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ABSTRACT Kaposi's sarcoma-associated herpesvirus (KSHV) is a human oncogenic vi-
rus, which maintains the persistent infection of the host by intermittently reactivating
from latently infected cells to produce viral progenies. While it is established that the
replication and transcription activator (RTA) viral transcription factor is required for the
induction of lytic viral genes for KSHV lytic reactivation, it is still unknown to what ex-
tent RTA alters the host transcriptome to promote KSHV lytic cycle and viral pathogene-
sis. To address this question, we performed a comprehensive time course transcriptome
analysis during KSHV reactivation in B-cell lymphoma cells and determined RTA-binding
sites on both the viral and host genomes, which resulted in the identification of the
core RTA-induced host genes (core RIGs). We found that the majority of RTA-binding
sites at core RIGs contained the canonical RBP-Jk-binding DNA motif. Subsequently, we
demonstrated the vital role of the Notch signaling transcription factor RBP-Jk for RTA-
driven rapid host gene induction, which is consistent with RBP-Jk being essential for
KSHV lytic reactivation. Importantly, many of the core RIGs encode plasma membrane
proteins and key regulators of signaling pathways and cell death; however, their contri-
bution to the lytic cycle is largely unknown. We show that the cell cycle and chromatin
regulator geminin and the plasma membrane protein gamma-glutamyltransferase 6, two
of the core RIGs, are required for efficient KSHV reactivation and virus production. Our
results indicate that host genes that RTA rapidly and directly induces can be pivotal for
driving the KSHV lytic cycle.

IMPORTANCE The lytic cycle of KSHV is involved not only in the dissemination of
the virus but also viral oncogenesis, in which the effect of RTA on the host transcrip-
tome is still unclear. Using genomics approaches, we identified a core set of host
genes which are rapidly and directly induced by RTA in the early phase of KSHV lytic
reactivation. We found that RTA does not need viral cofactors but requires its host
cofactor RBP-Jk for inducing many of its core RIGs. Importantly, we show a critical
role for two of the core RIGs in efficient lytic reactivation and replication, highlight-
ing their significance in the KSHV lytic cycle. We propose that the unbiased identifi-
cation of RTA-induced host genes can uncover potential therapeutic targets for in-
hibiting KSHV replication and viral pathogenesis.

KEYWORDS Kaposi's sarcoma-associated herpesvirus, RTA, lytic reactivation, primary
effusion lymphoma, regulation of gene expression

aposi’s sarcoma-associated herpesvirus (KSHV, also known as human herpesvirus 8)
is the only other human herpesvirus besides Epstein-Barr virus which can cause
cancer (1). KSHV is responsible for the endothelial neoplasm, Kaposi's sarcoma (KS), and
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the two lymphoproliferative diseases, primary effusion lymphoma (PEL), and multicen-
tric Castleman’s disease (2, 3). Similarly to other herpesviruses, KSHV establishes a
life-long infection in humans, which KSHV mainly achieves by alternating between its
latency and lytic cycle programs in infected B cells (4). While KSHV latency is charac-
terized by the expression of the latent and the repression of lytic genes and virus
production, the lytic cycle involves the temporally ordered expression of all immediate
early (IE), early (E), and late (L) lytic viral genes, which is accompanied by viral DNA
replication and virus production (5). The lytic cycle of KSHV, which can be initiated by
either reactivation from latency or following primary infection of certain cell types, can
play a role not only in the dissemination of the virus but also in viral oncogenesis (6-9).
It has been shown that although the majority of cancer cells are latently infected in
KSHV-associated tumors, a partial or full reactivation of the KSHV lytic cycle can often
be detected in a subset of cancer cells (6, 10, 11). As a result, lytic genes are expressed,
several of which encode viral cytokines, immunomodulatory proteins, and regulatory
factors of cell signaling pathways, which can facilitate cellular transformation (3, 12).
Also, the full lytic reactivation of KSHV from latently infected cancer cells can result in
virus production and infection of neighboring naive cells, which can contribute to the
growth of KSHV-associated tumors (3, 6). In fact, previous studies indicated that the
treatment of KS patients with the herpesviral DNA replication inhibitor ganciclovir,
which can block KSHV lytic replication, could reduce KS development, supporting the
notion that the KSHV lytic cycle also contributes to viral tumorigenesis (13-15). Thus,
identifying the molecular events driving the lytic cycle is critical to understanding KSHV
pathogenesis and finding therapeutic targets for treating KSHV-associated diseases.

It is known that the replication and transcription activator (RTA) encoded by the IE
gene ORF50 of KSHV initiates and drives the lytic cycle of the virus (9, 16). RTA has an
N-terminal DNA-binding domain and a C-terminal transactivation domain, which are
pivotal to RTA's function of transactivating the promoters of several viral genes (17, 18).
RTA can induce its viral target genes by either directly binding to RTA-responsive DNA
elements or indirectly via interacting with various host transcription factors (TFs) bound
to the gene promoters, which is followed by the recruitment of chromatin-modifying
and -remodeling host factors (18-22). Although RTA is a potent transactivator of many
KSHV promoters in reporter assays, the interaction of RTA with viral and host factors, as
well as the activities of different signaling pathways, in the context of KSHV infection
can restrict or modulate the transcriptional activity of RTA (23-30). In fact, it has been
demonstrated that the Notch and the NF-«kB signaling pathways act antagonistically in
RTA-mediated KSHV reactivation. Specifically, RBP-Jk, which is the major TF and medi-
ator of the Notch signaling, interacts with and can recruit RTA to KSHV promoters
whereby RTA can induce viral genes, which is essential for KSHV reactivation (31-34).
In contrast, NF-kB can prevent the recruitment of RTA by inhibiting the binding of
RBP-Jk to the viral promoters, which can repress KSHV reactivation (27).

While the role of RTA in the induction of KSHV genes for lytic replication is well
established, the direct host target genes of RTA and their role during KSHV lytic phase
are still largely unknown (35). One of the major obstacles of studying RTA and its target
genes in the lytic cycle of natural KSHV infection is that the default pathway of KSHV
infection is the establishment of viral latency in most cell types (36). This is well
reflected by the fact that the majority of cells in PEL cell lines derived from KSHV-
infected patients carry KSHV in latency, and lytic reactivation can be detected only in
a small subset of these cells (37). However, chemical induction of the endogenous RTA
in the viral genome or the expression of an RTA transgene in PEL cells can efficiently
reactivate KSHV in vitro, allowing the study of RTA and its host target genes in the lytic
cycle (38-42). Using RTA-expressing cell lines, a number of Notch signaling-controlled
host genes have been identified as RTA targets, which can be linked to different aspects
of KSHV pathogenesis (31, 43-45). Recently, RTA has been shown to induce the
expression of the Notch receptor ligand JAG1, which can activate Notch signaling-
mediated suppression of KSHV reactivation in neighboring KSHV-infected cells, sug-
gesting that RTA-mediated host gene regulation can also be linked to maintenance of
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viral latency in a KSHV-infected cell population (44). Thus, RTA can affect both latency
and the lytic phase of KSHV infection by controlling not only viral genes but also
modulating the expression of host genes that are required to sustain persistent KSHV
infection of the host. However, despite the essential role of RTA in the KSHV lytic cycle
and viral pathogenesis, the RTA host target genes and their role in infected cells are still
poorly characterized.

We hypothesized that the host genes that are rapidly and directly upregulated by RTA
during the first hours of lytic reactivation could be critical for facilitating the lytic cycle of
KSHV. In order to identify the RTA-induced host genes in PEL cells, we performed a
comprehensive time course RNA sequencing (RNA-seq) analysis, which was combined
with RTA chromatin immunoprecipitation coupled with high-throughput sequencing
(RTA ChlIP-seq). Subsequently, we demonstrated that geminin (GMNN) and GGT6, two
novel RTA-induced host genes, are required for KSHV reactivation and viral production.
Thus, our findings support the notion that the host genes, which are rapidly and
directly induced by RTA in the early phase of KSHV reactivation, can be essential for
driving the KSHV lytic cycle; thus, they can serve as potential therapeutic targets for
blocking KSHV replication and viral pathogenesis.

RESULTS

Identification of RTA-binding sites on the KSHV genome. The essential role of
RTA in the induction of KSHV lytic cycle can be partly attributed to the binding of RTA
to the promoters of specific viral and host genes resulting in their induction (17).
Despite the vast data on RTA function, however, the genome-wide direct target genes
induced by transcriptionally active RTA during the early phase of KSHV lytic cycle are
still unknown. In order to identify RTA’s rapidly induced target genes, we performed an
RTA ChIP-seq analysis to determine the binding sites of RTA on the KSHV and human
genomes in PEL cells. For this, we made a TRExBCBL1-3 XFLAG-RTA PEL cell line, where
the expression of an N-terminally 3XFLAG-tagged RTA transgene can be induced by
doxycycline (Dox) treatment of the cells, which can subsequently trigger KSHV lytic
reactivation. Figure 1A and B shows that the Dox treatment for 6, 12, and 24 h induced
3XFLAG-RTA expression, which resulted in a gradual induction of the KSHV E (ORF45,
K2) and L (K8.1, ORF25) genes. Viral DNA replication begins only after 12 h postinduc-
tion (hpi), which is reflected by the expression of L genes only at 24 hpi, as their robust
induction depends on viral DNA replication (46).

