-LANA expressing cells (Fig 4D). These
data indicate that although LANA-binding precedes EZH2 binding on the lytic promoters dur-
ing de novo infection, LANA-binding itself is not sufficient for regulating the temporally
ordered recruitment of EZH2 to the KSHV genome.

Fig 4. Additional LANA expression is not sufficient for the early recruitment of EZH2 onto the KSHV genome. (A) Time
course analysis of LANA protein expression during de novo infection. (B) Time course ChIP analysis of LANA-binding to viral
promoters during de novo infection. (C) Immunoblot analysis of LANA expression in empty lentiviral vector and 3xFLAG-LANA
expressing lentivirus infected cells. (D) ChIP assays for binding of LANA and EZH2 to viral promoters in LANA-overexpressing
cells during de novo KSHV infection.

doi:10.1371/journal.ppat.1005878.g004
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Co-localization and enrichment of polycomb proteins with LANA in
KSHV infected cells
We investigated whether the LANA-dependent recruitment of polycomb proteins onto the
KSHV genome can affect the nuclear localization of polycomb proteins in infected cells. To
this end, we performed confocal microscopy for LANA and the components of PRC1
(RING1B and BMI-1) and PRC2 (EZH2 and SUZ12) in de novo KSHV infected iSLK cells (96
hpi), reactivated iSLKBAC16, long-term latently infected iSLK cells (iSLKBAC16-3xF-LANA)
and TIME cells (TIMEBAC16) (Fig 5 and S5 Fig). The fluorescence signal intensities of LANA
(green) and polycomb proteins (red) were measured along marked lines connecting the LANA
puncta in the nucleus, and the correlation coefficients of the fluorescence signals were calcu-
lated to determine the level of co-localization between LANA and the polycomb proteins.
These experiments revealed that while the polycomb proteins were diffused in the nucleus in
uninfected cells, they were co-localized and focally enriched with LANA in KSHV-infected
cells during de novo infection (S5C, S5D and S5K Fig) and latency (Figs 5, S5E, S5F and S5L–
S5O). In contrast, KSHV lytic reactivation resulted in the dissociation of LANA and polycomb
proteins (S5G and S5H Fig). In addition, the lack of co-localization of LANA with the nuclear
factors SPT5 and Cyclin T1 (CycT1) in latently infected cells supports the specificity of LANA
co-localization with the polycomb proteins (Fig 5). Interestingly, the colocalization of EZH2
and SUZ12 with LANA could also be observed on the mitotic chromosomes of infected cells,
suggesting that LANA and polycomb proteins remain associated through mitosis (S5F and
S5M Fig). These results suggest that the focal concentration of LANA and polycomb proteins
in the nuclei of infected cells is the result of LANA-mediated recruitment of PRC factors onto
the KSHV genome. Strikingly, the co-localization of LANA with the PRC proteins persists
through mitosis, suggesting the role of LANA in the maintenance of the PRC-regulated hetero-
chromatin on the KSHV genome in the dividing latently infected cells.

LANA interacts with PRC2 but not PRC1
We used gel filtration chromatography and co-immunoprecipitation assays to test whether
LANA forms a complex with polycomb proteins in infected cells (Fig 6). Gel filtration assay
was performed with nuclear extracts derived from uninfected iSLK and latently KSHV-infected
iSLK cells (Fig 6A). This analysis revealed that both EZH2 and RING1B protein levels consid-
erably increased in the LANA-enriched fractions in KSHV-infected cells compared to unin-
fected cells (fractions 30–38), which is correlated with the co-localization between polycomb
proteins and LANA in KSHV-infected cells (Figs 5 and S5). Furthermore, co-immunoprecipi-
tation showed that V5-tagged LANA interacted with 3xFLAG-tagged PRC2 factors (EZH2,
SUZ12 or EED) but not with 3xFLAG-tagged PRC1 factors (RING1B or BMI-1) (Fig 6B).
Finally, the interaction of LANA with EZH2 was also detected during de novo KSHV infection,
demonstrating that LANA can form a complex with polycomb proteins in KSHV infected cells
(Fig 6C).

The binding of LANA to the KSHV genome is required for the EZH2
recruitment during de novo infection
LANA possesses a chromatin-binding domain at its N and C termini as well as a C-terminal
DNA-binding domain, both of which are involved in the tethering of the viral genome to the
host chromosomes during mitosis [27]. To test which domains of LANA are important for the
recruitment of LANA and EZH2 to the KSHV promoters during de novo infection, we con-
structed lentiviruses expressing 3xFLAG-tagged LANAWT or point mutants that are deficient
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in either DNA or chromatin binding activity, and used them to complement LANA deficiency
in LANA/RTA dKO KSHV-infected cells (Fig 7A and 7B). Immunoblot analysis showed com-
parable expression levels of WT LANA; the N-terminal chromatin-binding mutant, GMR; the
C-terminal chromatin-binding mutant, LKK and the DNA-binding mutant, PYG [28] (Fig
7A). Next, we infected WT LANA- or mutant LANA-expressing SLK cells with LANA/RTA
dKO KSHV for 72 hours and performed ChIPs for exogenous WT or mutant LANA as well as
endogenous EZH2 on KSHV promoters (Fig 7B). RTA KO KSHV-infected SLK cells were
included as controls for ChIP assay to show the binding levels of endogenous LANA and
EZH2 on the viral promoters (Fig 7B, black color). We found that all the LANAmutants

Fig 5. Co-localization and focal enrichment of polycomb proteins with LANA in KSHV-infected cells. KSHV-infected iSLK cells
(iSLKBAC16-3xF-LANA) were subjected to confocal microscopic analysis for LANA (Green, false color) and polycomb proteins (Red). SPT5
and CYCT1 served as controls. FLAG antibody was used to detect the 3xF-LANA. Representative LANA puncta were connected by white
lines and the co-localization of LANA with the indicated cellular proteins was measured by the image processing program ImageJ.

doi:10.1371/journal.ppat.1005878.g005
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showed reduced binding activity toward the viral promoters compared to WT LANA (Fig 7B).
Consequently, the level of EZH2-binding to the viral promoters was also reduced in mutant
LANA-expressing cells compared to those in WT LANA-expressing cells. Furthermore, while
the GMRRL mutant LANA, deficient in both chromatin- and DNA-binding activities [28], was
able to bind endogenous EZH2 as efficiently as WT LANA, it showed a complete loss of its
viral promoter-binding activity in LANA/RTA KO KSHV-infected cells and thus, EZH2 was
not recruited to viral promoters (Fig 7C and 7D). These results indicate that both the DNA and
chromatin binding activities of LANA are required for its binding to the KSHV promoters dur-
ing de novo KSHV infection, which is ultimately crucial for the recruitment of EZH2 onto the
lytic viral promoters.

