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Abstract

Kaposi's sarcoma-associated herpesvirus (KSHV) establishes a latent infection in the cell
nucleus, but where KSHV episomal genomes are tethered and the mechanisms underlying
KSHV lytic reactivation are unclear. Here, we study the nuclear microenvironment of KSHV
episomes and show that the KSHV latency-lytic replication switch is regulated via viral long non-
coding (Inc)RNA-CHD4 (chromodomain helicase DNA binding protein 4) interaction. KSHV
episomes localize with a CHD4 complex, ChAHP, at epigenetically active genomic regions and
tethers frequently near centromeric regions of host chromosomes. The ChAHP complex also
occupies the 5’-region of a highly-inducible IncRNAs and terminal repeats of KSHV genome with
latency-associated nuclear antigen (LANA). Viral IncRNA binding competes with CHD4 DNA
binding, and KSHV reactivation is accompanied by the detachment of KSHV episomes from host
chromosome docking sites We propose a model in which elevated IncRNA expression
determines the KSHV latency-lytic decision by regulating LANA/ChAHP DNA binding at

inducible viral enhancers.
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Introduction

Kaposi's sarcoma-associated herpesvirus (KSHV), discovered in 1994, is one of eight human
herpesviruses (1). Since then, KSHV has been identified as the causative agent of Kaposi’s
sarcoma (1-3) and two human lymphoproliferative diseases, primary effusion lymphoma (PEL)
and AIDS-related multicentric Castleman’s disease (4-7). Although HAART (highly active
antiretroviral therapy) of HIV-patients dramatically reduced KS incidence in Western countries,
KSHV associated-malignancies are still a leading cause of cancer deaths in AIDS patients in
Sub-Saharan Africa. Additional therapeutic measures are urgently needed. In cancer cells,
KSHYV establishes a latent infection in which most viral genes are silenced with the exception of
few latent proteins, such as latency associated nuclear antigen (LANA) (8). External stimuli
trigger KSHV reactivation in latently infected cells through activation of highly potent viral
transactivator, K-Rta, which then activates early gene expression including three viral long non-

coding RNAs (9-11).

KSHV LANA is a 130 kDa multifunctional protein, which plays a major role in both DNA
replication and episome maintenance during latency. LANA binds DNA sequences within the
801 base pair terminal repeats (TRs) of the KSHV genome, which serve as both an origin of
DNA replication and a site for tethering episomes to the host cell chromosomes (12-15). There
are two distinct mechanisms through which LANA tethers episomes to host cell chromosomes.
First, the N-terminus of LANA, which is predicted to be highly-unstructured, can interact with
host chromosomes through direct binding with histone H2A and H2B (16, 17). A second
mechanism involves the interaction of the LANA DNA binding domain (DBD) with host
chromatin-associated proteins (18-20). The chromatin-associated proteins include BRD2 and

BRD4, which contain two bromodomains that recognize the acetylated H3 and H4 histones, and
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a conserved C-terminal extraterminal domain (21, 22). The BRD extraterminal domain interacts
directly with the LANA DBD, providing a putative mechanism for episome docking sites selection
at epigenetically active host chromosomes (18, 23). In both mechanisms, tethering requires a
sequence-specific interaction between the LANA DBD and the viral episome at LANA binding
sites 1 and 2 (LBS 1/2) (15). Episome maintenance requires at least two copies of LBS1/2 and
the KSHV genome encodes 30 to 40 terminal repeats, taking up to approximately one fifth of
KSHV genome (24-32 kbp DNA fragment) (24). The crystal structures of the LANA DBD further
revealed that LANA can form a higher-order decameric ring structure, and a hydrophobic
interface between LANA dimers to form the decameric ring is important for cooperative LBS1/2
binding, DNA replication, and thereof episome maintenance (25). The crystal structure of LANA
DBD also reveals distinct binding interfaces among BRD2/4 binding site, DNA binding, and

decameric interfaces (25, 26).

Spatial and temporal organization of the genome plays a critical role in gene expression
in many organisms including large DNA viruses (27, 28). Similar to cellular genes, the KSHV
episome changes its genomic structure with increasing genomic looping at KSHV Replication
and Transactivation (K-Rta) binding sites during KSHV reactivation (28). Imaging studies
suggested that DNA/RNA/protein aggregates are formed at actively transcribed sites, in which
a significant fraction of RNA Polymerase || (RNAPII) is recruited to the KSHV genomes and used
to transcribe viral genomes during KSHV reactivation (29). Such transcription factory formation
is known to bring gene promoters and enhancers together (27). It is clear that dynamic regulation
of genome architecture plays a critical role in gene transcription, hence outcomes of KSHV
latency-lytic replication decisions. However, the mechanisms that control KSHV episome

architecture remains elusive.
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Chromatin remodeling enzymes have been of wide interest in the regulation of KSHV
latency-lytic switch. The enzymes include polycomb repressor complex 1 and 2, nucleosome
remodeling and deacetylase (NuRD), lysine demethylases (KDM2B, 3A, and 4A), histone lysine
acetylase and methylases (20, 30-35). Recent studies highlight that chromatin remodeling
enzymes also participate in regulation of genome architecture. In murine embryonic stem cells,
the Iswi family remodeler Snf2h promotes CTCF binding to the genome and regulates formation
of contact domains (36, 37). In addition to Snf2h, CHD4 (chromo domain helicase DNA binding
protein 4) has recently been shown to occupy and restrict enhancer accessibility as well as
cohesin occupancy at CHD4 binding sites (38). Genetic disruption of CHD4 therefore causes
spontaneous differentiation concomitant with premature activation of lineage-specific genes (39-
41). CHD4 has been identified in two distinct cellular protein complexes, the NuRD and ChAHP
complexes (42). The ChAHP complex consists of CHD4, ADNP (activity-dependent
neuroprotective protein), and HP1y (heterochromatin protein 1) (39). ANDP binds DNA
sequence motifs such as GCCCTCTTCTGG and anchors the ChAHP complex to euchromatin
(43). ChAHP complex was shown to modulate spatial chromatin loop organization locally, and
counteract chromatin looping at CTCF sites (43). Accordingly, ChAHP plays essential roles in
maintaining distinct cellular states and ensure accurate cell fate decisions in response to external
signals during development that are likely to associate with its function in regulation of enhancer
accessibility (39, 41, 44). Because of CHD4's roles in enhancer regulation, it is not surprising
that mutation or overexpression of CHD4 has been linked to multiple developmental disorders

and malignancies in humans (45-48).

The long non-coding (Inc)RNAs that are transcribed from active enhancers in a cell- or

tissue- specific manner are called enhancer RNAs (eRNAs) (49). The functions of eRNAs are
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largely mediated through interactions with eRNA binding partners (50-52); however, studies also
indicated that RNA sequence is not contributing to the specificity of eRNA-protein interactions.
Instead, specificity of the function is suggested to be achieved through gene/RNA positioning
and spatial proximity to regulated genomic regions (53). Similarly, the KSHV genome encodes
at least three highly inducible IncRNAs (Ori-RNA [also called T1.5], Poly Adenylated Nuclear
RNA [PAN RNA], and T0.7) that are transcribed from epigenetically active regions, and are direct
targets of K-Rta (11). The PAN RNA genomic locus actively recruits cellular RNAPII during
KSHYV reactivation, leading to significantly higher copy number of PAN RNA molecules (up to
10° copies) in a reactivating cell (54). The high copy number of PAN RNA has also been
explained by its higher RNA stability (55). Three sequence elements, ENE (expression and
nuclear retention element) at the 3' region, MRE (Mta responsive element) at the 5' region of
PAN RNA, and the structure of the poly (A) tail, are critical for PAN RNA stability (56-58). PAN
RNA interacts with multiple cellular and viral proteins (57, 59), and functions as a transactivator
by sequestering repressors and/or recruiting histone modifying enzymes (32, 60, 61). A recent
report shows that PAN RNA could be replaced by other viral IncRNA sequences without a
significant loss of KSHV replication, suggesting that there is a sequence-independent function

similar to that of eRNAs (62).