In order to reveal the early target genes of RTA prior to lytic DNA replication, RTA
ChIP-seq was performed with FLAG monoclonal antibody in TRExBCBL1-3XFLAG-RTA
cells at 12 hpi, when the KSHV genome is still fully chromatinized and the IE and E
genes are already induced but KSHV DNA replication is not initiated (Fig. 1C, and data
not shown) (39, 46). Thereby, the RTA-binding sites were determined on naturally
chromatinized viral DNA in the early phase of lytic reactivation. As a result, the RTA peak
calling uncovered 23 RTA-binding sites on the KSHV genome (Table 1). Many of them
have been identified by various assays before, validating our RTA ChIP-seq results (17,
47-50). Most recently, the Izumiya lab performed RTA ChIP-seq on the KSHV genome
at 24 hpi in an RTA-expressing PEL system similar to ours (51). Importantly, our RTA
ChlIP-seq results are in agreement with their findings. A snapshot of the RTA ChIP-seq
data on the KSHV genome, with the identified peaks and summits depicted under-
neath, is shown in Fig. 1C, while the coordinates of the RTA peaks are listed in Table 1.
We found that the majority of RTA-binding sites are located in genomic regions that
mainly contain IE and E genes, which were previously demonstrated to be associated
with activating histone marks, such as histone H3 acetylation and H3K4me3 during
both latency and lytic reactivation (Fig. 1C) (46, 52). In addition, we could also identify
3 RTA peaks (peaks 11, 19, and 20) in genomic regions (30 to 60 kb and 95 to 115 kb)
which contain most of the L genes and are constitutively enriched in repressive histone
marks (H3K9me3 and H3K27me3) during KSHV lytic reactivation (46, 52). A close
inspection of the lytic genes at these 3 RTA peaks revealed that each of them is
adjacent to at least one E gene, suggesting that RTA can also target E genes in a
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FIG 1 Genome-wide mapping of the RTA-binding sites on the viral genome during KSHV lytic reactivation. (A) Immunoblot analysis of viral protein expression
in TREXBCBL1-3XFLAG-RTA cells during latency (0 hpi), at 12 hpi, and 24 hpi. 3XFLAG-RTA was detected by anti-FLAG antibody. (B) RT-gPCR analysis of viral
gene expression in TRExBCBL1-3XFLAG-RTA at the indicated time points. (C) Snapshot of RTA binding on the KSHV genome (1 to 137168 bp) (GenBank
accession no. NC_009333.1) in TREXBCBL1-3XFLAG-RTA cells at 12 hpi, which was identified by RTA (FLAG) ChIP-seq (top graph). The terminal repeats were
excluded. The bottom graphs are zoomed-in views of RTA binding and their corresponding inputs in the indicated KSHV genomic regions. The genomic
coordinates of the 23 RTA peaks are listed in Table 1. Note that the peak 8 is out of range. The arrow indicates the location of ORF25. (D) RTA (using FLAG
antibody) and IgG ChIP assays were performed at 0 hpi and 12 hpi by using TREXBCBL1-3XFLAG-RTA cells, followed by qPCR quantification of the
immunoprecipitated DNA at the indicated RTA-binding sites. The ORF25 region and the TREXBCBL1-Vector cell line were used as negative controls. (E)
MEME/TOMTOM analysis was applied to identify the most significantly enriched de novo motif within the 50-bp radius of the 23 RTA peak summits on the KSHV
genome (top), which matched to the RBP-Jk-binding motif (bottom). (F) CentriMo analysis of 100-bp radius of the RTA-binding summits shows that the

probability of the RBP-Jk-binding motif is the highest at the summit of the RTA binding.

transcriptionally repressive chromatin environment. However, most of the KSHV
genomic regions associated with constitutive heterochromatin and containing only L
genes were completely devoid of RTA binding. These data indicate that RTA tends to
bind to euchromatin-like regions on the KSHV genome. Also, our results are in agree-
ment with previous findings that RTA mainly controls the expression of E genes,
although some L genes might also be inducible by RTA in reporter assays, such as the
K8.1 and ORF8 promoter regions, where we could also detect RTA binding (50). To
further confirm the specificity and reproducibility of the 3XFLAG-RTA ChIP, we per-
formed independent ChIP-gPCR assays with FLAG antibody using uninduced (0 hpi)
and Dox-induced (12 hpi) TREXxBCBL1-3XFLAG-RTA and Dox-induced TRExBCBL1-
Vector cells (negative control) in triplicate. We confirmed that RTA could bind to the
identified 3XFLAG-RTA ChiIP-seq peak locations within the promoters of the IE gene
RTA (peak 13) and the E genes ORF6 (peak 1) and ORF57 (peak 17), but not to the
promoter of the L gene ORF25, during KSHV reactivation (Fig. 1D). In contrast, there
were negligible FLAG ChIP signals at 0 hpi and in the Dox-induced TRExBCBL1-Vector
cells, which were comparable to the IgG negative-control ChIP signals at all tested sites,
further confirming the specificity of our FLAG ChlIPs (Fig. 1D).
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TABLE 1 Genomic coordinates of the RTA ChIP-seq peaks on the KSHV genome

Genomic coordinate at:

RTA peak Start End Summit
1 2837 3411 3018

2 4925 5378 5156

3 7726 8746 8462
4 13975 14546 14358
5 17644 18957 18366
6 20534 21883 21176
7 22712 23168 23008
8 23833 24228 24064
9 26575 28554 27984
10 28650 29064 28775
1 51406 52035 51747
12 68633 69680 69110
13 69842 70426 70179
14 74487 75231 74796
15 75354 75918 75590
16 78908 79180 79035
17 81839 82288 82022
18 91547 92207 91926
19 96546 97116 96957
20 100482 100698 100616
21 120292 120566 120366
22 123746 124108 123969
23 127681 128120 127833

RTA can be targeted to the viral promoters either by directly binding to DNA or
indirectly through association with other DNA-binding host TFs (17). To determine
which host TFs could potentially cooperate with RTA on the viral DNA, we performed
a de novo DNA sequence motif scan using 50 bp of DNA sequence upstream and
downstream of the 23 RTA-binding peak summits to discover TF motifs that are
significantly enriched at the center of RTA peaks. Subsequently, the most significantly
enriched de novo DNA motif at the RTA-binding sites was compared to a database of
known DNA sequence motifs bound by transcription factors (Fig. 1E). Our analysis
revealed that the most significantly enriched DNA motif was matched to that of RBP-Jk,
which in fact could be detected in 18 of the 23 RTA-binding sites (Fig. 1E). Additional
analysis of 100 bp of DNA sequence surrounding the RTA summits revealed that the
RBP-Jk motif was the most significantly enriched, which was centered at the summit of
the RTA peaks (Fig. 1F). These data suggest that RTA binding is tightly associated with
that of RBP-Jk on the KSHV genome, which can affect the recruitment of RTA to most
of the RTA-regulated viral promoters and/or RTA-mediated viral gene expression. This
supports previous findings that RBP-Jk is essential for RTA-mediated KSHV lytic reac-
tivation (34, 53).