Discussion
Establishment of latency following de novo infection is an essential step for KSHV persistency.
Upon infection the viral DNA gets chromatinized in a way that results in the repression of lytic
but not the latent genes [11,12]. Our previous study showed that polycomb proteins, which
maintain the repression of lytic gene expressions during latency, are recruited onto the KSHV
genome after 24 hpi, but the mechanism of their recruitment remained unknown [12]. In this

Fig 6. Interaction of LANAwith PRC2. (A)Gel filtration chromatography of nuclear extracts derived from
iSLK and iSLKBAC16 cells. Fractions from 28 to 72 were tested by immunoblot analysis for LANA and
polycomb proteins. Molecular weight markers are indicated. (B) Co-immunoprecipitation of LANA-V5 (using
V5 antibody) from 293T cells expressing LANA-V5 and the indicated 3xFLAG-tagged PRC2 (EZH2, SUZ12
and EED) or PRC1 (RING1B and BMI-1) factors. Immunoprecipitation and input blots were probed with V5
and FLAG antibodies. (C) Cell lysates derived from de novo KSHV infected iSLK cells (72 hpi) were used for
immunoprecipitation with anti-EZH2 rabbit antibody (αEZH2) or normal rabbit IgG (αIgG), followed by
immunoblotting with αLANA and αEZH2.

doi:10.1371/journal.ppat.1005878.g006
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study, we identified the latent KSHV protein LANA to be responsible for the genome-wide
recruitment of polycomb proteins onto the viral DNA, a crucial step for the repression of lytic
genes following de novo infection. Furthermore, we found that despite the co-localization of
LANA with both PRCs in the LANA speckles of KSHV-infected cells, LANA interacts only
with PRC2 but not PRC1 proteins. This indicates that LANA may not directly recruit PRC1
onto the KSHV genome during de novo infection. In fact, we have previously shown that
the binding of PRC1 to lytic promoters depends on the PRC2-mediated H3K27me3 pre-depo-
sition on the viral chromatin [12]. Thus, we propose the model wherein as soon as LANA is
expressed during de novo infection, it binds to the viral episome and recruits PRC2 onto the
lytic promoters after 24 hpi. Once H3K27me3 is deposited on the viral chromatin by PRC2,
PRC1 is then recruited. Ultimately, this LANA-initiated sequential recruitment of host epige-
netic repressors onto lytic promoters results in the inhibition of lytic genes, a critical part of the
establishment and maintenance of viral latency (Fig 7E).

Fig 7. LANA-binding to the lytic KSHV promoters is required for the EZH2 recruitment during de novo infection. (A) Immunoblot
analysis of SLK cells infected with lentiviruses expressing 3xFLAG-taggedWT or mutant LANA using anti-FLAG antibody. (B) ChIP
assays for the recruitment of LANA (using αLANA antibody) and EZH2 on viral promoters in RTA KO and LANA/RTA dKO KSHV-
infected SLK cells as well as in LANA/RTA dKO KSHV-infected SLK cells expressingWT or mutant LANA. (C) Total lysates of 293T cells
expressing either 3xF-LANA or 3xF-GMRRL mutant LANA were subjected to FLAG immunoprecipitation followed by immunoblotting with
anti-FLAG and anti-EZH2 antibodies. Input lysates were included as controls. (D) ChIP assays for LANA and EZH2 occupancy on the
KSHV promoters during de novo LANA/RTA dKO KSHV infection of WT- or GMRRLmutant LANA-expressing SLK cells. (E)Model
showing LANA-mediated recruitment PRCs onto the KSHV genome during de novo infection.

doi:10.1371/journal.ppat.1005878.g007
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Numerous transcription factors and non-coding RNAs (ncRNAs) have been identified to
play a role in the recruitment of PRC2 to its target genes on the cellular genome, resulting in
either gene-specific or chromosome-wide gene silencing [20]. For instance, X chromosome
inactivation in female mammals is regulated by the Xist ncRNA-mediated spreading of PRC2
along the X chromosome [29]. In contrast, PRC2 is simultaneously recruited throughout the
KSHV genome following de novo infection [11,12]. We have previously demonstrated that the
KSHV genome undergoes a temporally-ordered biphasic euchromatin-to-heterochromatin
transition following infection prior to the establishment of latency. Between 24–72 hpi, as the
level of activating histone marks declined on the KSHV genome, the level of the repressive
H3K27me3 histone mark increased concomitantly with the decline of lytic gene expression.
Importantly, this transition to heterochromatin was dependent on both PRC 1 and 2 [11,12].
In this report, we identified the latent protein LANA to be responsible for recruiting the poly-
comb proteins onto the viral episome, which shows a widespread binding on the KSHV
genome similar to EZH2 during de novo infection. LANA has been shown to possess both
sequence specific and promiscuous DNA-binding activity, while it also interacts with histones
and numerous transcription and chromatin regulatory factors, which can mediate its genome-
wide binding to the KSHV episome [10,30,31,32,33]. It is also known that LANA binds to and
is highly enriched on the terminal repeats of KSHV. This contributes to the local LANA con-
centration in the vicinity of the viral episome in the nucleus, thereby facilitating LANA enrich-
ment on the KSHV genome [8,18,34]. In accordance with our results, LANA has been reported
to bind to multiple sites throughout the KSHV genome during latency [13,25,35,36,37,38].
Unlike previous studies that showed the restricted numbers of LANA-binding sites on KSHV
genome during latency, our results indicate a broader LANA-binding along KSHV episome
during de novo infection, suggesting that the differences of LANA-binding are potentially due
to the differences of viral lifecyle. Specifically, since the chromatinization of the KSHV genome
is a dynamic multi-step process during de novo infection, KSHV epigenome and its 3D-chro-
matin conformation may be not fully developed yet right after infection compared to those
during latency conditions, which may affect LANA-binding profiles in the different phases of
infection. Furthermore, these differences may be also attributed to the differences of cell lines,
ChIP conditions, and ChIPseq analyzing algorithms. Importantly, we included the LANA KO
recombinant KSHV as a negative control and the 3xFLAG-LANA recombinant KSHV as a
positive control for LANA ChIP assays to examine the widespread binding of LANA on the
viral genome during de novo infection.

Importantly, we found that a chromatin- and DNA-binding LANA mutant, which lacks the
ability to bind to the viral episome could not recruit EZH2 or RING1B to the lytic promoters,
indicating an essential role of LANA’s viral genome binding activity in the polycomb recruit-
ment. Since the chromatin-binding or DNA-binding LANA mutants are also defective in the
LANA nuclear speckle formation and latent replication of the KSHV genome during mitosis, it
is also possible that LANA nuclear speckle formation or LANA-controlled latent replication
may also contribute to its PRC2 recruitment [9,39,40,41,42,43]. In addition, our confocal
microscopy analysis of infected cells revealed that LANA remained associated with the poly-
comb proteins through mitosis, indicating a potential role of LANA in transmitting PRCs-reg-
ulated heterochromatin to the newly synthesized viral episome during latent replication. Thus,
additional studies are required to dissect how various LANA-associated functions can regulate
the recruitment of PRC2 onto the viral genome during de novo infection.