In this study, we provide evidence that the KSHV latent-lytic switch is regulated by the
ChAHP complex. We mapped KSHV episome tethering sites on host chromosomes with
Capture Hi-C and studied the surrounding nuclear microenvironment of KSHV episomes using
proximity biotin labeling. We show that KSHV episomes co-localize with the ChAHP complex at
epigenetically active host chromosomes, and CHD4 interaction with viral IncRNAs regulates

binding of CHD4 on KSHV chromosomes, which de-represses viral IncRNAs from ChAHP-



146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

mediated repression. We propose that the inducible enhancer activity is regulated by a balance
between local eRNA transcription activity and ChAHP complex tethering, and the mechanism

regulates KSHV reactivation.

Results
Identification of KSHV episome tethering site on host chromosomes.

KSHV episomes tether to the host cell chromosomes via LANA, however the mechanism of
selection of docking sites is not very well characterized. To understand how and where KSHV
episomes tether to host chromosomes, we applied Capture Hi-C (CHi-C) method to identify
episome docking sites in three KSHV naturally-infected PEL cell lines, BC-1, BC-3 and BCBL-
1. The schematic diagram for the CHi-C procedure is presented in Fig. 1a. In order to obtain
high resolution, the Hi-C sequencing library was further enriched by using biotinylated tiling-oligo
probes that specifically hybridized to KSHV DNA sequences (Fig. 1a). Using this method, we
examined the position of host genomic regions that exhibited higher frequencies of normalized
chimeric ligation reads with KSHV DNA fragments. We identified selectively enriched chimeric
ligation reads throughout the host chromosomes (Fig. 1b). The mapped reads on 23 individual
chromosomes for BC-1, BC-3 and BCBL-1 are presented separately in Supplementary Fig. 1a-
c. Each dot represents the number of normalized contact heterotypic sequence reads between
host and KSHV sequences. The CHi-C normalized chimeric read counts on chromosome 1 for
three naturally infected PEL cells are shown in Fig. 1c. The results indicated that there are a
higher number of chimeric read counts near centromeric regions in all three cell lines (Fig. 1c).

To study the frequencies of chimeric read counts that are located near the centromere region,
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we performed a mathematic characterization, in which we extracted the chimeric read counts
that derived from regions spanning a distance corresponding to 1% of the size of each
chromosome at either 5' or 3' centromere chromosome regions (marked green and blue). Counts
per 100 kbp were calculated separately for each chromosome and compared to the average
number across the individual chromosome. The results showed that higher chimeric read counts
were seen (15 out of 23 chromosomes in BCBL-1) either 5' or 3' regions of centromere, and in
some instances (e.g., chromosome 8, 19, X), we observed enrichment in both 5' and 3' positions
(Fig. 1d). To further confirm the CHi-C findings, we performed DNA-FISH with centromere-
specific PNA (peptide nucleic acid) probes in combination with LANA immunostaining. These
results further showed that a large fraction of LANA dots was colocalized with centromeres (Fig.
1e, Supplementary Fig. 2). The results are consistent with a previous report, which
demonstrated that LANA colocalized with centromeric protein F (CENPF) and kinetochore
protein, Bub1, and observed at centromere regions during metaphase (63). To determine
whether KSHV docking sites are random, we next examined the similarity of KSHV episome
tethering sites among the three cell lines using a Jaccard Index. We calculated the similarity of
tethering sites based on the positions of chimeric sequence reads. The index identified 97.86%
(BC-1 vs BC-3), 81.99% (BC-1 vs BCBL-1) and 82.36% (BC-3 vs BCBL-1) similarity (Fig. 1f).
The results demonstrated that a majority of KSHV episomes tethers the similar host genomic
regions in three naturally infected PEL cell lines, suggesting that there is a preferential nuclear

microenvironment that can attract/maintain KSHV latent episomes during cell divisions.

Identification of proteins in close proximity to KSHV latency associated nuclear antigen

(LANA).
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Next, we examined the nuclear protein microenvironment of KSHV episome-tethering sites in
infected cells. We hypothesized that, by examining cellular proteins neighboring to LANA in
infected cells, we should be able to identify the repertoire of proteins important for tethering and
selection of KSHV episome-docking sites. To identify proteins in close proximity to LANA, we
used a miniTurbolD based method. The miniTurbolD is a biotin ligase, which covalently attaches
biotin to lysine residues in neighboring proteins (<10 nm) in less than 10 minutes with no
significant cell toxicity (64, 65). A recombinant KSHV BAC16 with LANA N-terminal tagged with
miniTurbolD (referred to as KSHV LANA-mTID) was prepared; the procedure for the preparation
of KSHV LANA-mTID is presented in Supplementary Fig. 3. We transfected the /SLK cells with
the recombinant KSHV LANA-mTID and stably selected with hygromycin (1 mg/ml). The KSHV
LANA-mTID virus was then recovered by inducing reactivation with doxycycline (1 pg/ml) and
sodium butyrate (3 mM) for 5 days. /[SLK cell line was infected with recombinant KSHV LANA-
mTID virus and selected with hygromycin (1 mg/ml) to generate stable /SLK-LANA mTID cells
(Fig. 2a). The /SLK-LANA mTID cells were incubated with D-biotin for 60 minutes in culture
media and biological triplicated samples were prepared (Fig. 2b). This strategy led us to identify
76 host proteins (P<0.05) that were physically neighboring KSHV LANA within 10 nm radial
distance during the period of D-biotin incubation (64). The 76-host proteins include nuclear
mitotic apparatus protein (NuMA), bromodomain-containing protein 4 (BRD4), and lysine-
specific demethylase 3A and 3B (KDM3A and 3B) that have been previously shown to physically
interact with LANA (20, 66-68) (Fig. 2c, Supplementary Table 1). In addition to those previously
identified cellular proteins, the study also precipitated components of the ChAHP complex (39),
which is composed of chromodomain helicase DNA-binding protein 4 (CHD4), Activity-

dependent neuroprotector homeobox protein (ADNP) and HP-1y with high confidence (Fig. 2c).
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Although we could not identify HP-1y with our statistical criterion in proteomics study, HP-1y
protein was previously shown to interact with KSHV LANA (69). The LANA interaction with CHD4
and ADNP was further validated with in vitro pull-down assays, and the results showed that
LANA could interact with CHD4 and ADNP in the absence of other viral proteins (Fig. 2d).
Further, recombinant GST-tagged LANA deletion proteins (Supplementary Fig. 4) were used
to map the interaction domain with CHD4 and found that the amino acid (aa) residues 870-1070,
near the LANA DNA-binding domain, were responsible for interaction with CHD4 (Fig. 2e).
Immunofluorescence assays with mono-specific antibodies further confirmed that LANA and
CHD4 were colocalized in naturally infected BCBL-1 cells (Fig. 2f). Taken together, these results

suggest that LANA is able to associate with the ChAHP complex in latently infected cells.