Global host gene expression changes during KSHV lytic reactivation. While viral
gene expression has been extensively studied during the lytic phase in various cell
culture model systems, we have still limited information about how the lytic cycle of
KSHV affects the expression of host genes and to what degree different viral factors,
such as RTA, contribute to the reprogramming of the host genome. To address this
question, we first determined the global host gene expression changes during KSHV
reactivation. To this end, we prepared total RNA from TREXBCBL1-3 XFLAG-RTA cells at
0 hpi (latency) and Dox-treated cells at 6, 12, and 24 hpi, which were then subjected to
RNA sequencing. Principal-component analysis (PCA) of the RNA-seq data showed that
the three biological replicates at each time point clustered together while the data sets
per time points were clustered away from one another, indicating a gradual and
reproducible shift of host gene expression during KSHV reactivation (Fig. 2A; see also
Tables S1 and S2 in the supplemental material). We found that 3,123 host genes
showed more than 2-fold expression change (false-discovery rate [FDR], <0.05) during
KSHV reactivation relative to latency (Fig. 2B and C and Table S3). As KSHV lytic
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FIG 2 Global host gene expression changes in PEL cells upon KSHV reactivation. (A) Principal-component analysis (PCA) of the time course RNA-seq data. (B)
Hierarchical clustering of 3,123 host genes, which were more than 2-fold differentially expressed (cutoff P value, FDR <0.05) during KSHV reactivation relative
to latency (0 hpi). RPKM values are shifted to 0 and scaled to a standard deviation of 1. Blue and yellow represent lower-than-average and higher-than-average
gene expression changes, respectively. (C) Venn diagram representation of the 3,123 host genes (described in panel B) showing the numbers of the significantly
upregulated and downregulated host genes during KSHV reactivation relative to latency. The percentage of RTA target genes within each group is also shown,
which is based on the RTA ChIP-seq data at 12 hpi. Some examples of genes from the middle intersections are shown. (D) Measuring the induction of host genes
by RT-qPCR to confirm the RNA-seq results at the indicated time points during lytic reactivation. Significance test was performed between reactivated and
latency samples. (E) Example for a host gene upregulated only at 24 hpi. (F) RT-gPCR confirmation of GGT6 induction during KSHV reactivation. GGT6 expression
was calculated relative to the expression of 185 rRNA. N.D, not detectable. (G) Examples for genes that are downregulated during lytic reactivation. *, P < 0.05.

reactivation progressed, the number of upregulated and downregulated host genes
increased similarly, detecting the highest number of gene expression changes at 24 hpi
(Fig. 2C and Table S3).

Gene ontology analysis of the 257 host genes, which were significantly upregulated
more than 2-fold within the first 6 and/or 12 hpi (FDR, <0.05), revealed that there was
a significant enrichment of factors involved in the Notch signaling pathway and the
positive regulation of RNA polymerase Il transcription (Fig. 2C and Table S4). Strikingly,
based on the cellular component gene ontology analysis, 26.12% of the upregulated
genes encode plasma membrane proteins (e.g., CD244, ephrin-A1 [EFNA1], transform-
ing growth factor beta-3 [TGFB3], sodium-dependent glutamate/aspartate transporter
1A3 [SLC1A3], delta-like 4 [DLL4], and Fc epsilon receptor 2 [FCER2]/CD23) (Fig. 2C and
Table S4). The cellular component gene ontology analysis of the 338 genes, which were
significantly downregulated more than 2-fold by the first 6 and/or 12 hpi (FDR, <0.05),
revealed that many of them code for extracellular matrix proteins and proteins, which
reside on the external side of the plasma membrane (e.g., CCR7, CCR5, CCR1, and
thrombospondin 1 [THBS1]) (Fig. 2C and Table S4). Of the biological process categories,
the downregulated genes were significantly associated with cellular response to tumor
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necrosis factor, mitogen-activated protein kinase (MAPK) cascade, and the inflamma-
tory response (e.g., CCR5, CCR7, insulin-like growth factor binding protein 4 [IGFBP4],
and tumor necrosis factor superfamily member 6B [TNFRSF6B]) (Fig. 2C and Table S4).

Importantly, our RNA-seq data (Fig. 2C and Tables S3 and S4) also included differ-
entially expressed host genes that had been shown before to be RTA-induced genes
and were implicated in KSHV pathogenesis, such as FCER2 (CD23), hairy/enhancer of
split (HES) related with YRPW protein 1 (HEY1), HES1, and DLL4, validating our RNA-seq
analysis (43-45). As an example, some of the most rapidly downregulated host genes
were ID2 (helix-loop-helix DNA-binding protein inhibitor), thrombospondin 1 (THBS1),
and the zinc finger protein ZIC2. THBS1 is an angiogenesis inhibitor whose expression
is regulated by KSHV microRNAs (miRNAs) during latency, while our results show that
THSB1 expression is also controlled during lytic reactivation, indicating its critical role
in KSHV pathogenesis (54). We also found that ZIC2, which can be degraded by RTA at
the protein level and thereby enhance lytic reactivation, is also significantly reduced at
the transcriptional level during lytic reactivation, supporting the notion that a reduced
level of ZIC2 is essential for facilitating KSHV reactivation (55). Independent quantitative
reverse transcription-PCR (RT-qPCR) assays confirmed the rapid induction of 11 host
genes, which were among those that were significantly induced by 6 hpi, 12 hpi (Fig.
2D), or only by 24 hpi (Fig. 2E), in accordance with our RNA-seq analysis. In addition, our
RNA-seq analysis uncovered host genes whose transcript levels were below detection
during latency but rapidly induced during KSHV reactivation, such as the still-
uncharacterized gamma-glutamyltransferase 6 (GGT6) (Fig. 2F) (56). We also confirmed
that there are host genes which are downregulated at different time points of KSHV
lytic reactivation (Fig. 2G). Taken together, our RNA-seq analysis showed dynamic
cascade-like host gene expression changes in PEL cells upon KSHV lytic reactivation,
which can be mediated by distinct viral factors at different stages of KSHV reactivation.
Importantly, our biological pathway analysis revealed numerous differentially ex-
pressed host genes that encode regulatory factors of signaling pathways or plasma
membrane proteins, which have not yet been implicated in KSHV lytic reactivation.

Identification of host genes directly induced by RTA during KSHV lytic reacti-
vation. In order to identify RTA-regulated host genes during KSHV lytic reactivation, we
further dissected our integrated RTA ChIP-seq and RNA-seq data sets (Fig. 2 and 3). Our
RTA peak calling analysis revealed that there were 11,469 RTA-binding sites in the
human genome at 12 hpi in TREXBCBL1-3 XFLAG-RTA cells (>3-fold enrichment and g
<0.005) (Table S5). Our analysis showed that RTA binds at 63% of the upregulated 257
host genes at 6 and/or 12 hpi of KSHV reactivation (Fig. 2C and Tables S3, S5, and S6).
Ultimately, we were able to identify 163 human genes by our integrated genomics
analysis where RTA binds at 12 hpi and that were significantly upregulated by 6 and/or
12 hpi during KSHV lytic reactivation. We refer to these 163 human genes as the core
RTA-induced genes (core RIGs) (Fig. 3A and Table S6). Figure 3B depicts examples of
RTA peaks at 4 core RIGs (EFNA1, GGT6, GMNN, and HEY1). RTA binding was further
confirmed by independent 3XFLAG-RTA ChIP assays at EFNA1, GGT6, and GMNN
genes, while the H19/IGF2 imprint control region was used as a negative control (Neg)
for RTA binding (Fig. 3C). The FLAG (RTA) ChIP signal could be detected only in
TREXBCBL1-3XFLAG-RTA at 12 hpi but not at 0 hpi or in TREXBCBL1-Vector cells at 12
hpi, where the ChlIP signal was comparable to that with the IgG ChIP negative control.
These ChIP-gPCR experiments further confirmed the specificity and reproducibility of
our FLAG (RTA) ChlPs.

Gene ontology analysis showed that regulatory factors of the Notch signaling
pathway, apoptosis, sphingolipid biosynthesis, and gene transcription were among the
most significantly enriched biological processes that were associated with the core RIGs
(Fig. 3D). Gene ontology analysis of the enriched cellular components categories
showed that 22.08% of the core RIGs encode plasma membrane proteins, suggesting
that RTA can alter the composition of the cell surface of cells in which KSHV is
undergoing reactivation, which can be critical for the progression of the lytic cycle (Fig.
3D). For example, one of the core RIGs is GGT6, a so-far uncharacterized putative
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FIG 3 Identification of the RTA-induced host genes during KSHV reactivation. (A) Heatmap showing the hierarchical clustering of the 163 RTA-induced host
genes (core RIGs), which are RTA bound and more than 2-fold upregulated at 6 hpi and/or 12 hpi relative to latency (cutoff P value, FDR < 0.05). RPKM values
are shifted to 0 and scaled to a standard deviation of 1. Blue and yellow represent lower-than-average and higher-than-average gene expression changes,
respectively. Some genes are shown as examples. (B) Snapshots of the RTA ChIP-seq data showing the RTA binding at four core RIGs. The red arrows mark the
RTA-binding sites that were confirmed by RTA ChIP-gqPCR described in panel C. (C) RTA (using FLAG antibody) and IgG ChIP-qPCR assays were performed at
0 hpi and 12 hpi by using TREXBCBL1-3XFLAG-RTA to confirm the binding of RTA at their indicated host target sites. Three independent biological replicates
were used. The IGF2/H19 host genomic locus (Neg) and the TREXxBCBL1-Vector cell line were used as negative controls. (D) Gene ontology analysis of the core
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binding motif analysis at the core RIGs identified RBP-Jk-binding motif.

membrane protein, which we found to be essential for KSHV reactivation (see Fig. 9).
Also, ligands of the known KSHV entry receptor and angiogenesis regulator EphA2 (e.g.,
EFNA1, EFNA3, and EFNA4) were among the core RIGs (57, 58). Thus, we propose that
many of the core RIGs could play a critical role in KSHV lytic replication, infection, and
viral pathogenesis.