The highly structured KSHV epigenome characteristic of latency is derived from the
sequential formation of distinct chromatin states of the KSHV genome following de novo infec-
tion [16,17]. However, the factors regulating this process are largely unknown. We have previ-
ously shown that the repressive H3K27me3 histone mark is enriched on the viral DNA only
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after 24 hpi [12]. An elegant study by Gunther and colleagues revealed that the PML factor
Sp100 is involved in the regulation of the H3K27me3 level on lytic promoters during de novo
infection [11]. The spatially and temporally ordered binding of polycomb proteins onto the
KSHV genome during de novo infection might be similarly regulated by a yet to be identified
factor. Our data showed that LANA expression and its binding to viral promoters were sub-
stantially lower in the first 24 hpi compared to 72hpi, suggesting that the level of LANA-bind-
ing to the viral DNA may not be sufficient for the recruitment of PRC2 within the first 24 hpi.
However, we found that both the additional ectopic expression of LANA and the resulting
increased level of LANA-binding on the KSHV genome were not sufficient to recruit EZH2
within the first 24 hpi. These results indicate that, in addition to LANA, other factors may be
required for the spatially and temporally ordered binding of polycomb proteins onto the
KSHV genome during de novo infection. Activating histone marks such as H3K4me3,
H3K27ac and H3K36me3 and their associated transcription factors can inhibit the binding
and activity of PRC2 at specific cellular genomic sites. On the other hand, removal of these
histone marks by histone demethylases, deacetylases or chromatin remodeling can allow
PRC2-binding [44,45,46]. During the first 24 hours of infection, the KSHV genome acquires
transcriptionally active chromatin enriched with the H3K4me3 and H3K27ac. Thus, we
hypothesize that the euchromatin-like structure of KSHVmay prevent PRC2-binding [11,12].
In fact, the latency locus is devoid of EZH2 even though it has abundant LANA-occupancy and
is constantly euchromatin-enriched with the H3K4me3 and H3K27ac. We found that LANA-
binding was not affected by the different chromatin states of the viral episome during de novo
infection, which is consistent with the previous studies showing that LANA binds to both
H3K4me3-marked and heterochromatin-rich genomic sites [35,36,47,48]. Alternatively, the
differential posttranslational modifications of LANA acquired during the different phases of
de novo infection may be involved in the temporally ordered binding of EZH2. In addition,
LANA has been shown to interact with a number of host epigenetic factors (e.g. KAP1, mSin3,
DNMT3a, KDM3A, Tip60, and hSET1), which may also be involved in the timing of PRC2
recruitment to the viral episome during de novo infection [10,35,38,49,50,51,52]. Additional
studies are required to determine the regulation of the spatially and temporally ordered binding
of polycomb proteins onto the KSHV genome during de novo infection.

The role of LANA in transcription regulation has been mainly investigated in overexpres-
sion conditions and in the absence of KSHV infection. These studies have revealed that LANA
regulates both latent and lytic viral gene expression as well as expression of host genes involved
in cell cycle and survival signaling pathways [25,26,53,54]. To analyze the transcriptional role
of LANA during de novo KSHV infection, we determined how the expression of viral and host
genes was affected in LANA KO KSHV-infected cells. We found that the lack of LANA
resulted in a global upregulation of lytic gene expression in infected cells, which is consistent
with the role of LANA in the PRC2-mediated genome-wide gene silencing during de novo
infection. Importantly, our data also show that the inhibition of lytic gene expression program
by LANA was primarily mediated by the repression of RTA expression. LANA has been indi-
cated to bind to and inhibit the RTA promoter during latency, thereby blocking lytic reactiva-
tion and maintaining latency [53]. In addition to the viral genome, LANA has also been shown
to bind to a large number of transcriptionally active (H3K4me3-marked) promoters and
enhancers of the host genome [35,36]. Strikingly, while LANA binds to a number of host pro-
moters in latently infected cells, this binding does not considerably alter expression of these
host genes [36]. In agreement with this, we also found weak but global changes of host gene
expression in the p53 tumor suppressor and cell cycle regulation pathways in LANA KO
KSHV-infected cells compared to those in WT KSHV-infected cells. However, this altered
expression of host genes was reversed in LANA/RTA dKO KSHV-infected cells to the levels in
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WT KSHV-infected cells. Collectively, these data indicate that LANA globally inhibits viral
lytic gene expression by repressing RTA expression during de novo infection. Otherwise,
increased viral lytic gene expression affects the expression of p53 tumor suppressor and cell
cycle regulation pathways, which may compromise the establishment of latency.

Accumulating evidence shows that the establishment of latency and long-term persistence
of KSHV in B cells and lymphatic endothelial cells is necessary for the development of KSHV-
associated cancers. In this study, we identified the KSHV protein that initiates the sequential
recruitment of host epigenetic factors onto the KSHV genome during de novo infection, which
ultimately leads to the genome-wide silencing of lytic genes for the establishment of latency.
We envision that many other viral and host factors can also play critical roles in the chromati-
nization of the KSHV genome prior to the establishment of latency and thus, the identification
of these factors should lead to a better understanding of the mechanism of KSHV persistent
infection and its associated pathogenesis.

Materials and Methods

Cells and antibodies
SLK (NIH AIDS Reagent Program) and 293T (ATCC) cells were maintained in DMEM
medium supplemented with 10% FBS, and penicillin/streptomycin (P/S). BCBL-1 (NIH AIDS
Reagent Program) was cultured in RPMI medium with 10% FBS and P/S. iSLK cells carrying
BAC16 mutants were grown in DMEMmedium with 10% FBS, P/S, 1 μg/ml puromycin,
250 μg/ml G418 and 1 mg/ml hygromycin. The origin of iSLK cell line was previously described
[55]. The following antibodies were used in ChIPs and immunoblots: anti-histone H3 (Abcam
ab1791), anti-H3K27me3 (Active Motif #39155), anti-H3K4me3 (Active Motif #39159), anti-
EZH2 (Active Motif #39875), anti-SUZ12 (Active Motif #39357), anti-RING1B (Abcam
ab3832), anti-BMI1 (Abcam ab14389), LANA (Advanced Biotechnologies #13-210-100). Anti-
SPT5 and anti-CyclinT1 antibodies were purchased from Santa Cruz Biotechnology.

Generation of recombinant KSHV
The latent gene KO KSHV mutants and 3xFLAG-LANA expressing KSHV were constructed
by using en passant mutagenesis on the KSHV BAC clone BAC16 containing the green fluores-
cence protein (GFP) [56]. All recombinants were verified by pulsed-field gel electrophoresis,
PCR and sequencing followed by the generation of iSLK cell lines producing BAC16 mutants
as published previously [56]. While the latency locus (Laloc) and the K12 KO mutants were
constructed by deleting 9933 base pairs (bps) and 1319 bps from BAC16, respectively, the
LANA, v-Cyclin (vCyc) and K13 KO mutants were generated by inserting a stop codon and
frameshift mutations close to their translational initiation codons (S1 Table). The BAC16
mutant lacking viral miRNAs (miR) was a gift from the Renne’s lab (University of Florida)
[57]. We isolated several clones from each mutant we made, and then tested them by SbfI and
NheI restriction enzyme digestions followed by DNA sequencing of the mutation sites. While
the digestion patterns of the Laloc and the K12 mutants displayed shifts due to their deletions,
those of LANA, vCyc and K13 mutants were indistinguishable fromWT BAC16 indicating
that there were no detectable genomic rearrangements in the BAC DNAs besides the mutations
that we introduced. Next, we established KSHV mutant-carrying iSLK cells, which contain a
doxycycline-inducible Replication Transcription Activator (RTA) that is required for the lytic
replication of KSHV [55]. Since LANA is essential for the maintenance of KSHV episomes, a
complementing iSLK cell line that constitutively expresses LANA was used to produce Laloc or
LANA KO viruses. WT and mutant viruses were then used for de novo infection of SLK cells,

LANA-Mediated Recruitment of PRCs onto the KSHVGenome

PLOS Pathogens | DOI:10.1371/journal.ppat.1005878 September 8, 2016 15 / 22



followed by FACS and immunofluorescence (IF) analyses to detect the GFP-positive SLK cells.
This showed that the infectivity of KSHVmutants was comparable with that of WT KSHV.