Association of KSHV episome-tethering sites with ChAHP complex binding.

The protein interaction and colocalization between CHD4 and LANA "dots" in the nucleus led us
to further investigate the localization of CHD4, ADNP and LANA on both host and KSHV
chromosomes. To identify the chromatin occupancy site(s) for ChAHP complex and LANA, we
employed Cleavage Under Targets and Release Using Nuclease (CUT&RUN) (70). The LANA,
CHD4, and ADNP CUT&RUN peaks clearly overlapped at multiple sites of cell host
chromosomes with active histone marks (H3K27Ac), which include previously described IRF4
super enhancer region (71, 72) (Fig. 3a). NGS plots between LANA CUT&RUN summit peaks,
and CHD4 or ADNP further confirmed co-occupancies of LANA and the ChAHP complex on the
host chromosomes (Fig. 3b). Because LANA and ChAHP complex interact with each other, we
hypothesized that LANA-ChAHP complex could be important for tethering KSHV episomes to

host chromosomes. To test this, we generated NGS plots between LANA, CHD4 and ADNP

10
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CUT&RUN summit peaks, and distribution of CHi-C chimeric reads. We observed that KSHV
episome tethering sites were indeed primarily localized near the LANA, CHD4 and ADNP binding
sites, whereas it was not observed for H3K4me1 (Fig. 3c) or H3K27me3 (data not shown). To
further calculate degree of interaction mathematically, we measured the relative CHi-C chimeric
reads per million and examined association with relative distance with CHD4 binding site.
Accumulation index calculated from NGS plot suggested that more than 50% of CHi-C reads are
closely located at CHD4 binding site within the genomic regions (Fig. 3d). Altogether, these

results suggest that KSHV episome tethers to host chromosome at the ChAHP binding sites.

KSHV LANA colocalization with ChAHP complex on KSHV genome.

We next examined ChAHP binding sites on the KSHV episome. Consistent with studies with
cellular chromosomes, CHD4 and ADNP occupy genomic loci with active histone marks, which
includes KSHV long non-coding RNAs (PAN RNA, T0.7, and T1.5 [Ori-RNA]) promoter regions
(Fig. 4a). The results also showed colocalization among LANA, CHD4, and ADNP with the active
histone mark, H3K27Ac, along the KSHV genome, and exceptionally strong peaks were seen at
terminal repeat regions (read counts are depicted in Fig. 4a), where multiple copies of LANA
bind (73). The strong peaks at TR regions are likely due to a combination of tighter binding of
the complex and the presence of multiple copies of the same sequences. The strong signals at
TR regions are unlikely due to mapping problems, because H3K27me3 showed a lower number
of sequence reads compared with sequence reads in the unique region. The three viral IncRNAs,
especially PAN RNA, are known to be expressed at significantly higher transcript copy numbers
than the open reading frames during lytic replication (54, 74), and CHD4, ADNP, and LANA were

clearly localized at the 5' regions of these INcCRNA promoter regions (Fig. 4a). Next, the effects

11
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of KSHV reactivation on CHD4 occupancies were examined by CUT&RUN with qPCR. The
results suggested that CHD4 occupancies on the KSHV genome were reduced during KSHV
reactivation (Fig. 4b). We further studied effects of KSHV reactivation on the KSHV episome
tethering with the ChAHP complex on host cell chromosomes. For this, TREx-BCBL-1 cells were
reactivated for twenty-four hours and CHi-C samples were prepared. We measured the relative
chimeric DNA sequence frequencies of KSHV with host chromosomes before and after KSHV
reactivation. The relative amount of chimeric sequence reads at one of the KSHV episome
tethering sites were visualized with Juicebox. By subtracting the number of relative sequence
reads in latent samples from those in reactivated samples, we also visualized changes by
induction of active viral transcription. The results showed that KSHV chimeric sequence reads
were reduced, suggesting that KSHV reactivation induced detachment of the KSHV episome
from host chromosomes, and a similar detachment was also seen in other putative episome-
tethering sites (Fig. 4c). The results suggest that robust viral IncRNAs at the ChAHP binding site

may play a role in detachment of ChAHP/LANA complex from chromosomes.

Identification of PAN RNA binding proteins with proximity biotin ligation.

Previous studies including ours suggested that PAN RNA transcription in cis plays an essential
role in initiation of KSHV lytic replication. Inhibition of PAN RNA transcription by either deletion
of the PAN RNA sequence or mutation at K-Rta responsive elements in the PAN RNA promoter
significantly impaired KSHV reactivation and replication (28, 60). In addition, CHD4 is known to
bind cellular enhancers to regulate enhancer-promoter interactions, and enhancers often
transcribed enhancer RNAs (IncRNAs) (75). To examine PAN RNA-mediated transcription

regulation, we again applied the proximity labeling technique to profile PAN RNA neighboring
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proteins during KSHV reactivation. This time, the mTID cassette was first inserted as an N-
terminal fusion of ORF57, a PAN RNA binding protein, and then the fusion protein was
expressed from the endogenous promoter during KSHV reactivation (Fig. 5a). Taking advantage
of a previous detailed mapping study, which identified ORF57 binding sites on PAN RNA, termed
MRE (Mta Responsive Element) (57), we utilized a PAN MRE mutant virus having a 9-nucleotide
mutation in the MRE element (Fig. 5a). KSHV genome-wide gRT-PCR array analysis confirmed
previous studies that the PAN RNA MRE mutation impaired viral gene expression, with stronger
effects being seen in late gene cluster regions (Supplementary Fig. 5a right panel). We also
confirmed that protein biotinylation happened only in the presence of both ORF57 protein
(reactivated sample) and biotin (Fig. 5b). By comparing the enrichment profiling between the
PAN RNA MRE mutant and PAN RNA Wi, we isolated cellular proteins that are in proximity to
ORF57 protein via PAN RNA binding. Proximity biotin labeling identified a total of 129 and 307
proteins from mTID-57 PAN Wt /SLK cells and mTID-57 PAN-MRE iSLK cells, respectively
(p<0.05) (Supplementary Table 2). Among the interacting proteins, 74 proteins were common
between the PAN MRE Wt and PAN MRE mutant, while 55 proteins were found only in the
presence of the wild type PAN RNA sequence (Fig. 5¢, d). Deletion of MRE seemed to unleash
ORF57 protein and allow ORF57 to interact more freely with other RNA binding proteins (Fig.
5c¢). Importantly, this proteomics approach identified CHD4 as a putative PAN RNA binding
protein (p<0.005). Next, we performed the siRNA screening of 129 (55 + 74) PAN RNA binding
proteins with KSHV reactivation indicator cell line, iSLK.219. The knockdown screening identified
4 strong repressors namely IK, CHD4, PABPC3 and RPL18A with fold change (RFP/GFP) > 3
among the 129 proteins, and CHD4 was found be the strongest among them (RFP/GFP > 7-

fold) (Fig. 5e). Gene Ontology (GO) analysis of 129 PAN RNA-mediated ORF57-interacting
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proteins suggested that ORF57 is indeed primarily involved in RNA processing (Supplementary

Fig. 5b).