TF-binding motifs associated with the RTA-binding sites on the host genome.
To determine which host TFs could cooperate with RTA on the host genome, we
performed a de novo DNA sequence motif scan using the 50-bp radius of the summit
of the RTA peaks. In order to compare the TF motifs identified at the RTA-binding sites
on the host genome to those on the viral genome, we performed the TF motif analysis
in an identical manner. First, we identified the most significantly enriched TF motifs in
100 randomly selected RTA-binding sites at the RTA target host genes (Fig. 3E) and at
the core RIGs (Fig. 3F). Strikingly, the identified top TF motifs matched to that of RBP-Jk,
which was virtually identical to what we found at the RTA-binding sites on the KSHV
genome. The DNA sequence motif of RBP-Jk can be found at the RTA-binding sites of
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FIG 4 RTA-binding sites at core RIGs act as RTA-responsive enhancers. (A) Immunoblot analysis of the
expression of the wild type 3XFLAG-RTA and the DNA-binding mutant 3XFLAG-RTA (RTA K152E) in
transfected 293T cells. (B) 293T cells were cotransfected with the luciferase reporter plasmid and either
the wild-type or the DNA-binding mutant 3XFLAG-RTA. At 48 h posttransfection, a luciferase reporter
assay was performed. The enhancer activities of the DNA fragments containing the RTA-binding sites,
which were derived from GMNN and EFNAT core RIGs, were tested in both orientations (forward [fw] and
reverse [rev]). RLU, relative light units.

62 core RIGs (e.g., apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3H
[APOBEC3H], GGT6, GMNN, EFNA1, EFNA4, FCER2, DLL4, HEY1, and TGFB3), implying
that many but not all of the RTA-binding sites involve RBP-Jk binding (Fig. 3F). In
summary, our results signify that RBP-J«k is vital not only for RTA-mediated KSHV gene
regulation but can also be critical in the targeting of RTA to and/or induction of critical
host promoters genome-wide, many of which could be essential for efficient lytic KSHV
reactivation.

RTA-binding sites on the host genome can function as RTA-responsive enhanc-
ers. To test whether the RTA-binding sites at host genes upregulated during KSHV
reactivation can function as RTA-responsive enhancers, we performed an enhancer
reporter assay (Fig. 4). To this end, a 406-bp DNA fragment from the 5’ end of GMNN
and a 500-bp DNA fragment from the upstream region of the EFNA1 gene, which
contain the RTA-binding site, were cloned in both orientations in front of a TATA box
of the minimal promoter in a luciferase reporter plasmid. The RTA-binding sites are
located in the center of both DNA fragments where we confirmed the binding of RTA
with ChIP-gPCR (Fig. 3C). For the enhancer reporter assay, the luciferase reporter
plasmids were cotransfected with either 3XFLAG-RTA (wild-type [wt]) or the DNA-
binding mutant 3XFLAG-RTA (RTA K152E) into 293T cells (22). As shown in Fig. 4A, the
wt RTA and K152E mutant RTA were expressed similarly. The enhancer reporter assays
showed that each DNA fragment with the RTA-binding site was able to reproducibly
increase luciferase gene expression in the presence of wt RTA, regardless of which
orientation they were inserted in front of the minimal promoter (Fig. 4B). In contrast,
the DNA-binding RTA mutant exhibited less transcriptional activity than did the wt RTA.
These results demonstrated that (i) the tested RTA-binding sites can act as RTA-
responsive enhancers of GMNN and EFNAT, and (ii) the DNA-binding activity of RTA also
contributes to the RTA-mediated transactivation of GMNN and EFNA1 host genes
(Fig. 4B).

Testing RTA-mediated host gene induction in different cell types. To investigate
whether RTA can also induce its host target genes in cell types other than BCBL1, we
tested the effect of RTA on the expression of several core RIGs in different cell lines with
or without KSHV (Fig. 5). First, we confirmed that the increased level of GMNN RNA
transcript also resulted in increased GMNN protein production during KSHV lytic
reactivation in the TRExBCBL1-3XFLAG-RTA cell line (Fig. 5A). The upregulation of
GMNN could also be readily detected in the Dox-inducible RTA-expressing KSHV™ renal
epithelial carcinoma cell line iSLKBAC16, in which the lytic reactivation of the recom-
binant KSHV clone BAC16 was triggered by inducing the expression of the RTA
transgene with either Dox alone or Dox and histone deacetylase inhibitor (NaB)
together (Fig. 5B). In addition, we confirmed the induction of eight of the core RIGs
(APOBEC3H, GGT6, DLL4, HEY1, HES1, TGFB3, EFNA1, and GMNN) in iSLKBAC16 cells at
24 hpi (Fig. 5C and D), as well as in two Dox-inducible RTA-expressing KSHV-free cell
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lines, such as the B-cell lymphoma cell line TRExBJAB-3XFLAG-RTA and the renal
epithelial carcinoma cell line iSLK (Fig. 5E to H). In the KSHV-free cell lines, RTA
expression was induced for 6, 12, and 24 h, followed by immunoblot or RT-gPCR
analysis of the expression of the core RIGs. We found that RTA could rapidly induce
each host gene in the absence of any other viral factors in both KSHV-free cell lines,
except for TGFB3 and EFNAT, which could be induced by RTA only in iSLK cells (Fig. 5H).
These results indicated that RTA could also induce the expression of its host target
genes in multiple different cell types without any other KSHV factors, supporting our
notion that RTA is directly responsible for the upregulation of core RIGs during KSHV
lytic reactivation. However, our data also indicate that the host cell type can also affect
the target gene repertoire of RTA, which likely depends on the differential host
chromatin environment and transcriptional cofactors in the various cell types.

Role of RBP-Jk in the induction of RTA’s host target genes. The significant
enrichment of RBP-Jk’s DNA sequence-binding motif at the core RIGs prompted us to
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FIG 6 Effect of the ShRNA depletion of RBP-Jk on RTA-induced viral and host gene expression during KSHV reactivation. (A) Confirmation
of the shRNA knockdown of RBP-Jk by RT-qPCR. (B) Immunoblot analysis of viral gene expression in RBP-Jk-treated reactivated iSLKBAC16
cells. The quantification of protein expression on the immunoblots is shown as fold change relative (Rel.) to shControl (shCtrl) at 0 hpi
for RBP-J«k or relative to shControl at 24 hpi in the case of viral proteins. LANA, latency-associated nuclear antigen. (C) Cell death analysis
in shRNA-treated reactivated iSLKBAC16 cells (n.s., not significant). (D) RT-qPCR analysis of the RTA-mediated induction of core RIGs in the

absence of RBP-Jk (*, P < 0.05).

investigate if RBP-Jk is also required for the induction of the host genes. We tested the
requirement for RBP-Jk both during KSHV reactivation and in KSHV-free cells (Fig. 6 and
7). For this purpose, we used isogenic KSHV* (iSLKBAC16) and KSHV-free cell lines (iSLK)
to be able to directly compare RBP-Jk requirement for the induction of core RIGs in the
presence versus in the absence of other viral factors and to avoid the potential effect
of different genetic background of cell lines on the function of RBP-Jk. We found that
while the viability of cells was comparable between shRBP-Jk and shControl samples,
shRBP-Jk greatly reduced lytic KSHV protein production in reactivated iSLKBAC16 cells,
indicating inefficient lytic reactivation (Fig. 6A to C). This is in line with previous studies
showing that RBP-Jk is essential for the RTA-mediated induction of lytic viral genes
(31-34, 53). Next, we selected 8 core RIGs which had an RBP-Jk-binding motif at their
RTA-binding sites and found that all except APOBEC3H needed RBP-J« for their efficient
RTA-mediated induction during KSHV lytic reactivation (Fig. 6D).

We also tested if the RTA-driven induction of the core RIGs also depends on RBP-Jk
in the KSHV-free iSLK cell line (Fig. 7). Importantly, the expression of Dox-induced RTA
transgene was comparable between shControl- and shRBP-Jk-treated iSLK cells (Fig. 7A
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P < 0.05).

and B), and yet, the RTA-mediated induction of core RIGs was abolished in the absence
of RBP-Jk (Fig. 7B and C). We note that despite the presence of RBP-Jk's DNA-binding
motif at the RTA-binding site of the APOBEC3H gene, its RTA-mediated induction does
not need RBP-Jk expression neither in iSLKBAC16 nor in iSLK cells (Fig. 6D and 7C).
Based on our results, we predict that the majority of core RIGs require the cooperation
of RTA with RBP-Jk at the RTA-binding sites for their RTA-induced expression, as is the
case at several RTA-induced KSHV genes. However, there are also core RIGs associated
with RBP-Jk-binding sites whose induction may not require RBP-Jk but rather are
repressed by RBP-Jk, such as in the case of APOBEC3H. RBP-Jk is also known to be able
to act as a transcriptional repressor, which can affect the function of RTA in gene
induction (59). Thus, further studies are warranted to investigate to what extent RBP-Jk
cooperates with RTA genome-wide, as well as what other RTA cofactors exist and how
they influence RTA-mediated host gene regulation in the cell type- and site-specific
chromatin environment.