KSHV production, titration, and infection
To produce KSHV the iSLK cell lines carrying WT or mutant KSHV were treated with 1μg/ml
of doxycycline and 1mM sodium butyrate (NaB) for 3.5 days. The virus-containing media
were cleared of cell debris by centrifugation at 2000 rpm for 5 minutes, passed through a
0.45μm filter followed by ultracentrifugation using 24,000 rpm for 2.5 hours at 4°C. The virus
pellets were resuspended in DMEM and serial dilutions of each KSHV stock were prepared to
titer the virus. For this, six-well plates of SLK cells were spin-infected with KSHV (2000 rpm
for 45 min at 30°C). At 2 hpi, the media were changed and the numbers of infected cells (based
on GFP signal) were determined by flow cytometry (FACS CantoII, BD Bioscience, San Jose,
CA) at 24 hpi. Infectious units are expressed as the number of GFP positive cells in each well
that was calculated from the total cell numbers per well at the time of analysis. During the titra-
tion of KSHV mutants, the amount of KSHV DNA relative to the host genomic DNA was also
measured in infected cells. This value was used to adjust the titers of WT and different KSHV
mutants in order that equal amounts of KSHV DNA should be used for de novo infection. The
sequences of DNA oligos used for measuring viral (ORF11 oligos) and host genomic (HS1 oli-
gos) DNAs by qPCR are listed in S2 Table.

Lentiviral expression of LANA
The pCDHCMV-MCS-EF1-puro lentiviral vector (System Biosciences) was used to express
WT and mutant forms of LANA. The LANA mutants were based on studies of Dr. Kenneth
Kaye at the Harvard Medical School [28]. Virus-containing supernatants from 293T cells
transfected by the lentiviral vector and packaging vectors were collected 60 hours post-trans-
fection, concentrated by centrifugation (24000 rpm, 1.5 hr, 4°C) and used for infection of
cells in the presence of 8 μg/ml polybrene. The next day the infected cells were split, and then
infected with KSHV the following day.

ChIP and ChIP-on-chip assays
ChIPs and ChIP-on-chips were performed as published previously [12]. The primer sequences
used in ChIP-qPCR are listed in S2 Table. The ChIP graphs display the average of at least two
independent experiments. In case of histone H3 modification ChIPs, they were normalized by
the histone H3 level in the given genomic sites for their graph presentation. For ChIP-on-chip,
20 μg of chromatin and 2 μg of antibodies while for ChIPs 5–10 μg of chromatin and 0.5–1 μg
of antibody were used per ChIP assay. The ChIP-on-chips were performed with our custom-
designed Agilent KSHV specific 15-bp tiling microarray, as previously published [12,16].
Briefly, 2 μg of amplified ChIP and input DNAs were submitted to the UCLA Clinical Microar-
ray Core for labeling (Cy3 for input DNA and Cy5 for ChIP DNA), array processing, and
microarray scanning. Raw image files were processed with Agilent Feature Extraction software
to quantify feature signal intensities and to perform normalization, dye bias correction, and
background subtraction. The raw data was pre-processed by blank subtraction (one-step
Tukey biweight subtraction) and intra-array (dye-bias) median normalization in order to
equalize the ChIP (Cy5) and input (Cy3) DNA channels. Binding events, or enrichments were
represented as increases in the ratios of the ChIP to input DNA signal intensities.
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NanoString analysis
This utilizes the simultaneous hybridization of two probes to the target mRNA for detection.
One of the probes is the capture probe that can immobilize the target mRNA on a solid surface,
while the reporter probes are color-coded allowing the identification of different mRNAs (S3A
Fig). We purified total RNAs fromWT, LANA KO, and LANA/RTA KO KSHV-infected cells
at 72 hpi, and the viral mRNA levels were quantified by our customized panel of KSHV specific
NanoString probes at the USC Epigenome Center. The differential viral gene expression of
LANA KO virus-infected cells was calculated relative to WT KSHV-infected cells. For normali-
zation the mRNA level of four housekeeping genes and the GFP of BAC16 was used.

Human gene expression microarray
Total RNA for the microarrays was purified from two biological replicates of uninfected and
KSHV-infected SLK cells using Tri reagent (Sigma) and RNeasy Kit (Qiagen) according to the
protocols of the manufacturers. The human gene expression profiling was performed with the
Affymetrix Human Genome U133 Plus 2.0 Array at the UCLA Clinical Microarray Core. The
raw expression data are available from the GEO database (accession number GSE78282). All
microarray data analyses were performed by Partek Genomics Suite 6.6 unless otherwise indi-
cated. The raw expression values were first normalized together with Robust Multichip Analy-
sis (RMA). The RMA normalized data file containing all probes and their expression values
with their gene IDs can be found in S3 Table. After performing microarray quality control, dif-
ferential gene expression analysis was performed. For this, we employed hierarchical clustering
using the average of the probe intensities of the duplicate biological experimental array data-
sets, which passed the threshold of 1.5 fold difference between uninfected and infected samples.
The list of differentially expressed genes is in S3 Table. Gene Set Enrichment Analysis (GSEA)
between the wild type and LANA KO virus-infected samples was performed following guide-
lines as detailed on the GSEA website [58]. Using 1000 permutations of the GSEA hallmark
gene sets and a false discovery rate (FDR) of less than 0.05 was accepted as highly significant,
which was highlighted in Fig 3C. S4 Table contains the full statistical GSEA analysis.

Immunofluorescence microscopy
The uninfected and infected cells were grown on glass coverslips. The cells were washed with
PBS, fixed with 4% paraformaldehyde for 10 minutes at room temperature, and then permeabi-
lized with 0.5% Triton X-100 for 5 minutes and stored in PBS containing 0.2% Tween 20
(PBST) at 4°C. Prior to the immunofluorescent staining, the samples were incubated in block-
ing solution (10% donkey serum, 0.2% Tween 20, 0.2% Fish Skin gelatin in PBS) for 30 min-
utes. The antibodies were diluted in PBST. The primary antibodies that were used are anti-
LANA (1/3000 dilution), anti-FLAG (1/100 for de novo infected cells and 1/1000 dilution for
latently infected cells), anti-EZH2, anti-SUZ12, anti-BMI, anti-RING1B, anti-CYCT1, and
anti-SPT5 (1/100 dilution). Secondary antibodies (goat anti-rat 633, goat anti-rabbit 568, and
donkey anti-mouse 647) were used in 1/500 dilution. Primary antibody staining was performed
for 2 hours followed by three times 5 minutes wash with PBST. This was followed by 45 min-
utes of incubation with secondary antibodies then three times 5 minutes wash with PBST.
Thereafter, ProLong Diamond Antifade Mountant with DAPI reagent (Thermo Fisher Scien-
tific) was applied and the coverslips were layered onto microscope slides. The samples were
analyzed by confocal microscopy using 60x objective and the images were processed, analyzed,
merged, and quantified with ImageJ software.
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Gel filtration chromatography
Nuclear extracts derived from 108 of iSLK and iSLKBAC16 cells were fractionated on a GE
Superose 6 GL column using a BioLogic DuoFlow Medium-Pressure Chromatography system
(Bio-Rad). The gel filtration running buffer contains 40 mM Tris-HCl (pH 7.5), 300 mM NaCl,
40mM NaF, 40 mM β-glycerophosphate, 1 mM sodium orthovanadate (Na3VO4), 5mMMeta-
bisulphite sodium salt, 10mM Benzamidine, 2mM EDTA, 1mM EGTA, and 20% glycerol. The
chromatography system was operated with 0.2 ml/min flow rate and 217 psi maximum pres-
sure. The collected fractions were analyzed by immunoblots. The molecular mass of eluted pro-
teins was estimated by pre-running of standard gel filtration markers (Sigma, MWGF1000).