A viral IncRNA inhibits CHD4 dsDNA binding.

PAN RNA MRE-dependent enrichment by ORF57-mediated biotinylation suggested that CHD4
is an RNA-binding protein, and that PAN RNA brings the CHD4 and ORF57 proteins into
proximity by serving as a scaffold for the biotinylation (model shown in Fig. 5a). In order to
examine the interaction of CHD4 with PAN RNA, we prepared purified RNAs (PAN RNA, MRE
mutant, PAN RNA deletion mutants and luciferase RNA) and proteins (CHD4, NF-kB and
Luciferase) (Fig. 5f) and performed in vitro interaction assays (depicted in Fig. 5g). The results
showed that CHD4 was indeed precipitated with PAN RNA; however, MRE mutant, PAN RNA
deletion mutants, as well as irrelevant luciferase RNA also interacted with CHD4 protein,
suggesting that CHD4 RNA binding is unlikely sequence specific under our binding conditions
(Fig. 5h). However, the same RNA binding conditions with full length PAN RNA did not
precipitate a DNA binding protein, NF-xB (p65) or Luciferase protein, suggesting that CHD4
does possess RNA-binding capacity (Fig. 5i). Because a previous study showed that Drosophila
melanogaster CHD4 homolog is capable of binding DNA and human CHD4 ATPase activity is
stimulated in the presence of naked DNA (76), we tested if purified CHD4 protein is able to bind
to double stranded (ds)DNA fragment encoding the PAN RNA sequence. Biotinylated primer
was used to amplify DNA fragment from the PAN RNA gene and used for biotin-pull down
analyses. The results showed that CHD4 was able to bind dsDNA directly (Fig. 5j). Importantly,
increasing amounts of PAN RNA (ssRNA) antagonized CHD4 dsDNA binding, which was

completely blocked in presence of non-biotinylated PAN RNA at 1:10 (dsDNA/RNA) molecular
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ratio (Fig. 5j). The results suggested that locally transcribing long non-coding RNAs (which
would reach up to 3x10° copies/cell for PAN RNA (54)) may remove CHD4 locally from the KSHV
genome, as seen by reduced CHD4 on KSHV genome (Fig. 4b) and detachment of KSHV
episomes from host chromosomes during reactivation (Fig. 4c). These results suggest that
amount of long non-coding RNAs expression near the CHD4 binding sites may play a role in

both lytic gene induction and episome tethering.

CHD4 is important for latency maintenance and establishment.

The studies above suggest that LANA interacts with the ChAHP complex on both cellular and
viral chromosomes, and that the ChAHP complex may restrict KSHV enhancer activity and
hence KSHYV lytic reactivation. Accordingly, we next examined the significance of CHD4 in the
KSHYV transcription program. CHD4 expression in iSLK.219 cell was knocked down with shRNA
and the degree of KSHV reactivation was examined after triggering K-Rta expression with
doxycycline. The results showed that knock-down of CHD4 enhanced KSHYV replication more
than 8-fold over K-Rta induction alone. Conversely, functional re-introduction of CHD4 by over
expression of mouse Chd4 cDNA (i.e., in order to escape from the shRNA, which targets human
CHD4) counteracted effects of CHD4 knock-down (Fig. 6a). Notably, over expression of mouse
Chd4 almost completely abolished K-Rta mediated KSHV reactivation (Fig. 6a, second bar),
and inhibited the aggregation of RNAPII on the KSHV genome, which was measured by
immunostaining with overexpressed CHD4 and RNAPII (Fig. 6b). Strong silencing effects were
CHDA4's ATPase-activity dependent, because mutations in the helicase domain, using the same
mutation found in patients with CHD4-associated syndrome (42, 77), was found to increase

RNAPII aggregation and KSHV transcription (Fig. 6b, ¢). In addition to the knock-down or over
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expression studies, we also performed single cell transcriptomic studies with reactivated
iISLK.219 cells. The results clearly indicated that the presence of higher levels of CHD4 had clear
inhibitory effects for the triggering and/or prolonging lytic viral gene transcription burst (Fig. 6d).
Further, KSHV transcripts were extracted and sorted based on sequence counts and examined
for correlation with cellular gene expression at the single cell level (Supplementary Fig. 6a, b).
The results again showed a negative correlation between CHD4 expression and the amount of
KSHYV transcripts in the cell (Fig. 6e), while a similar negative correlation was not observed for
GAPDH or similarly expressing HDAC2, a component of NuRD complex (Supplementary Fig.

6¢c).

Finally, the significance of CHD4 in the establishment of latency was also examined. To
do this, we first knocked-down CHD4 in 293T cells and infected the cells with purified KSHV
r.219 virus to monitor viral gene silencing. CHD4 knock-down was confirmed at the protein and
RNA levels (Fig. 6f, g). The results showed that KSHV gene expression continued to increase
during a 3-day period in two independent CHD4 KD cells, while KSHV gene expression did not
increased significantly in shScramble cells at day 3 (Fig. 6h). Further, KSHV lytic replication was
also monitored with RFP signals within the cell population, and results showed that the number
of RFP positive cells within the dish were higher in CHD4 knock-down 293T cells compared to
negative control knock-down (siC) cells at 96 hours post infection (Fig. 6i, Supplementary Fig.
7). Altogether, these results suggest that CHD4 functions to silence KSHV lytic genes at an early
stage of KSHV de novo infection and facilitate the entry and maintenance of latency, perhaps

by suppressing robust viral INcRNA expression for the viral enhancer activity.

Discussion
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Recent exciting studies suggest that an RNA-binding domain in transcription factor CTCF is
essential for the formation of subsets of genome architecture (78, 79). The presence of distinct
classes of RNA-binding protein (RBP)-dependent genomic loop formation suggests the partition
of nascent RNAs and other RBP partners in chromatin-looping regulation at transcriptionally
active genomic loci. It is also known that eRNAs and RNA-binding proteins participate in
transcriptional factories (75, 80, 81). We show here that overexpression of CHD4 prevents
RNAPII aggregate formation and inhibits KSHV reactivation (Fig. 6a,b). Regulation of the KSHV
latency-lytic switch by CHD4 chromatin binding and inhibition of CHD4 DNA binding via inducible
transcription in cis may necessitate for KSHV to evolutionally maintain the viral nuclear IncRNAs,
which are often expressed at levels 1,000x greater than the majority of KSHV protein-coding
RNAs during reactivation (54). Evolution of this RNA as a nuclear and non-coding species may
also avoid competition for protein translation and RNA export machineries, while functioning to
trigger robust enhancer activity for KSHV genome. Consistent with CHD4 being a strong
repressor, loss-of-function mutations induce enhancer activation leakage, which associates with
multiple developmental disorders in humans (44, 47, 82-85). We think that such CHD4 functional
loss may result in an increased propensity to form active enhancer-promoter interactions and
prolong gene transcription similar to our observations in KSHV-infected CHD4-KD 293T cells
(Fig. 6h). Consistent with CHD4 functions in enhancer access restriction, the ChAHP complex
is also known to compete with CTCF binding, and counteract chromatin looping at CTCF binding
sites. Therefore, ChAHP maintains evolutionarily conserved spatial chromatin organization by
preventing new CTCF binding events that emerged through short Interspersed element
expansions (43); this ChAHP biological role suggests that KSHV cleverly find/build a “safe

basecamp” with ChAHP to maintain viral episomes structure during evolution.
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A study from Dr. Lieberman's group demonstrated that EBV episomes are tethered in the
neighborhood of transcriptionally silent neuronal genes (86). Our CHi-C study also found KSHV
episomes frequently localize at the junctions between eu- and hetero-chromatin
(Supplementary Fig. 8 - junction of stripes), but more frequently localizes near centromere
regions than to other genomic regions. The advantage of tethering at near centromere remains
unknown; however, previous studies also showed that LANA dots are localized at centromeres
and LANA interact with centromeric protein F and kinetochore protein, Bub1(63); the two
proteins may play a role in recruitment of KSHV episomes to the unique genomic regions through

interaction with LANA.