Evaluating the requisite of the core RIGs GMNN and GGT6 for KSHV lytic
reactivation. Because RTA is responsible for the switch from latency to the lytic cycle
in KSHV-infected cells, we hypothesized that the host genes induced directly and
rapidly by RTA during KSHV reactivation could also be important for the initiation
and/or progression of the viral lytic cycle. To test this idea, we inhibited the expression
of two core RIGs, GMNN or GGT6, by shRNAs during KSHV reactivation and analyzed
their effects on KSHV lytic gene induction, viral DNA replication, and virus production
(Fig. 8 and 9). Geminin (GMNN) is known to be involved in cell cycle regulation and in
chromatin remodeling that drives gene expression programs in cell fate decisions (60).
GGT6 is a member of the gamma-glutamyltransferase gene family, whose members are
integral plasma membrane proteins with extracellular enzymatic activity, which can
cleave gamma-glutamyl peptide bonds and are involved in glutathione homeostasis
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FIG 8 Effect of geminin on KSHV lytic reactivation. (A and B) Immunoblot analysis of RTA and GMNN expression in shControl- and shGMNN-treated iSLK cells
and the expression of KSHV proteins in shRNA-treated iSLKBAC16 cells at 0 hpi and 48 hpi. (C) Cell death analysis in shRNA-treated reactivated iSLKBAC16 cells
at 24 hpi. (D) RT-gPCR analysis of viral gene expression in shControl- and shGMNN #1-treated iSLKBAC16 cells. (E) The copy number of KSHV genome in the
shGMNN #1- and shControl-treated iSLKBAC16 cells was determined at the indicated time points of KSHV reactivation relative to 0 hpi. (F) Immunoblot analysis
of the expression of viral proteins in shControl- and shGMNN-treated TREXBCBL1-3XFLAG-RTA cells at 0 hpi (latency), 12 hpi, 24 hpi, and 48 hpi. The
quantification of protein expression on the immunoblots is shown as relative fold change. (G) Testing the expression of viral genes by RT-gPCR in
shGMNN-treated TREXBCBL1-3XFLAG-RTA cells compared to shControl-treated cells at 0 hpi and 24 hpi. (H) The relative KSHV DNA load in shControl- and
shGMNN-treated TREXBCBL1-3XFLAG-RTA cells at different time points of KSHV reactivation compared to 0 hpi (latency). (I) The same amount of supernatants
from shControl and shGMNN samples at 72 hpi described in panel H was used to infect 293T cells, and the viral DNA level was measured in the infected cells
by qPCR at 24 hpi. n.s., nonsignificant; *, P < 0.05.

(56). Neither GMNN nor GGT6 has been studied for its role in the regulation of KSHV
lytic reactivation.

We used two different GMNN-specific shRNAs to inhibit GMNN expression and
found that shGMNN did not affect RTA expression, as shown both in iSLK and
iSLKBAC16 cells (Fig. 8A and B). However, while shGMNN did not affect the viability of
cells (Fig. 8C), it did greatly reduce the expression of viral genes downstream to RTA
and KSHV lytic replication in iSLKBAC16 (Fig. 8B and D, and E). Similarly, shGMNN
reduced the induction of lytic viral proteins in TREXBCBL1-3XFLAG-RTA cells during
KSHV reactivation, where KSHV reactivation was triggered by treating the cells with Dox
for 12, 24, or 48 h (Fig. 8F). We found that despite the comparable expression of the
Dox-induced 3 XFLAG-RTA in shControl and shGMNN cells, the expression of early KSHV
protein ORF45 was modestly reduced as early as 12 hpi, while that of the late KSHV
proteins ORF26 and K8.1 was greatly reduced at 24 and 48 hpi during KSHV reactivation
in shGMNN-treated cells (Fig. 8F). RT-gPCR analysis of the expression of additional KSHV
lytic genes also showed that while only a subset of early genes was affected in
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FIG 9 Identification of GGT6 as a pivotal host factor for KSHV lytic reactivation. (A) RT-gPCR measurement of GGT6 expression in shGGT6-treated iSLK cells.
(B) RTA expression in shGGT6-treated uninduced and Dox-treated iSLK cells. The quantification of protein expression on the immunoblots is shown as relative
fold change. (C) RT-gPCR analysis of latent and reactivated iSLKBAC16 cells treated with different GGT6-specific shRNAs. N.D, not detectable. (D) Cell death
analysis of shGGT6-treated reactivated iSLKBAC16 cells at 24 hpi (n.s., not significant). (E) RT-qPCR measurement of the expression of viral genes in the samples
described in panel C. (F) Immunoblot analysis of viral protein expression in samples described in panel C. (G and H) iSLKBAC16 cells were treated with shControl
or shGGT6 #1 for 48 h, followed by Dox/NaB induction for 72 h, and then viral DNA in the reactivated cells (G) and the virion DNA purified from the supernatant
(H) were measured by gPCR. (I) Equal amounts of supernatant from shControl and shGGT6 #1 samples described in panel H were used to infect 293T cells.
The KSHV DNA level was measured by qPCR in the infected 293T cells at 24 hpi. Representative immunofluorescence images show 293T cells infected with
supernatant derived from shControl- or shGGT6 #1-treated reactivated iSLKBAC16 cells. Green fluorescent protein (GFP) is constitutively expressed from BAC16,
which is used for the detection of infected cells. (J) RT-qPCR evaluation of GGT6 expression in shGGT6 #1-treated TREXBCBL1-3XFLAG-RTA cells at 0 hpi
(latency) and at 24 hpi (lytic reactivation). (K) TREXBCBL1-3XFLAG-RTA cells were treated with shGGT6 for 2 days followed by Dox induction of 3XFLAG-RTA
to trigger lytic viral reactivation for 12 and 24 h. Immunoblot analysis was performed for viral and host proteins indicated on the left. The quantification of
protein expression on the immunoblots is shown as relative fold change. N.D, not detectable; *, P < 0.05.

shGMNN-treated cells, the induction of all of the tested late genes was significantly
reduced (Fig. 8G). Furthermore, we found that shGMNN diminished KSHV DNA repli-
cation, resulting in reduced virus production and infection (Fig. 8H and I). In summary,
we propose that GMNN supports efficient viral gene expression and KSHV DNA
replication through an as-yet-unknown mechanism.

GGT6 is one of the core RIGs whose expression level is below the detection limit
during latency, but it is rapidly induced during KSHV reactivation (Fig. 2F and Table S6).
To test the effect of GGT6 on KSHV lytic reactivation, we inhibited GGT6 expression by
using different GGT6-specific ShRNAs (Fig. 9). Importantly, while shGGT6 did not affect
the expression of Dox-induced RTA transgene (Fig. 9A and B) and had no significant
effect on cell viability (Fig. 9C and D), shGGT6 markedly reduced the induction of lytic
viral genes (Fig. 9E and F), viral DNA replication (Fig. 9G), and virus production in
iSLKBAC16 cells (Fig. 9H and I). In agreement with this observation, shGGT6 also greatly
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reduced the induction of all lytic genes that were tested in TREXBCBL1-3XFLAG-RTA
cells as early as 12 hpi prior to lytic viral DNA replication, indicating a role for GGT6 in
the early phase of KSHV reactivation (Fig. 9J and K). In contrast, neither the latent viral
factor LANA nor the polycomb host protein RING1B, which are involved in the inhibi-
tion of lytic gene expression, were affected by shGGT6, indicating a specific role for
GGT6 in the regulation of lytic gene expression (Fig. 9K). Taken together, these results
indicate that the newly discovered core RIGs GMNN and GGT®6 are critical host factors
that are required for the RTA-mediated efficient lytic reactivation of KSHV.

DISCUSSION

It is well established that the viral transcription activator RTA is essential for the lytic
reactivation of KSHV from latency; however, it is still an open question of which host
genes are directly induced by RTA and what roles they play in the regulation of KSHV
lytic cycle (17, 35). To fill this knowledge gap, we performed an unbiased and com-
prehensive genomics analysis to identify the RTA-induced target genes in the early
phase of KSHV reactivation in PEL cells and test if they are required for KSHV lytic
reactivation. Importantly, we focused on the first 12 h of lytic reactivation, which
reflects an early stage of KSHV reactivation prior to viral DNA replication in PEL cells. In
this phase of KSHV reactivation, the viral genome is still fully chromatinized, but specific
histone modification changes already take place on the viral chromatin, accompanied
by the induction of the IE and E genes (46). We hypothesized that not just the viral
target genes of RTA but also those host target genes which are directly induced by RTA
at this early stage of lytic reactivation can be crucial for driving the lytic gene expression
program leading to the replication of viral DNA and virus production.