Co-immunoprecipitation assay
Whole cell lysates (WCL) were prepared from transfected 293T cells or de novo KSHV-infected
iSLK cells using 0.5% NP40 lysis buffer [10mM Tris-HCL (pH 8.0), 100mM NaCl, 1mM
EDTA, 0.5% NP-40] containing protease inhibitor cocktail (Roche). Lysates were precleared
with sepharose beads for 2 h at 4°C. WCL were incubated with the indicated antibodies over-
night, followed by further incubation with protein A/G-conjugated beads for 2 h at 4°C. Immu-
noprecipitation complexes were washed three times with 0.5% NP40 lysis buffer. SDS-PAGE
gel was transferred onto PVDF membrane followed by blocking in 5% non-fat milk and then
immunoblotting with the indicated antibodies.

Supporting Information
S1 Table. DNA sequences of the latent gene KO KSHVmutants.
(XLSX)

S2 Table. Primer sequences used in this study.
(XLSX)

S3 Table. Differential cellular gene expression upon KSHV infection.
(XLSX)

S4 Table. Comparison of the cellular gene expression of WT and LANA KO KSHV infected
cells by GSEA analysis.
(XLSX)

S1 Fig. Construction and production of infectious latent gene KO KSHVmutants. (A)
Pulse-field gel electrophoresis of Sbf I- and Nhe I-digested BAC DNAs. MW1 and MW2 indi-
cate molecular weight markers. (B) Schematic depiction of the LANA protein showing the
acidic central repeat regions (CR1-3), the nuclear localization signal (NLS), and the position of
the STOP codon insertion. (C) Immunoblot analysis of LANA expression in WT and LANA
KO KSHV-infected SLK cells. (D) Detection of GFP-marked infected cells. (E) SLK cells were
infected with the same titer of WT and LANA KO KSHV at day 0, followed by splitting the
cells at a 1:4 ratio every other day for 29 days. The number of infected cells was monitored by
flow cytometry to detect the GFP-positivity (%). Note: GFP was not detected in LANA KO
KSHV-infected cells from day 11. (F) GFP-positive cells infected with WT and LANA KO
KSHV were detected by fluorescence analysis at different time points of post-infection.
(TIF)

S2 Fig. Effect of the LANA deletion on the enrichment of chromatin regulatory factors on
KSHV promoters during de novo infection. (A) ChIP assays for the enrichment of CTCF and
RAD21 chromatin architecture regulatory proteins on viral promoters in KSHV-infected SLK

LANA-Mediated Recruitment of PRCs onto the KSHVGenome

PLOS Pathogens | DOI:10.1371/journal.ppat.1005878 September 8, 2016 18 / 22

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005878.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005878.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005878.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005878.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005878.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005878.s006


cells at 72 hpi. RTApr and RTAint indicate the promoter and the intron region of RTA, respec-
tively. HS1 and Neg cellular genomic sites were used as controls. (B) Immunoblot analysis of
LANA protein levels in shLANA-treated SLK cells. Four different shRNAs were tested for
depletion of LANA expression. (C) Control or shLANA_2-treated SLK cells were infected with
either WT or RTA KO KSHV, followed by ChIP assays for the indicated histone marks and the
PRC1 factor RING1B on the KSHV promoters at 72 hpi.
(TIF)

S3 Fig. Analysis of viral and host gene expressions in WT or LANA KO KSHV-infected
cells. (A) Schematic depiction of the components of the NanoString assay. (B) Analysis of viral
gene expression in WT and mutant KSHV-infected cells at 72 hpi using gene specific qPCR.
(C) Analysis of viral gene expression in shLANA-treated KSHV-infected cells at 72 hpi using
gene specific qPCR. (D) Differential host gene expression between WT and LANA KO KSHV-
infected cells. The number of microarray probes and their corresponding number of genes are
indicated in parentheses. Examples from each cluster are indicated below the diagrams. (E)
Analysis of host gene expression in WT and mutant KSHV-infected cells at 72 hpi using gene
specific qPCR.
(TIF)

S4 Fig. LANA and KSHV DNA complex formation during de novo KSHV infection. (A)
Time course ChIP analysis of LANA-binding on viral promoters during de novoWT KSHV
infection. ChIPs in LANA/RTA dKO KSHV-infected cells were performed at 72 hpi. Promot-
ers of the cellular genes ACT, MYT1, and HTF6 were used as controls. (B) Confocal micro-
scopic analysis of LANA expression in iSLK cells infected with BAC16-3xF-LANA. Anti-FLAG
antibody was used for detection of LANA (red) and GFP indicates the infected cells. Long-
term KSHV latently infected iSLKBAC16 cells were used as controls. Zoom-in pictures of the
nuclei indicated by white arrow are shown on the right.
(TIF)

S5 Fig. Co-localization of LANA with PRC2 factors in KSHV-infected cells. KSHV-infected
iSLK and TIME (TIMEBAC16) cells were subjected to confocal microscopy to analyze the co-
localization of LANA (green, false color) with SUZ12 or EZH2 (red) during de novo infection
(C, D and K), latency (E, F and L-O), and reactivation (G and H). Uninfected iSLK cells were
used as controls (A, B and I, J). For reactivation, iSLKBAC16 cells were induced by 1 μg/ml of
doxycycline and 1 mM of sodium butyrate for 24 or 48 hours. Panels B, F, J and M show
mitotic chromosomes. Representative LANA puncta were connected by white marked lines
and the co-localization of LANA with SUZ12 or EZH2 was measured using the image process-
ing program ImageJ.
(TIF)

Acknowledgments
We thank Dr. Rolf Renne (University of Florida) and Dr. Kenneth Kaye (Harvard Medical
School) for providing the viral miRNA KO KSHV producing iSLK cell line and LANA mutant
constructs, respectively. We would also like to thank all members of the Jung’s lab for their
discussions.

Author Contributions

Conceived and designed the experiments: ZT BP JUJ.

LANA-Mediated Recruitment of PRCs onto the KSHVGenome

PLOS Pathogens | DOI:10.1371/journal.ppat.1005878 September 8, 2016 19 / 22

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005878.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005878.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005878.s009


Performed the experiments: ZT BP.

Analyzed the data: ZT BP JUJ.

Contributed reagents/materials/analysis tools: ZT BP KB YJC SJG JUJ.

Wrote the paper: ZT BP JUJ.