The siRNA screening for epigenetic factors, which have a significant impact on KSHV
replication has been reported (30). The report showed that CHD4 is indeed a suppressor for
KSHYV lytic replication. Here, we further showed that KSHV episomes are localized with ChAHP
on host chromatin and interact with LANA at the hydrophobic interface of LANA dimers near the
LANA DNA binding domain (25, 26). Suppression of KSHV lytic genes by CHD4 in de novo
infected cells also suggests that there might be active recruitment of the ChAHP complex to the
incoming KSHV genomes. However, the mechanism(s) that enable KSHV episomes to select
specific ChAHP binding sites on host chromosomes, and whether these CHD4 occupied
enhancers are linked to tissue-specific gene expression therefore KSHV tissue tropism have yet
to be characterized. At least in the three PEL cell lines examined, one of the common ChAHP-
LANA complex-recruitment site is IRF4 super enhancer region, which is highly active in the B-
cell lineage (71, 72, 87). It will be important to know if KSHV episome-bound cellular “enhancers”

are annexed and subjected to control by KSHV proteins in infected cells.
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KSHV has been evolved to maintain a mysterious IncRNA, PAN RNA, which is expressed
at a very high copy number in the presence of ORF57 protein (54), and deletion of PAN RNA or
ORF57 significantly impairs the entire viral lytic gene expression program (28, 60, 88). How PAN
RNA expression activates the expression of distantly localized viral open reading frames is an
important question. Because PAN RNAs exceeds 10° copies, and CHD4 localizes at PAN RNA
transcription initiation sites with LANA (Fig. 4a), we expect that the local PAN RNA concentration
would easily result in an RNA-DNA ratio in excess of 10:1 in presence of ORF57 (57). Based on
frequent genomic looping, non-coding RNA expression, and CHD4 binding (e.g., which
frequently targets enhancers), we propose that the IncRNA encoding regions [Ori-RNA (T1.5),
PAN RNA, K12 (T0.7)] function as inducible enhancers for expression of the KSHV ORFs, and
KSHYV reactivation (e.g., promoter activation) hinges on IncRNA-CHD4 interactions for the de-
repression. Similar to CHD4, we previously demonstrated that PAN RNA expression also
sequesters LANA from unigue regions of KSHV genomes (61). Our CUT&RUN studies showed
that CHD4 and LANA colocalized on both the KSHV and host genomes (Fig. 4a) and they could
physically interact with each other (Fig. 2d-f); thus, we favor the idea that reactivation is triggered
by detachment of LANA/ChAHP complex-loaded TR fragments from the KSHV unique region
(ORFs-encoded region as well as host chromosome) by robust expression of IncRNA, whose
expression is directly activated by K-Rta and enhanced by ORF57. In this proposed model,
transcriptional burst by a strong viral transactivator, results in the local appearance of multiple
nascent and stable-RNA copies simultaneously, in turn increasing local nucleic acid density
before PAN RNA is diffused into the nuclear neighborhood. Notably, our KSHV 3D genomic
structure modeling based on frequencies of CHi-C reads within KSHV sequences suggested

that these highly inducible IncRNA encoding regions localize spatially in close proximity to TRs
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in 3D (Model in Fig. 6j, Campbell et al., in preparation). The results combined with this study
suggest that the ChAHP-LANA complex has an architectural role for KSHV latent genomic
structure, and the TR region that recruits significant number of copies of both ChAHP and LANA
(Fig. 4a) is critical for episome structure and therefore suppression of lytic genes epigenetically.
Disruption of such a "backbone" by CHD4 KD or by robust expression of PAN RNA which binds
CHDA4 therefore triggers "leakage" of viral lytic gene expression similarly to premature activation
of lineage-specific genes [(39-41) and Fig. 69g)]. Structural studies for the ChAHP/LANA protein
complex with TR unit and recombinant KSHV with a LANA CHD4 binding mutant would further
clarify the significance of the interaction and possibly lead to small molecular drugs to target the

interaction.

In summary, we have demonstrated that the ChAHP complex is a key regulator of the
KSHYV latency-lytic switch. With strong effects of CHD4 on KSHV replication, it will be important
to study how ChAHP complexes are regulated in infected cells, and also a relationship with
KSHV replication and KSHV-mediated disease progression in individuals who unfortunately

possess CHD4 mutations.

Methods

Materials. Dulbecco's Modified Eagle medium (DMEM), RPMI 1640 medium, fetal bovine serum
(FBS), phosphate buffered saline (PBS), Trypsin-EDTA solution, 100x Penicillin-streptomycin-
L-glutamine solution and Streptavidin-HRP conjugate were purchased from Thermo Fisher
Scientific (Waltham, MA USA). Puromycin and G418 solution were obtained from InvivoGen
(San Diego, CA, USA). Hygromycin B solution was purchased from Enzo Life Science

(Farmingdale, NY, USA). Anti-LANA (clone LN53), anti-Flag (clone M2) and anti-RNAPII (clone
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CTD4H8) antibodies were purchased from Millipore-Sigma. Anti-CHD4 (D4B7), H3K27Ac
(D5E4) and H3K4me1 (D1A9) antibodies were purchased from Cell Signaling Technology. Anti-
ADNP (PA5-52286) antibody was purchased from Invitrogen. Streptavidin magnetic beads
(Pierce) were purchased from Thermo Fisher Scientific™. All other chemicals were purchased

from Millipore-Sigma (St. Louis, MO, USA) unless otherwise stated.

Cells, transfection and reagents. /[SLK.219 cells were maintained in DMEM supplemented with
10% FBS, 1% penicillin-streptomycin-L-glutamine solution, 10 pg/ml puromycin, 400 pg/mi
hygromycin B, and 250 ug/ml G418. /[SLK cells were obtained from Dr. Don Ganem (Novartis
Institute for Biomedical Research) and were maintained in DMEM supplemented with 10% FBS,
1% penicillin-streptomycin-L-glutamine solution and 10 pg/ml puromycin. BC-1 and BC-3 cell
lines were obtained from ATCC (Manassas, VA, USA), expanded to obtain early passage stocks,
and stored. The BCBL-1 cell line was also obtained from Dr. Ganem (University of California
San Francisco). BC-1, BC-3, and BCBL-1 cell lines were cultured in RPMI 1640 medium
supplemented with 15% FBS and 1% penicillin-streptomycin-L-glutamine solution. TREx BCBL-
1 cells, which can induce Flagx3-HAx3-K-Rta in tetracycline inducible manner, was prepared
before (28) were maintained in RPMI 1640 medium supplemented with 10% FBS, 1% penicillin-
streptomycin-L-glutamine, 250 pg/ml hygromycin B, and 100 pg/ml blasticidin. Plasmids or
siRNAs were transfected with Lipofectamine reagent (Thermo Fisher) or Lipofectamine

RNAiMax reagent (Thermo Fisher) respectively according to the manufacturer’s protocol.