Our RTA ChlIP-seq analysis identified 23 and 11,469 RTA-binding sites on the viral
and host genomes, respectively. Many of the RTA-binding sites contained the Notch
signaling transcription factor RBP-Jk-binding motif under the RTA peak. We showed
that the shRNA knockdown of RBP-Jk abolished not only the induction of lytic viral
genes but also most of the tested core RIGs. Thus, our data support the notion that
RBP-Jk is pivotal for RTA not only to transactivate its viral genes but also many of its
host target genes (17, 35). A comparison of RTA binding with the histone modification
map of KSHV published previously shows that RTA binds to viral genomic regions,
which are either constitutively enriched in the activating histone marks H3 acetylation
and H3K4me3 (e.g., 118- to 128-kb latency locus) or show a diminishing level of
repressive histone mark H3K27me3 accompanied by increasing amount of H3 acety-
lation and H3K4me3 during KSHV reactivation (46). In contrast, RTA binding was
excluded from most of the viral genomic regions with constitutive heterochromatin
enriched in H3K9me3 and H3K27me3 (e.g., 30 to 60 kb and 100 to 115 kb), which
contain mainly L genes (46). These data support the notion that RTA mainly induces E
genes, which RTA can accomplish by recruiting histone acetyltransferases CBP/p300
and chromatin remodeling factors to its target promoters to modulate their chromatin
(20, 21). Importantly, we also detected RTA binding at some L genes, such as ORF8 (RTA
peak 3), ORF29 (RTA peak 11), and K8.1 (RTA peak 15), which is in accordance with the
observations that RTA can mediate the transactivation of their promoters (34, 50). It is
worthy of note that RTA peak 11 is also in close proximity to the E genes ORF30 and
ORF31, two members of the L gene transcription preinitiation complex, suggesting that
RTA may also be involved in their induction (61-63). Thus, RTA could also promote L
gene expression by inducing the expression of viral genes required for the induction of
L genes. Most recently, the lzumiya group reported an elegant analysis about the role
of RTA binding in the regulation of the 3D structure of the KSHV genome and its
connection to viral gene expression during KSHV lytic reactivation (51). They demon-
strated that RTA could induce not only the viral genes directly downstream of the
RTA-binding sites but also distal viral genes through RTA-mediated chromatin looping
within the KSHV episome. Thus, the limited number of RTA bindings on the KSHV
genome could virtually regulate the expression of all lytic genes by modulating the
three-dimensional (3D) structure of the viral episome during viral reactivation. It
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remains an open question whether any of the RTA bindings on the viral genome can
interact with those on the host genome forming host-virus interchromosomal loops,
and if so, what roles they play in KSHV lytic reactivation.

While the RTA-mediated regulation of KSHV genes has been extensively studied, a
comprehensive identification of RTA host target genes and their role in KSHV reacti-
vation are still lacking. To begin to fill this knowledge gap, we performed an integrative
genomics analysis in reactivated PEL cells. We could identify 163 RTA-bound host genes
(core RIGs) that were induced by 12 hpi, despite the fact that we found 11,469
RTA-binding sites on the host genome. This indicates that there are a number of
as-yet-unknown factors which can determine whether or not RTA binding at a host
gene results in increased gene expression. We note that there are many more induced
genes at 24 hpi than at 6 to 12 hpi, many of which could also be regulated by RTA.
Further studies will be required to determine which host genes are directly induced by
RTA or rather RTA-independent mechanisms at later time points of KSHV reactivation.
In addition, the modifications of cellular chromatin, DNA methylation of the host
genome, the presence of different host and viral TFs, and the depletion of RNA
polymerase Il on the host genome during KSHV lytic reactivation can all influence RTA
binding on the host genome, whether or not RTA can induce its host target genes, and
when it can induce them in the course of KSHV reactivation (17, 23, 26, 28, 35, 42,
64-67). Importantly, we found that several of the core RIGs are involved in the Notch
signaling pathway (e.g., HEY1, HES1, and DLL4), which has been shown to play a role
in KSHV pathogenesis (44, 45, 68). However, most of the identified core RIGs have not
yet been identified as RTA target genes or tested for their role in KSHV lytic reactivation.
We showed that the core RIGs (e.g., GMNN and EFNA1) could also be induced by RTA
in KSHV-free cells, and their identified RTA-bound genomic regions can function as
enhancers, which can be transactivated by RTA in the absence of other viral proteins.
These results highlight the direct role of RTA in the induction of the core RIGs, many of
which could be required for driving the lytic cycle of KSHV.

For DNA viruses, the regulation of the cell cycle is critical for promoting their
replication (69). RTA overexpression has previously been shown to be capable of
inducing cell cycle arrest in Go/G, phase in KSHV-free cells, suggesting that RTA can be
involved in cell cycle regulation in KSHV-infected cells undergoing lytic reactivation
(70). Here, we discovered that one of the novel core RIGs was geminin (GMNN), which
is involved not only in the regulation of cell cycle but can also control cell fate decision
during development by driving specific gene expression programs. In fact, GMNN can
function both as an inhibitor of DNA replication origin licensing and as a transcription
factor, which can interact with other TFs and chromatin regulatory proteins to control
cell proliferation and differentiation in multiple cell contexts (60). We found that the
shRNA inhibition of GMNN reduced KSHV DNA replication and lytic viral gene expres-
sion, resulting in diminished virus production. Importantly, GMNN expression is also
increased in human cytomegalovirus-infected cells, which has been linked to the
dysregulation of the host cell cycle by the virus (71). In addition, geminin has been
shown to play a role in the regulation of Epstein-Barr virus DNA replication, indicating
that geminin can affect herpesvirus replication by modulating either the host cell cycle
or viral DNA replication (72). Whether or not the replication defect of KSHV in the
absence of geminin can be attributed to geminin being involved in cell cycle regulation
or directly in the regulation of chromatin of viral and/or host genes critical for KSHV
lytic reactivation remains unknown.

Interestingly, our genomics analysis revealed that many of the core RIGs encode
plasma membrane proteins, suggesting that RTA can rapidly alter the protein compo-
sition of cellular membranes during KSHV reactivation in PEL cells. Many of these core
RIGs are associated with the regulation of immune responses, cell adhesion, and
cell-to-cell signaling (e.g., FCER2/CD23, IL1RAP, CD244, GPRC5A, PCDH1, EFNAT1, EFNA3,
and EFNA4) (see Fig. 3D and Table S4); thus, RTA-driven changes can affect many
cellular processes, likely impacting KSHV pathogenesis. Importantly, the increased
expression of cell adhesion molecules on the surface of reactivated PEL cells can
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facilitate their interaction with other cell types and formation of transient virological
synapses, allowing direct cell-to-cell transmission of replicating KSHV, as shown for
spreading of HIV from macrophages to CD4* T cells (73, 74). In fact, cell-mediated
transmission has been demonstrated to be critical for KSHV infection of B cells (75).
Thus, we are speculating that RTA-induced host genes can facilitate not only KSHV
replication but also its cell-to-cell transmission, which can provide protection for KSHV
from being recognized by the immune system during infection.

To test if the plasma membrane-associated core RIGs are required for KSHV lytic
reactivation, we investigated the function of GGT6, a novel RTA target host gene. GGT6
is a largely uncharacterized protein which is predicted to be a transmembrane protein
in the plasma membrane that belongs to the gamma-glutamyltransferase gene family
involved in glutathione homeostasis and protection of cells from oxidative damage of
reactive oxygen species (ROS) (56, 76). In the clinic, the elevated expression of GGT in
tumors is correlated with drug resistance. Our RNA-seq analysis showed that GGT6 was
not expressed in latently infected PEL cells but was rapidly induced during reactivation,
while the expression of other GGT members did not change significantly, likely pro-
viding steady-state protection for PEL cells. It is known that KSHV reactivation is
associated with increased ROS, such as H,O, production, which enhances lytic reacti-
vation through activating the MAPK signaling pathway (77). However, if H,O, is
produced in excess, it leads to cell death. Therefore, we tested if GGT6 is required for
the survival of reactivated KSHV-infected cells and whether the elevated expression of
GGT6 results in increased GGT enzymatic activity in cells. We did not observe any
significant cell death in shGGT6-treated reactivated iSLKBAC16 cells, excluding the
possibility that reduced lytic KSHV reactivation in shGGT6 cells was due to cell death.
We also assayed for change in GGT enzymatic activity during lytic reactivation in the
presence or absence of shGGT6 treatment (data not shown), but we could not detect
any effects. These results are in line with the prediction that GGT6 is enzymatically
inactive, due to GGT6 lacking the key threonine residue in its putative enzymatic
domain (78). Importantly, regardless of the mode of lytic reactivation, the depletion of
GGT6 greatly reduced the induction of lytic genes and KSHV production. These results
indicate that GGT6 is required for KSHV lytic reactivation and virus production, but
further studies are needed to determine how GGT6 controls KSHV reactivation.