References
1. McLaughlin-Drubin ME, Munger K (2008) Viruses associated with human cancer. Biochim Biophys

Acta 1782: 127–150. doi: 10.1016/j.bbadis.2007.12.005 PMID: 18201576

2. Dittmer DP, Damania B (2013) Kaposi sarcoma associated herpesvirus pathogenesis (KSHV)—an
update. Current opinion in virology 3: 238–244. doi: 10.1016/j.coviro.2013.05.012 PMID: 23769237

3. Chang Y, Cesarman E, Pessin MS, Lee F, Culpepper J, et al. (1994) Identification of herpesvirus-like
DNA sequences in AIDS-associated Kaposi's sarcoma. Science 266: 1865–1869. PMID: 7997879

4. Russo JJ, Bohenzky RA, Chien MC, Chen J, Yan M, et al. (1996) Nucleotide sequence of the Kaposi
sarcoma-associated herpesvirus (HHV8). Proc Natl Acad Sci U S A 93: 14862–14867. PMID: 8962146

5. Dittmer D, Lagunoff M, Renne R, Staskus K, Haase A, et al. (1998) A cluster of latently expressed
genes in Kaposi's sarcoma-associated herpesvirus. J Virol 72: 8309–8315. PMID: 9733875

6. Staudt MR, Dittmer DP (2003) Viral latent proteins as targets for Kaposi's sarcoma and Kaposi's sar-
coma-associated herpesvirus (KSHV/HHV-8) induced lymphoma. Current drug targets Infectious disor-
ders 3: 129–135. PMID: 12769790

7. Sin SH, Dittmer DP (2013) Viral latency locus augments B-cell response in vivo to induce chronic mar-
ginal zone enlargement, plasma cell hyperplasia, and lymphoma. Blood 121: 2952–2963. doi: 10.
1182/blood-2012-03-415620 PMID: 23365457

8. Hu J, Garber AC, Renne R (2002) The latency-associated nuclear antigen of Kaposi's sarcoma-associ-
ated herpesvirus supports latent DNA replication in dividing cells. J Virol 76: 11677–11687. PMID:
12388727

9. Ballestas ME, Chatis PA, Kaye KM (1999) Efficient persistence of extrachromosomal KSHV DNAmedi-
ated by latency-associated nuclear antigen. Science 284: 641–644. PMID: 10213686

10. Uppal T, Banerjee S, Sun Z, Verma SC, Robertson ES (2014) KSHV LANA—the master regulator of
KSHV latency. Viruses 6: 4961–4998. doi: 10.3390/v6124961 PMID: 25514370

11. Gunther T, Schreiner S, Dobner T, Tessmer U, Grundhoff A (2014) Influence of ND10 components on
epigenetic determinants of early KSHV latency establishment. PLoS Pathog 10: e1004274. doi: 10.
1371/journal.ppat.1004274 PMID: 25033267

12. Toth Z, Brulois K, Lee HR, Izumiya Y, Tepper C, et al. (2013) Biphasic Euchromatin-to-Heterochromatin
Transition on the KSHV Genome Following De Novo Infection. PLoS Pathog 9: e1003813. doi: 10.
1371/journal.ppat.1003813 PMID: 24367262

13. Jha HC, Lu J, Verma SC, Banerjee S, Mehta D, et al. (2014) Kaposi's sarcoma-associated herpesvirus
genome programming during the early stages of primary infection of peripheral blood mononuclear
cells. mBio 5.

14. Toth Z, Brulois K, Jung JU (2013) The chromatin landscape of Kaposi's sarcoma-associated herpesvi-
rus. Viruses 5: 1346–1373. doi: 10.3390/v5051346 PMID: 23698402

15. Renne R, Lagunoff M, ZhongW, GanemD (1996) The size and conformation of Kaposi's sarcoma-
associated herpesvirus (human herpesvirus 8) DNA in infected cells and virions. J Virol 70: 8151–
8154. PMID: 8892944

16. Toth Z, Maglinte DT, Lee SH, Lee HR, Wong LY, et al. (2010) Epigenetic analysis of KSHV latent and
lytic genomes. PLoS Pathog 6: e1001013. doi: 10.1371/journal.ppat.1001013 PMID: 20661424

17. Gunther T, Grundhoff A (2010) The epigenetic landscape of latent Kaposi sarcoma-associated herpes-
virus genomes. PLoS Pathog 6: e1000935. doi: 10.1371/journal.ppat.1000935 PMID: 20532208

18. StedmanW, Deng Z, Lu F, Lieberman PM (2004) ORC, MCM, and histone hyperacetylation at the
Kaposi's sarcoma-associated herpesvirus latent replication origin. J Virol 78: 12566–12575. PMID:
15507644

19. Chang PC, Fitzgerald LD, Hsia DA, Izumiya Y, Wu CY, et al. (2011) Histone demethylase JMJD2A reg-
ulates Kaposi's sarcoma-associated herpesvirus replication and is targeted by a viral transcriptional
factor. J Virol 85: 3283–3293. doi: 10.1128/JVI.02485-10 PMID: 21228229

LANA-Mediated Recruitment of PRCs onto the KSHVGenome

PLOS Pathogens | DOI:10.1371/journal.ppat.1005878 September 8, 2016 20 / 22

http://dx.doi.org/10.1016/j.bbadis.2007.12.005
http://www.ncbi.nlm.nih.gov/pubmed/18201576
http://dx.doi.org/10.1016/j.coviro.2013.05.012
http://www.ncbi.nlm.nih.gov/pubmed/23769237
http://www.ncbi.nlm.nih.gov/pubmed/7997879
http://www.ncbi.nlm.nih.gov/pubmed/8962146
http://www.ncbi.nlm.nih.gov/pubmed/9733875
http://www.ncbi.nlm.nih.gov/pubmed/12769790
http://dx.doi.org/10.1182/blood-2012-03-415620
http://dx.doi.org/10.1182/blood-2012-03-415620
http://www.ncbi.nlm.nih.gov/pubmed/23365457
http://www.ncbi.nlm.nih.gov/pubmed/12388727
http://www.ncbi.nlm.nih.gov/pubmed/10213686
http://dx.doi.org/10.3390/v6124961
http://www.ncbi.nlm.nih.gov/pubmed/25514370
http://dx.doi.org/10.1371/journal.ppat.1004274
http://dx.doi.org/10.1371/journal.ppat.1004274
http://www.ncbi.nlm.nih.gov/pubmed/25033267
http://dx.doi.org/10.1371/journal.ppat.1003813
http://dx.doi.org/10.1371/journal.ppat.1003813
http://www.ncbi.nlm.nih.gov/pubmed/24367262
http://dx.doi.org/10.3390/v5051346
http://www.ncbi.nlm.nih.gov/pubmed/23698402
http://www.ncbi.nlm.nih.gov/pubmed/8892944
http://dx.doi.org/10.1371/journal.ppat.1001013
http://www.ncbi.nlm.nih.gov/pubmed/20661424
http://dx.doi.org/10.1371/journal.ppat.1000935
http://www.ncbi.nlm.nih.gov/pubmed/20532208
http://www.ncbi.nlm.nih.gov/pubmed/15507644
http://dx.doi.org/10.1128/JVI.02485-10
http://www.ncbi.nlm.nih.gov/pubmed/21228229


20. Simon JA, Kingston RE (2009) Mechanisms of polycomb gene silencing: knowns and unknowns.
Nature reviews Molecular cell biology 10: 697–708. doi: 10.1038/nrm2763 PMID: 19738629

21. Margueron R, Reinberg D (2011) The Polycomb complex PRC2 and its mark in life. Nature 469: 343–
349. doi: 10.1038/nature09784 PMID: 21248841

22. Nazer E, Lei EP (2014) Modulation of chromatin modifying complexes by noncoding RNAs in trans.
Current opinion in genetics & development 25: 68–73.