Capture Hi-C. KSHV Capture Hi-C (CHi-C) was performed using a robust in situ CHi-C protocol
with kitted reagents from Arima Genomics (San Diego, CA, USA) based on methods described

for in situ Hi-C (89, 90), CHi-C (91-93), and as described previously (28). Briefly, cells were
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crosslinked with 2% formaldehyde, lysed, and the genomic DNA digested with a cocktail of 4-
cutter restriction endonucleases by incubation for 30 minutes at 37°C. The 5’-overhangs were
then filled in and labeled with biotinylated dATP (biotin-14-dATP) by incorporation with Klenow
fragment of DNA polymerase | (incubation for 45 minutes at 25°C). Ligation of the spatially
proximal blunt-ended fragments was then performed with T4 DNA ligase (incubation for 15
minutes at 25°C). The formaldehyde crosslinks were reversed and the proximally-ligated,
chimeric DNA products were purified with Agencourt AMPure XP paramagnetic beads (Beckman
Coulter, Brea, CA, USA). The DNA was then fragmented to an average size of 400 bp with a
Covaris E220 Focused-ultrasonicator (Covaris, Inc., Woburn, MA, USA) and size-selected to
have a fragment size distribution of 200-600 bp with AMPure XP beads. The biotin-labeled
ligation products were then selectively enriched by affinity capture with streptavidin magnetic
beads (Arima Enrichment Beads). Subsequently, sequencing libraries were prepared with the
Kapa HyperPrep Kit with Library Amplification Module (Roche, Basel, Switzerland) using a
modified protocol for on-bead end repair, dA-tailing, and ligation of lllumina TruSeq sequencing

adaptors.

The KSHV CHi-C library was then prepared from the Hi-C libraries as previously
described (28). Briefly, target enrichment for KSHV genomic content was performed by solution
hybridization with a custom-designed KSHV genomic capture probe library (xGen Lockdown
Probes; Integrated DNA Technologies, Inc., Coralville, IA) (28) and subsequent capture of the
hybridized targets with streptavidin beads (DynaBeads MyOne Streptavidin C1; Thermo Fisher)
according to the manufacturer's standard protocol (Integrated DNA Technologies, Inc.,
Coralville, 1A). The KSHV genome-enriched CHi-C library DNA was eluted and PCR enrichment

(12 cycles) performed with high-fidelity KAPA HiFi HotStart DNA Polymerase (Kapa Biosystems,
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Inc., Wilmington, MA). Libraries were multiplex sequenced (2 x 150bp, paired-end, ~50 million

mapped reads/mate pairs per sample) on an lllumina Hiseq 4000 sequencing system.

Cleavage Under Targets and Release Using Nuclease (CUT&RUN). CUT&RUN (70) was
performed essentially by following the online protocol established by Dr. Henikoff's lab with a
few modifications. Cells were washed with PBS and wash buffer [(20 mM HEPES-KOH pH 7.5,
150 mM NacCl, 0.5 mM Spermidine (Sigma, S2626) and proteinase inhibitor (Roche)]. After
removing the wash buffer, cells were captured on magnetic ConA beads (Polysciences, PA,
USA), in the presence of CaClz. Beads/cells complexes were washed with digitonin wash buffer
(0.02% digitonin, 20 mM HEPES-KOH pH 7.5, 150 mM NaCl, 0.5 mM Spermidine and 1x
proteinase inhibitor) 3 times, aliquoted, and incubated with specific antibodies in 250 pL volume.
The antibodies used in this study were: rabbit monoclonal anti-CHD4 (Cell Signaling, D4B7;
1:50); rat monoclonal anti-LANA (Millipore-Sigma, clone LN53; 1:50); rabbit anti-ADNP
polyclonal (Invitrogen, PA5-52286; 1:100); rabbit monoclonal anti-Acetylated Histone H3 lysine
27 (Cell Signaling, D5E4; 1:100), rabbit monoclonal anti-H3 monomethyl lysine 4 (Cell Signaling,
D1A9; 1:100), and rabbit monoclonal anti-H3 tri-methyl lysine 27 (Cell Signaling, C36B11;
1:100). After incubation, unbound antibody was removed by washing with digitonin wash buffer
3 times. Beads were then incubated with recombinant pAG-MNase, which was purified from
E.coli (Supplementary Fig. 9), in 250 pl digitonin wash buffer at 1.0 ug/mL final concentration
for one hour at 4°C with rotation. Unbound pAG-MNase was removed by washing with digitonin
wash buffer 3 times. Pre-chilled 2 mM CaClz containing digitonin wash buffer (200 ulL) was added
to beads and incubated on ice for 30 min. The pAG-MNase digestion was halted by the addition

of 200 ul 2x STOP solution (340 mM NaCl, 20 mM EDTA, 4 mM EGTA, 50 ug/ml RNase A, 50
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ug/ml glycogen). The beads were incubated with shaking at 37°C for 10 min in a tube shaker at
500 rpm to release digested DNA fragments from the insoluble nuclear chromatin. The
supernatant was collected after centrifugation (16,000 x g for 5 min at 4°C) and placed on a
magnetic stand. DNA was extracted using the NucleoSpin kit (Takara Bio, Kusatsu, Shiga,
Japan). Sequencing libraries were then prepared from 3 ng of CUT&RUN DNA with the Kapa
HyperPrep Kit (Roche) according to the manufacturer’s standard protocol. Libraries were
multiplex sequenced (2 x 150bp, paired-end) on an lllumina HiSeq 4000 sequencing system to
yield ~15 million mapped reads per sample. When necessary, E. coligenomic DNA read from a

pAG-MNase incubation were used to normalize data as described previously (70).

Genomic data analysis.

The HiC-pro 2.11.1 pipeline (94) was used to align sequences from the Hi-C experiments against
a combined assembly of reference genomes; the human hg19 (GRCh37) and KSHV
(NC_009333.1). The reads were filtered for only uniquely mapped reads pairs by identifying
intersection of each read-end, and the valid reads were provided by removing reads with self-
circle, dangling-end, error, extra dangling-end, too short, too large, duplicated, and random
breaks. The valid reads were stored as matrices and binned with resolution of 10000 bp. lterative
Correction and Eigenvector decomposition (ICE) normalization was used to treat the data with
default parameters. The normalized counts were filtered to keep only the counts that mapped to
both the human and KSHV genome by using Python with Pandas library. The results were

visualized as dot plots using Matplotlib library.
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The normalized counts were also used as input in subsequent analyses. In the analysis of KSHV
episome localization near centromeres, centromeres of human chromosome (hg19) were
downloaded from the UCSC Table Browser with a filter of 'centromere' as gap type. For each
chromosome, the sum of all counts was compared to both the sums of the counts in the regions
near the centromere at the 5’ and 3’ sides, both of which are 1% the size of the chromosome
(the values were first normalized as per 100,000 bp before the comparisons). The similarity of
CHi-C chimeric sequence reads among BC-1, BC-3, and BCBL-1 were performed as follows.
Genomic regions with normalized counts > 0 were extracted and then the intersect and union
regions were determined using Intervene v0.6.4 (95). The similarity percentage was calculated

based on the Jaccard similarity index.