In summary, our study illustrates the power of unbiased integrative genomics
studies in KSHV-infected cells for the identification of new candidate host target genes
of RTA, which can be tested for their role in the viral life cycle in follow-up mechanistic
studies. We hypothesize that many of the identified RTA-inducible host genes could be
essential for the progression of KSHV lytic cycle, and therefore, they could serve as
targets for therapeutic intervention in KSHV lytic reactivation.

MATERIALS AND METHODS

Cell lines. 293T (ATCC) cells were maintained in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin (P/S). The origin and
growing conditions of the iSLK cells are described elsewhere (79). The iSLK cell line carrying the KSHV
clone BAC16 (iSLKBAC16) was cultured in DMEM medium with 10% FBS, P/S, 250 pwg/ml G418, 1 ug/ml
puromycin, and 1 mg/ml hygromycin (80). We generated the TREXBCBL1-3XFLAG-RTA and TRExBJAB-
3XFLAG-RTA cell lines by electroporating the pOG44 and pcDNA5FRT/TO-3 X FLAG-RTA plasmids into the
TREXBCBL1 and TREXBJAB cell lines (generously provided by Jae U. Jung from the University of Southern
California) and used 200 pg/ml hygromycin to establish stable cell lines. These cell lines and TREXBCBL1-
Vector cells were cultured in RPMI medium containing 10% Tet System Approved FBS (TaKaRa), P/S, and
hygromycin. The expression of the N-terminally 3 XFLAG-tagged RTA was induced by adding 1 wg/ml
doxycycline (Dox) to the medium. KSHV reactivation in the iSLKBAC16 cell line was induced with 1 ug/ml
Dox and 1 mM sodium butyrate.

Antibodies. The following antibodies were used for the ChIPs and/or immunoblots: anti-FLAG
(Sigma F1804), normal mouse IgG (catalog no. sc-2025; Santa Cruz), anti-RTA (from Yoshihiro Izumiya,
University of California, Davis), anti-ORF6 (from Gary S. Hayward, Johns Hopkins University), anti-vIRF1
(from Jae U. Jung, University of Southern California), anti-ORF45 (catalog no. sc-53883; Santa Cruz),
anti-ORF26 (catalog no. NBP1-47357; Novus Biologicals), anti-K8.1 (catalog no. sc-65446; Santa Cruz),
anti-K8 (catalog no. sc-57889; Santa Cruz), anti-geminin (catalog no. ab195047; Abcam), anti-RBP-Jk
(catalog no. 5313; Cell Signaling), anti-RING1B (catalog no. ab3832; Abcam), and anti-LANA (catalog no.
13-210-100; Advanced Biotechnologies).
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TABLE 2 Oligonucleotide sequences

Name Oligonucleotide sequence (5’ to 3') Method@
shGMNN #1 TGCCAACTCTGGAATCAAA shRNA kd
shGMNN #2 GCAGAGTACATAACTACATAA shRNA kd
shGGT6 #1 GTGGCCAAGTCTACCACTAGT shRNA kd
shGGT6 #2 CCTTCTCACCTCCTCGCTCAA shRNA kd
shRBP-Jk CCCTAACGAATCAAACACAAA shRNA kd
GMNN LucF ACTGAAGCTTATTTGGCTCATGGAAAGAGGT Cloning
GMNN LucR TATCAAGCTTCCCTACGCAATGTTCTTCAAA Cloning
EFNA1 LucF ACTGAAGCTTTCAGACTGGGCCAGCTCCAG Cloning
EFNA1 LucR TATCAAGCTTCCTAGATGCCGGGAATAAAG Cloning
AIMP2 F TCAAGTGCTTTGGAGAACAGAA RT-gPCR
AIMP2 R CATCGTCTGGATGCTGAATTT RT-gPCR
APOBEC3H F CCAAGTCACCTGTTACCTCAC RT-gPCR
APOBEC3H R AAGATGCCCAGGTTCAGATG RT-qPCR
ATF3 F TCAAGGAAGAGCTGAGGTTTG RT-gPCR
ATF3 R CATCTTCTTCAGGGGCTACCT RT-gPCR
DLL4 F CCCTGGCAATGTACTTGTGAT RT-gPCR
DLL4 R GTGGTGGGTGCAGTAGTTGAG RT-gPCR
EFNA1 F CACACCGTCTTCTGGAACAGT RT-gPCR
EFNA1 R TCATAGTGCGGACAGATGATG RT-gPCR
GGT6 F CTGGGGATGCTCTACTGAGTCT RT-gPCR
GGT6 R AGGTAGCTGCTCTGCTGGTTC RT-gPCR
GMNN F CAAAAGGAAACATCGGAATGA RT-gPCR
GMNN R AATGACTCCTGGGTGACTCCT RT-gPCR
HES1 F TCTGGAAATGACAGTGAAGCA RT-gPCR
HES1 R GTCACCTCGTTCATGCACTC RT-qPCR
HEY1 F AGGTTCCATGTCCCCAACTAC RT-gPCR
HEY1 R TGTTATTGATCCGGTCTCGTC RT-gPCR
ID2 F CACGGATATCAGCATCCTGTC RT-gPCR
ID2 R CACACAGTGCTTTGCTGTCAT RT-gPCR
MAFB F CTCAGCACTCCGTGTAGCTC RT-gPCR
MAFB R TCCTCGAGGTGTGTCTTCTGT RT-gPCR
TBX3 F GCACCTGGAGGCTAAAGAACT RT-gPCR
TBX3 R TATCCAGCCCAGAACATCTCA RT-gPCR
TGFB3 F GATCGAGCTCTTCCAGATCCT RT-gPCR
TGFB3 R GACATCAAAGGACAGCCACTC RT-gPCR
TSC22D3 F GCTCTCCATCCTGCTCTTCTT RT-gPCR
TSC22D3 R GCCTGTTCGATCTTGTTGTCT RT-qPCR
TSLP F AGCCACATTGCCTTACTGAAA RT-gPCR
TSLP R CCTTAGTTTTCATGGCGAACA RT-gPCR
ZCCHC12 F GGAGACCAGAAGGCGGAATC RT-gPCR
ZCCHC12 R TCAGCTGCACAGAATTCAAGTT RT-gPCR
ORF6 F TAAAATACGCGTGTGGGAAAG ChIP-gPCR
ORF6 R CAGAGTCCCCTTTCCTTGTTT ChlIP-qPCR
ORF57 F AGCGAAGTCACGGTAACACTT ChIP-qPCR
ORF57 R CCACTGGTACCACAAACGAAA ChIP-qPCR
ORF25 F ACAGTTTATGGCACGCATAGTG ChlIP-qPCR
ORF25 R GGTTCTCTGAATCTCGTCGTGT ChIP-gPCR
RTA F TGAGGTCTATTTCCCACGACA ChlIP-qPCR
RTA R ACAGCTCCGACGATGAGTATG ChIP-gPCR
EFNA1 F ACACGCGGCTGTGATACTACT ChlIP-qPCR
EFNA1 R CGAACAGGCTCTTGAATATGG ChlIP-qPCR
GGT6 F CTGCCCCATTAGGACACAAG ChIP-gPCR
GGT6 R AAGGCTGAACTCCTTCTCGAC ChlIP-qPCR
GMNN F TGCTAAGTGGCTTTCAGCTTT ChIP-gPCR
GMNN R AAACATTGCTTCCATCACGTC ChlIP-qPCR

akd, knockdown.

Lentiviral shRNA knockdown. The RBP-Jk-, GMNN-, and GGT6-specific short hairpin RNAs (shRNAs)
were expressed from pLKO.1 lentiviral vector. The target sequences are shown in Table 2. shRBP-Jk has
been validated and used in previous studies (81). The shRNA lentiviruses were produced as described
previously (82). TREXBCBL1-3XFLAG-RTA and iSLKBAC16 cells were infected with shRNA lentiviruses in
the presence of 8 ug/ml polybrene. Two days after lentivirus infection, the iSLKBAC16 cells were split 1:3
to 1:4 and induced with 1 ug/ml doxycycline and 1 mM sodium butyrate on the following day for the
indicated time periods. Similarly, 2 days after lentivirus infection, TREXBCBL1-3XFLAG-RTA cells were
treated with 1 ug/ml Dox to induce KSHV reactivation for the indicated time periods.