23. Li Q, Zhou F, Ye F, Gao SJ (2008) Genetic disruption of KSHVmajor latent nuclear antigen LANA
enhances viral lytic transcriptional program. Virology 379: 234–244. doi: 10.1016/j.virol.2008.06.043
PMID: 18684478

24. Lu F, Day L, Gao SJ, Lieberman PM (2006) Acetylation of the latency-associated nuclear antigen regu-
lates repression of Kaposi's sarcoma-associated herpesvirus lytic transcription. J Virol 80: 5273–5282.
PMID: 16699007

25. Lu F, Tsai K, Chen HS, Wikramasinghe P, Davuluri RV, et al. (2012) Identification of host-chromosome
binding sites and candidate gene targets for Kaposi's sarcoma-associated herpesvirus LANA. J Virol
86: 5752–5762. doi: 10.1128/JVI.07216-11 PMID: 22419807

26. An FQ, Compitello N, Horwitz E, Sramkoski M, Knudsen ES, et al. (2005) The latency-associated
nuclear antigen of Kaposi's sarcoma-associated herpesvirus modulates cellular gene expression and
protects lymphoid cells from p16 INK4A-induced cell cycle arrest. J Biol Chem 280: 3862–3874. PMID:
15525642

27. Ballestas ME, Kaye KM (2011) The latency-associated nuclear antigen, a multifunctional protein central
to Kaposi's sarcoma-associated herpesvirus latency. Future microbiology 6: 1399–1413. doi: 10.2217/
fmb.11.137 PMID: 22122438

28. Kelley-Clarke B, Ballestas ME, Srinivasan V, Barbera AJ, Komatsu T, et al. (2007) Determination of
Kaposi's sarcoma-associated herpesvirus C-terminal latency-associated nuclear antigen residues
mediating chromosome association and DNA binding. J Virol 81: 4348–4356. PMID: 17287261

29. Brockdorff N (2011) Chromosome silencing mechanisms in X-chromosome inactivation: unknown
unknowns. Development 138: 5057–5065. doi: 10.1242/dev.065276 PMID: 22069184

30. Hellert J, Weidner-Glunde M, Krausze J, Lunsdorf H, Ritter C, et al. (2015) The 3D structure of Kaposi
sarcoma herpesvirus LANA C-terminal domain bound to DNA. Proc Natl Acad Sci U S A 112: 6694–
6699. doi: 10.1073/pnas.1421804112 PMID: 25947153

31. Domsic JF, Chen HS, Lu F, Marmorstein R, Lieberman PM (2013) Molecular basis for oligomeric-DNA
binding and episomemaintenance by KSHV LANA. PLoS Pathog 9: e1003672. doi: 10.1371/journal.
ppat.1003672 PMID: 24146617

32. Correia B, Cerqueira SA, Beauchemin C, Pires de Miranda M, Li S, et al. (2013) Crystal structure of the
gamma-2 herpesvirus LANA DNA binding domain identifies charged surface residues which impact
viral latency. PLoS Pathog 9: e1003673. doi: 10.1371/journal.ppat.1003673 PMID: 24146618

33. Barbera AJ, Chodaparambil JV, Kelley-Clarke B, Joukov V, Walter JC, et al. (2006) The nucleosomal
surface as a docking station for Kaposi's sarcoma herpesvirus LANA. Science 311: 856–861. PMID:
16469929

34. Verma SC, Choudhuri T, Kaul R, Robertson ES (2006) Latency-associated nuclear antigen (LANA) of
Kaposi's sarcoma-associated herpesvirus interacts with origin recognition complexes at the LANA
binding sequence within the terminal repeats. J Virol 80: 2243–2256. PMID: 16474132

35. Hu J, Yang Y, Turner PC, Jain V, McIntyre LM, et al. (2014) LANA binds to multiple active viral and cel-
lular promoters and associates with the H3K4methyltransferase hSET1 complex. PLoS Pathog 10:
e1004240. doi: 10.1371/journal.ppat.1004240 PMID: 25033463

36. Mercier A, Arias C, Madrid AS, Holdorf MM, GanemD (2014) Site-specific association with host and
viral chromatin by Kaposi's sarcoma-associated herpesvirus LANA and its reversal during lytic reactiva-
tion. J Virol 88: 6762–6777. doi: 10.1128/JVI.00268-14 PMID: 24696474

37. Campbell M, Chang PC, Huerta S, Izumiya C, Davis R, et al. (2012) Protein arginine methyltransferase
1-directed methylation of Kaposi sarcoma-associated herpesvirus latency-associated nuclear antigen.
J Biol Chem 287: 5806–5818. doi: 10.1074/jbc.M111.289496 PMID: 22179613

38. Kim KY, Huerta SB, Izumiya C, Wang DH, Martinez A, et al. (2013) Kaposi's sarcoma-associated her-
pesvirus (KSHV) latency-associated nuclear antigen regulates the KSHV epigenome by association
with the histone demethylase KDM3A. J Virol 87: 6782–6793. doi: 10.1128/JVI.00011-13 PMID:
23576503

39. Krithivas A, Fujimuro M, Weidner M, Young DB, Hayward SD (2002) Protein interactions targeting the
latency-associated nuclear antigen of Kaposi's sarcoma-associated herpesvirus to cell chromosomes.
J Virol 76: 11596–11604. PMID: 12388720

LANA-Mediated Recruitment of PRCs onto the KSHVGenome

PLOS Pathogens | DOI:10.1371/journal.ppat.1005878 September 8, 2016 21 / 22

http://dx.doi.org/10.1038/nrm2763
http://www.ncbi.nlm.nih.gov/pubmed/19738629
http://dx.doi.org/10.1038/nature09784
http://www.ncbi.nlm.nih.gov/pubmed/21248841
http://dx.doi.org/10.1016/j.virol.2008.06.043
http://www.ncbi.nlm.nih.gov/pubmed/18684478
http://www.ncbi.nlm.nih.gov/pubmed/16699007
http://dx.doi.org/10.1128/JVI.07216-11
http://www.ncbi.nlm.nih.gov/pubmed/22419807
http://www.ncbi.nlm.nih.gov/pubmed/15525642
http://dx.doi.org/10.2217/fmb.11.137
http://dx.doi.org/10.2217/fmb.11.137
http://www.ncbi.nlm.nih.gov/pubmed/22122438
http://www.ncbi.nlm.nih.gov/pubmed/17287261
http://dx.doi.org/10.1242/dev.065276
http://www.ncbi.nlm.nih.gov/pubmed/22069184
http://dx.doi.org/10.1073/pnas.1421804112
http://www.ncbi.nlm.nih.gov/pubmed/25947153
http://dx.doi.org/10.1371/journal.ppat.1003672
http://dx.doi.org/10.1371/journal.ppat.1003672
http://www.ncbi.nlm.nih.gov/pubmed/24146617
http://dx.doi.org/10.1371/journal.ppat.1003673
http://www.ncbi.nlm.nih.gov/pubmed/24146618
http://www.ncbi.nlm.nih.gov/pubmed/16469929
http://www.ncbi.nlm.nih.gov/pubmed/16474132
http://dx.doi.org/10.1371/journal.ppat.1004240
http://www.ncbi.nlm.nih.gov/pubmed/25033463
http://dx.doi.org/10.1128/JVI.00268-14
http://www.ncbi.nlm.nih.gov/pubmed/24696474
http://dx.doi.org/10.1074/jbc.M111.289496
http://www.ncbi.nlm.nih.gov/pubmed/22179613
http://dx.doi.org/10.1128/JVI.00011-13
http://www.ncbi.nlm.nih.gov/pubmed/23576503
http://www.ncbi.nlm.nih.gov/pubmed/12388720


40. You J, Srinivasan V, Denis GV, HarringtonWJ Jr., Ballestas ME, et al. (2006) Kaposi's sarcoma-associ-
ated herpesvirus latency-associated nuclear antigen interacts with bromodomain protein Brd4 on host
mitotic chromosomes. J Virol 80: 8909–8919. PMID: 16940503