FASTQ files for the capture Hi-C experiments were processed through the HiICUP (v0.7.4)
pipeline (96) using a combined human hg19 (GRCh37) and KSHV (NC_009333.1) genome.
Valid interaction products called by HICUP were converted into Juicebox (97) input format (.hic
file), which stores the normalized and un-normalized contact matrices as a highly compressed
binary file, by using a series a scripts provided by HiCUP (hicup2homer) and HOMER
(makeTagDirectory and tagDir2hicFile) (98). Juicebox was utilized to facilitate adjustments of

resolution and normalization, intensity scaling, zooming, and addition of annotation tracks.

CUT&RUN sequence reads were aligned to the human hg38 reference genome and
reference KSHV genome sequence (Human herpesvirus 8 strain: GQ994935.1) with Bowtie2
v2.3.5.1 (99) and/or HISAT2 v2.1.0 (100). MACS2 (Model-based Analysis of ChIP-Seq)
v2.1.1.1.20160309 was used for detecting peaks (101) following the developer’'s manual. Peaks
and read alignments were visualized using the Integrated Genome Browser (IGB) (102).

Heatmaps and average profile plots were drawn from bed files created by MACS and bam files
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using R package, ngsplot v2.63 (103). After subtracting the minimum value of average profile
as background signal, relative average profile plot was drawn. Accumulation index was

calculated as proportion of area under the curve.

Single cell RNA sequencing data analysis. Single cell data was analyzed with the Cell Ranger
v2.1 pipeline (10x Genomics). The pipeline included alignment to the hg38 human reference
genome and human herpesvirus 8 strain (GQ994935.1) reference genome, t-distributed
stochastic neighbor embedding (tSNE), and K-means clustering. Read count matrices obtained
from the pipeline were normalized using log normalization method with “Seurat” R package
(104). To perform correlation analysis, the expression of the KSHV genes was summarized, log
transformed and resulting values divided by 14 equal intervals to have more than 50 cells in
each interval. The median value of gene expression was calculated for the cells in each interval.
The median values were used to analyze and visualize the correlation of host cellular and viral

gene expression.

Immunofluorescence staining analyses. /SLK cells latently infected with BAC16-Wt were
seeded onto glass coverslips and transfected with pLenti-Flag-mCHD4-myc WT or pLenti-Flag-
mCHD4-myc mutant using Lipofectamine 2000 reagent according to the manufacturer’s
protocol. pLenti-Flag-mCHD4-myc was obtained from a commercial source (Origene, MD, USA).
Point mutations were inserted by synthesizing DNA fragments that contain intended mutations
and replaced at SexAl-Agel restriction sites with In-FusionHD (Takara Bio, Japan). At 24 hrs

after transfection, 1 ug/ml of doxycycline and 20 ng/ml of 12-O-Tetradecanoylphorbol-13-acetate
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(TPA) were added, and cells were cultured for a further 26 hrs in the presence of doxycycline
and TPA. The cells were then fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton
X-100, and labeled with anti-RNAPII mouse monoclonal antibody (Millipore-Sigma, clone
CTD4H8, 1:100) and anti-FLAG rabbit polyclonal antibody (Sigma, F7425, 1:100), followed by
Alexa 555-anti mouse IgG and Alexa 647-anti rabbit IgG (Thermo Fisher). Nuclei were
counterstained with 1ug/ml of Hoechst 33342 (Thermo Fisher). The labeled cells were observed
with a Keyence BZ-X710 fluorescence microscope (Keyence, Osaka, Japan) with standard

DAPI, GFP, TRITC and Cys5 filter sets (Chroma Technologies, Bellows Falls, VT, USA).

DNA-FISH combining with LANA immunostaining. BCBL-1 cells were washed with PBS
twice and spotted on coverslips and fixed with 4% formaldehyde-PBS for 10 min at RT. Cells
were subsequently incubated with PBS with 100 mM glycine to quench residual formaldehyde.
Cells were treated with 0.1% Triton-X and 0.05% SDS with RNaseA for 15 min at 37°C.
Coverslips were washed with PBS twice, 70% ethanol once, 85% ethanol once, and 100%
ethanol once and dried completely. Cy5-conjugated CENPB-Cy5 PNA probe was obtained from
a commercial source (PNA Bio, Thousand Oaks, CA, USA) and coverslips were incubated with
hybridization buffer (200 nM PNA probe, 2xSSC, 20% Dextran, 1 mg/mL yeast tRNA, 60%
formamide) on a glass slide on a heating plate at 57°C for 10 min and then 37°C for another 30
min. Utilization of PNA probes avoids harsh conditions often used for a larger DNA hybridization,
which we found to produce unacceptable noise and not readily compatible with subsequent
protein staining. The coverslip was washed with warmed 0.1% Tween 20 in PBS (57°C) in 6-
well plates for 3 times and PBS once. Primary antibody was incubated for LANA staining in PBS
with 1 mg/mL yeast tRNA. After washing with PBS 3 times, secondary antibody (Alexa 488-anti

Rat IgG) was incubated in PBS with yeast tRNA for 1 h at 37°C. After washing three times with
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PBS, the coverslips were mounted with antifade reagent (Thermo Fisher), and images were

captured with a Keyence microscope.

3D Fluorescence microscopy and quantitative image analysis. Widefield 3D fluorescence
imaging was performed on a Keyence BZ-X710 fluorescence microscope (Keyence, Osaka,
Japan) equipped with live-cell environmental chamber. Cells fluorescently labeled as previously
described were observed with standard DAPI, GFP, TRITC and Cy5 filter sets (Chroma
Technologies, Bellows Falls, VT, USA). High resolution image stacks were acquired in each
color channel using Keyence onboard software. Image stacks were converted to greyscale TIF

images that were uniformly corrected for haze reduction, deblurring and contrast enhancement.

Image data were subsequently exported to the Volocity® Multi-Dimensional Imaging
Platform (Quorum Technologies Inc., Ontario, Canada) for 3D visualization and quantitative
analysis. For image-based cytometry measurements, individual cells within a given field of view
were automatically identified and fluorescent objects and/or region of interest in the various color
channels were quantified and tabulated. For qualitative assessment of LANA and centromere
oligo probes for DNA-FISH, 3D image stacks were similarly compiled and displayed in 3D opacity
mode using Volocity Visualization toolset. Reconstructed 3D images were used for distance-
measurement analysis: briefly, fluorescent LANA dots (green) and DNA centromeres (purple) in
individual cell nuclei were automatically identified in Volocity Quantitation. The minimum
distance from each centromere to the nearest LANA dot could then be extracted from the

statistical measurements and displayed as histograms for subsequent analysis.
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Lentivirus production and transduction. For CHD4 knock-down experiments, the following
shRNA sequences from Sigma pLKO.1 shRNA libraries were used: shRNA#1:
CCTTACTAGAATTGGTGTTAT; shRNA#2: GCTGACACAGTTATTATCTAT. Lentiviruses
generated from the CHD4-expressing lentivector, CHD4-targeting shRNAs, and non-targeting
scramble shRNA (Addgene, #1864) were produced in 293T cells. The vectors were co-
transfected with psPAX2 (Addgene, #12260) and pMD2.G (Addgene, #12259) into 293T cells
using polyethylenimine (PEI). Supernatants were collected 48 and 72 hrs post-transfection. Cells
were infected with lentiviruses in the presence of 8 ug/ml polybrene and subsequently incubated
for 72 hrs to allow for protein expression or knock-down. To generate CHD4 knock-down cell
lines, 293T cells were infected with lentivirus for 24 hrs. Cells were then cultured in selection
medium containing 1 pg/ml puromycin for two weeks to obtain stable CHD4 knock-down cell

lines.