Cell viability assays, KSHV infection, and quantification of viral DNA. Cell viability was quantified
in three independent experiments by using standard Trypan blue exclusion test, according to the
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manufacturer’s instructions (Thermo Fisher). Cell death was measured in the shRNA-treated iSLKBAC16
cells at 24 hpi and was calculated as the mean values of cell death numbers relative to the total cell
numbers in the shRNA-treated samples. KSHV infection and the quantification of viral DNA were
performed as described previously (82).

Plasmids, transfections, and luciferase assay. GMNN-pGL4.27 and EFNA1-pGL4.27 plasmids were
generated by PCR amplifying a short DNA fragment containing the RTA-binding sites of the GMNN gene
(406 bp) and the EFNA1 gene (500 bp) using the primers listed in Table 2. The PCR fragments were cloned
in both orientations into the Hindlll site of pGL4.27 luciferase vector in front of the minimal promoter.
The full-length wild-type and the K152E mutant RTA were expressed from pCDH-CMV-MCS-EF1-puro
vector. 293T cells were cotransfected with pGL4.27 luciferase plasmids and wild-type or K152E mutant
RTA using PEI transfection reagent (Polysciences) (22). At 48 h posttransfection, the luciferase assay was
performed using a luciferase assay kit from Promega, following the manufacturer’s instructions. Each
luciferase experiment was performed at least three times, and three biological samples per treatments
were performed.

RNA purification and RT-qPCR. RNA purification and quantification of gene expression by RT-gPCR
were performed as described previously (82). We note that 1 ug of total RNA was used for cDNA
synthesis, and 10-fold-diluted cDNA was subjected to quantitative PCR (QPCR) analysis for measuring the
expression of the host target genes. Gene expression changes were calculated either by the 2—244¢T
method to obtain fold change data or using the 2-2¢7 method, in which target gene expression was
determined relative to the level of 18S rRNA. The 2-2¢T method was only used where the expression of
target genes was not detectable at 0 hpi. For significance testing, a two-tailed Student t test was
performed. The qPCR was performed in CFX96 real-time PCR machine using SYBR Green supermix
(Bio-Rad). The RT-qPCR primers for the KSHV genes have been reported elsewhere (83). The RT-qPCR
primer pairs for the host genes are listed in a 5’ to 3’ orientation in Table 2.

ChIP assay. The ChIPs were performed as previously described for the ChIP-seq assay (65). Briefly,
5 X 107 of TREXBCBL1-Vector and TRExBCBL1-3XFLAG-RTA cells were used for chromatin preparation.
Cells were cross-linked with 1% formaldehyde for 10 min at room temperature, and 0.125M (final
concentration) glycine was added subsequently for quenching the cross-linker. Cells were resuspended
in swelling buffer (25 mM HEPES-KOH [pH 7.5], 1.5 mM MgCl,, 10 mM KCl, 0.1% NP-40, 1 mM dithiothre-
itol [DTT], protease inhibitor cocktail) and incubated for 10 min at 4°C. After centrifugation, the pellets
were resuspended in sonication buffer (50 mM HEPES-KOH [pH 7.5], 140 mM NaCl, T mM EDTA, 1% Triton
X-100, 0.1% Na-deoxycholate, 0.1% SDS, protease inhibitors) and sonicated by a Diagonade sonicator,
according to the manufacturer’s guidelines. After centrifugation, the sonicated chromatin was diluted
with dilution buffer (50 MM HEPES-KOH [pH 7.5], 140 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% Na-
deoxycholate, 0.1% SDS, protease inhibitors) for the ChIP assays. For each ChIP-gPCR experiment, 10 ug
of chromatin was incubated overnight with 0.1 ug of FLAG or IgG antibody preconjugated to magnetic
beads. For ChIP-seq experiments, pools of 4 individual ChIPs with 20 g of chromatin and 2 ug of FLAG
antibody were used. The ChIPs were washed twice with each of the following buffers at 4°C: dilution
buffer (described above), low-salt buffer (20 mM Tris-HCI [pH 8.1], 150 mM NaCl, 2 mM EDTA, 1% Triton
X-100, 0.1% SDS, protease inhibitors), high-salt buffer (20 mM Tris-HCl [pH 8.1], 500 mM NaCl, 2 mM
EDTA, 1% Triton X-100, 0.1% SDS, protease inhibitors), and LiCl buffer (10 mM Tris [pH 8.1], 250 mM LiCl,
1 mM EDTA, 1% Na-deoxycholate, 1% NP-40). Finally, the ChIPs were also washed with Tris-EDTA (TE)
buffer once. ChIPs and input chromatin were RNase-A treated in TE buffer for 30 min, followed by
proteinase K treatment, while also reverse cross-linking at 60°C overnight. DNA was purified by phenol-
chloroform-isoamyl alcohol extraction. Three independent ChIPs were performed and measured in
duplicate by qPCR. The ChIP data are the averages of the results of three independent ChIP experiments,
which are shown as the percentage of the immunoprecipitated DNA compared to input DNA. For each
ChIP primer pair, standard curves were established. The primer sequences are shown in 5’ to 3’
orientation in Table 2. For a negative control, we used the CTCF/cohesin-binding site in the erythroid-
specific DNase | hypersensitive site (HS1) of the B-globin gene regulatory region, whose ChIP-qPCR
primers have been published previously (82).

Integrated RNA-seq and ChIP-seq analysis. Multiplexed libraries were sequenced with 75-bp reads
on lllumina sequencers. Total RNA was purified from TREXBCBL1-3 XFLAG-RTA cells at 0, 6, 12, and 24 hpi.
Strand-specific RNA-seq libraries were prepared from 3 biological replicates at each time point by using
a KAPA Stranded RNA-seq kit, according to the manufacturer’s instructions. Reads from the time course
RNA-seq data were aligned to the hg38 human genome with STAR aligner (2.4.1d version), using default
settings in the FLOW 6.0 (6.0.17.1212 build) software analysis package (Partek, Inc., St. Louis, MO). The
RefSeq Transcripts 83 (2017-11-01 version) human transcript genomic database was applied. Gene- and
transcript-level reads per kilobase per million (RPKM) values were calculated from the aligned reads in the
Genomics Suite (7.17.1103 build) software analysis package with standard settings (Partek Inc.). The
gene-level RPKM values were set to a minimum of 0.001 RPKM prior to the differential gene expression
analysis. We used 1-way analysis of variance (ANOVA) model for significance testing in the differential
gene expression analysis. The list of genes, which were more than 2-fold differentially expressed, was
generated by using step-up Benjamini-Hochberg false-discovery rate correction (FDR) of <0.05 in the
Partek Genomics Suite platform. The principal-component analysis and the hierarchical clustering of
RNA-seq data were performed within the Partek Genomics Suite platform.

ChlIP-seq libraries from the RTA (FLAG) ChIP and input DNA were constructed using the NuGen kit,
according to the manufacturer’s instructions. Reads from RTA (FLAG) ChIP-seq and input were mapped
to both the KSHV genome (GenBank accession no. NC_009333.1) with the Isaac2 aligner software and the
human genome (hg38) with the Bowtie 2 software using the Partek FLOW 6.0 platform, with default
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settings. Bigwig-formatted ChIP-seq data set files were created from the aligned reads with Galaxy
BamCompare tool with 50-bp-bin-length default settings. Subsequently, the RTA ChiP-aligned reads
were normalized against the corresponding genomic input, and the RTA peaks were called using the
MACS?2 software. The RTA peak calling on the KSHV genome was performed with 95-bp extension size,
bypassed the shifting model, and retained maximum 30 duplicates with adjusted default parameters. The
RTA peak calling on the human genome was performed with 147-bp extension size and retained a
maximum 2 duplicates adjusted with default parameters. The curated final RTA peaks with at least
3-fold-enrichment cutoff and stringent g value of <0.005 were retained for further analysis. Using the
Partek Genomics Suite, host genes were called RTA bound if there was at least one curated RTA peak in
the corresponding gene body or within a 10-kb distance of their transcription start site (TSS). The 10-kb
radius of the TSS was selected because this genomic region is known to possess the majority of gene
regulatory sites involved in gene transcription control (84, 85). Gene ontology analysis was performed
using David Gene ontology bioinformatics tool. The top gene ontology terms with at least 5 genes were
listed and ranked based on their EASE score threshold. The supplemental tables contain further detailed
information, such as RNA-seq data sets with differential gene expression data, RTA ChIP-seq peak
coordinates, and gene ontology analysis.
Data availability. The genomics data sets are available under GEO accession numbers GSE123897
and GSE123898 in the NCBI GEO Database.
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