41. Lim C, Lee D, Seo T, Choi C, Choe J (2003) Latency-associated nuclear antigen of Kaposi's sarcoma-
associated herpesvirus functionally interacts with heterochromatin protein 1. J Biol Chem 278: 7397–
7405. PMID: 12486118

42. Viejo-Borbolla A, Ottinger M, Bruning E, Burger A, Konig R, et al. (2005) Brd2/RING3 interacts with a
chromatin-binding domain in the Kaposi's Sarcoma-associated herpesvirus latency-associated nuclear
antigen 1 (LANA-1) that is required for multiple functions of LANA-1. J Virol 79: 13618–13629. PMID:
16227282

43. Hellert J, Weidner-Glunde M, Krausze J, Richter U, Adler H, et al. (2013) A structural basis for BRD2/4-
mediated host chromatin interaction and oligomer assembly of Kaposi sarcoma-associated herpesvirus
and murine gammaherpesvirus LANA proteins. PLoS Pathog 9: e1003640. doi: 10.1371/journal.ppat.
1003640 PMID: 24146614

44. Agger K, Cloos PA, Christensen J, Pasini D, Rose S, et al. (2007) UTX and JMJD3 are histone H3K27
demethylases involved in HOX gene regulation and development. Nature 449: 731–734. PMID:
17713478

45. Tie F, Banerjee R, Saiakhova AR, Howard B, Monteith KE, et al. (2014) Trithorax monomethylates his-
tone H3K4 and interacts directly with CBP to promote H3K27 acetylation and antagonize Polycomb
silencing. Development 141: 1129–1139. doi: 10.1242/dev.102392 PMID: 24550119

46. Zhang T, Cooper S, Brockdorff N (2015) The interplay of histone modifications—writers that read.
EMBORep 16: 1467–1481. doi: 10.15252/embr.201540945 PMID: 26474904

47. Stuber G, Mattsson K, Flaberg E, Kati E, Markasz L, et al. (2007) HHV-8 encoded LANA-1 alters the
higher organization of the cell nucleus. Mol Cancer 6: 28. PMID: 17433107

48. Viejo-Borbolla A, Kati E, Sheldon JA, Nathan K, Mattsson K, et al. (2003) A Domain in the C-terminal
region of latency-associated nuclear antigen 1 of Kaposi's sarcoma-associated Herpesvirus affects
transcriptional activation and binding to nuclear heterochromatin. J Virol 77: 7093–7100. PMID:
12768028

49. Sun R, Liang D, Gao Y, Lan K (2014) Kaposi's sarcoma-associated herpesvirus-encoded LANA inter-
acts with host KAP1 to facilitate establishment of viral latency. J Virol 88: 7331–7344. doi: 10.1128/JVI.
00596-14 PMID: 24741090

50. Krithivas A, Young DB, Liao G, Greene D, Hayward SD (2000) Human herpesvirus 8 LANA interacts
with proteins of the mSin3 corepressor complex and negatively regulates Epstein-Barr virus gene
expression in dually infected PEL cells. J Virol 74: 9637–9645. PMID: 11000236

51. Shamay M, Krithivas A, Zhang J, Hayward SD (2006) Recruitment of the de novo DNAmethyltransfer-
ase Dnmt3a by Kaposi's sarcoma-associated herpesvirus LANA. Proc Natl Acad Sci U S A 103:
14554–14559. PMID: 16983096

52. ShamayM, Liu J, Li R, Liao G, Shen L, et al. (2012) A protein array screen for Kaposi's sarcoma-associ-
ated herpesvirus LANA interactors links LANA to TIP60, PP2A activity, and telomere shortening. J Virol
86: 5179–5191. doi: 10.1128/JVI.00169-12 PMID: 22379092

53. Lan K, Kuppers DA, Verma SC, Robertson ES (2004) Kaposi's sarcoma-associated herpesvirus-
encoded latency-associated nuclear antigen inhibits lytic replication by targeting Rta: a potential mech-
anism for virus-mediated control of latency. J Virol 78: 6585–6594. PMID: 15163750

54. Verma SC, Lan K, Choudhuri T, Robertson ES (2006) Kaposi's sarcoma-associated herpesvirus-
encoded latency-associated nuclear antigen modulates K1 expression through its cis-acting elements
within the terminal repeats. J Virol 80: 3445–3458. PMID: 16537612

55. Myoung J, Ganem D (2011) Generation of a doxycycline-inducible KSHV producer cell line of endothe-
lial origin: maintenance of tight latency with efficient reactivation upon induction. J Virol Methods 174:
12–21. doi: 10.1016/j.jviromet.2011.03.012 PMID: 21419799

56. Brulois KF, Chang H, Lee AS, Ensser A, Wong LY, et al. (2012) Construction and manipulation of a
new Kaposi's sarcoma-associated herpesvirus bacterial artificial chromosome clone. J Virol 86: 9708–
9720. doi: 10.1128/JVI.01019-12 PMID: 22740391

57. Jain V, Plaisance-Bonstaff K, Sangani R, Lanier C, Dolce A, et al. (2016) A Toolbox for Herpesvirus
miRNA Research: Construction of a Complete Set of KSHVmiRNA Deletion Mutants. Viruses 8.

58. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, et al. (2005) Gene set enrichment
analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl
Acad Sci U S A 102: 15545–15550. PMID: 16199517

LANA-Mediated Recruitment of PRCs onto the KSHVGenome

PLOS Pathogens | DOI:10.1371/journal.ppat.1005878 September 8, 2016 22 / 22

http://www.ncbi.nlm.nih.gov/pubmed/16940503
http://www.ncbi.nlm.nih.gov/pubmed/12486118
http://www.ncbi.nlm.nih.gov/pubmed/16227282
http://dx.doi.org/10.1371/journal.ppat.1003640
http://dx.doi.org/10.1371/journal.ppat.1003640
http://www.ncbi.nlm.nih.gov/pubmed/24146614
http://www.ncbi.nlm.nih.gov/pubmed/17713478
http://dx.doi.org/10.1242/dev.102392
http://www.ncbi.nlm.nih.gov/pubmed/24550119
http://dx.doi.org/10.15252/embr.201540945
http://www.ncbi.nlm.nih.gov/pubmed/26474904
http://www.ncbi.nlm.nih.gov/pubmed/17433107
http://www.ncbi.nlm.nih.gov/pubmed/12768028
http://dx.doi.org/10.1128/JVI.00596-14
http://dx.doi.org/10.1128/JVI.00596-14
http://www.ncbi.nlm.nih.gov/pubmed/24741090
http://www.ncbi.nlm.nih.gov/pubmed/11000236
http://www.ncbi.nlm.nih.gov/pubmed/16983096
http://dx.doi.org/10.1128/JVI.00169-12
http://www.ncbi.nlm.nih.gov/pubmed/22379092
http://www.ncbi.nlm.nih.gov/pubmed/15163750
http://www.ncbi.nlm.nih.gov/pubmed/16537612
http://dx.doi.org/10.1016/j.jviromet.2011.03.012
http://www.ncbi.nlm.nih.gov/pubmed/21419799
http://dx.doi.org/10.1128/JVI.01019-12
http://www.ncbi.nlm.nih.gov/pubmed/22740391
http://www.ncbi.nlm.nih.gov/pubmed/16199517