Preparation of purified KSHV and de novo infection. [SLK.219 cells latently infected with
recombinant KSHV were cultured in eight to ten 150 mm culture dishes until 80% confluent. For
reactivation, cultures were re-fed with complete DMEM (without selection drugs) containing
0.3 mM sodium butyrate and 1 ug/ml doxycycline. The cells were further cultured for 5 days in
the presence of sodium butyrate and doxycycline. The culture supernatant was centrifuged at
300 x g for 10 min, and then passed through a 0.8-um filter to remove cellular debris, and then
viral particles were concentrated by ultracentrifugation at 25,000 rpm for 2 hrs at 4 °C with a
Beckman SW28 rotor. The viral precipitates were resuspended in 500 pl of DMEM along with
the residual ~500 ul media in the centrifuge tube and stored at —80 °C until use. For de novo

infection, CHD4-KD 293T cells were seeded at 4 x 10° cells/well in 6-well plates. After overnight
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culture, viral stocks were added to the cultures and the infection was allowed to proceed for
24 hrs. Cells were monitored for GFP expression and RNA was purified using the RNeasy Mini

Kit (Qiagen, Venlo, Netherlands).

Flow Cytometry. 293T cells were transfected with 10 pmol CHD4 siRNA using Lipofectamine
RNAiMax reagent (Thermo Fisher) for 48 hrs. Cells were infected with r.219 virus for 96 hrs in
DMEM media containing 5% FBS. After that, cells were trypsinized and washed with PBS two
times followed by fixation with 2% PFA containing 1 mM EDTA for 10 minutes at 37 °C. Cells
were then washed with PBS twice and resuspended in PBS containing 1 mM EDTA. Cells were
passed through a 0.45-um strainer to obtain single cells. A BD “Fortessa” cytometer was used

for FACS analysis, and FlowdJo software (Tree Star) was used for data analysis.

Purification of recombinant protein. Spodoptera frugiperda Sf9 cells (Millipore) were
maintained in Ex-Cell 420 medium (Sigma), and recombinant baculoviruses were generated with
the Bac to bac baculovirus expression system as previously described (20, 105). Transfer
plasmid, pFAST-BAC1 vector was modified by inserting a Flag tag at the N-terminus, and CHD4,
ORF57, p65, and Luciferase cDNAs were cloned into the Cpol (RsHl) site. The cDNA of ADNP,
which also include C-terminal His tag was synthesized and cloned into BamHI and Pstl restriction
enzyme sites by Gene assembly (NEB). Recombinant baculovirus bacmid DNA was transfected
into Sf9 cells by using polyethylenimine (Sigma), and recombinant viruses were subsequently
amplified twice. Expression of recombinant proteins was confirmed by immunoblotting with anti-

Flag monoclonal antibody (Sigma). Large-scale cultures of Sf9 cells (100 ml) were infected with
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recombinant baculovirus at a multiplicity of infection (MOI) of 0.1 to 1.0, and cells were harvested
48 hrs after infection. Recombinant proteins were purified as described previously (106). The
purity and amount of protein were measured by SDS-PAGE and Coomassie blue staining, using

bovine serum albumin (BSA) as a standard.

In vitro interaction assays. Baculoviruses expressing Flag-CHD4, His-ADNP, or Flag-LANA
were co-infected in SF9 cells and purified by Flag tag capture in the presence of 500 mM NaCl
and 10% glycerol. Purified complex was re-suspended in the binding buffer (20 mM HEPES [pH
7.9], 150 mM NaCl, 1 mM EDTA, 4 mM MgClz, 1 mM dithiothreitol, 0.02% NP-40, 10% glycerol
supplemented with 1 mg/ml BSA, and 1x protease inhibitor cocktail) and the antibody was
incubated at 1:100 dilution for 1 hrs at 4°C to form an immunocomplex. The immunocomplex
was captured with 10 uL of protein A/G magnetic beads mixture. Beads were washed three
times with binding buffer and subjected to SDS-PAGE after eluting proteins in sample buffer.
The interaction was probed by immunoblotting with anti-CHD4, anti-ADNP, or anti-LANA

antibody.

For RNA or DNA pull-down, a final concentration of 100 nM of each biotinylated RNA
fragment (e.g. 1.3 ug for full length PAN RNA transcribed in vitro or 2.6 ng of dsDNA generated
by PCR with 5'-biotinylated primer) and purified proteins (100 nM in final) was incubated in RNA-
binding buffer (50 mM HEPES [pH 7.9], 150 mM KCI, 5% glycerol, 0.02% NP-40, 100 ug/mL
yeast tRNA, 2 mM MgCl2) supplemented with RNAse inhibitor in 40 ulL reaction for 1 hrs at 4°C.
Biotinylated RNA or dsDNA was captured with streptavidin conjugated magnetic beads, washed

with binding buffer 3 times, and proteins were eluted in sample buffer. Precipitated proteins were
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visualized by immunoblotting with either anti-Flag antibody (Sigma) or specific antibody as

indicated in figure legends.

Construction of mini-Turbo KSHV BAC16. Recombinant KSHV was prepared by following a
protocol for En passant mutagenesis with a two-step markerless red recombination technique
(107). Briefly, the codon optimized mini-TurbolD coding sequence (65), which also encodes the
3x Flag tag was first cloned into a pBS SK vector (Thermo Fisher, Waltham, MA USA). The
pEPkan-S plasmid was used as a source of the kanamycin cassette, which includes the I-Scel
restriction enzyme site at the 5'-end of the kanamycin coding region (107). The kanamycin
cassette was amplified with primer pairs with homology arms and cloned into the mini-TurbolD
coding region at a unique restriction enzyme site. The resulting plasmid was used as a template
for another round of PCR to prepare a transfer DNA fragment for markerless recombination with
BAC16 (108). Recombinant BAC16 clones with insertion and also a deletion of the kanamycin
cassette in the BAC16 genome were confirmed by colony PCR with appropriate primer pairs.
Recombination junctions and adjacent genomic regions were amplified by PCR and the resulting
PCR products were directly sequenced with the same primers to confirm in-frame insertion of
the mini-TurbolD cassette into the BAC16 DNA for mini-TurbolD-ORF57 and -LANA. Insertion
of PAN RNA MRE mutations was performed by using primer pairs that encode the intended
mutations. Primer pairs were used to amplify the kanamycin cassette and recombination,
deletion of kanamycin cassette, confirmation of mutations was performed as described above.
The resulting recombinant BAC16 was confirmed by restriction enzyme digestions (Hindlll and
Bglll) to determine if there were any large DNA deletions. Two independent BAC16 clones were

generated for each mini-TurbolD tagged recombinant KSHV virus as biological replicates and
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one of the clones was used for protein ID. Entire BAC16 DNAs were subsequently sequenced

by NGS on an lllumina MiSeq System.

Quantification of viral copy number. Two hundred microliters of cell culture supernatant were
treated with DNase | (12 pg/ml) for 15 min at room temperature to degrade unencapsidated
DNA. This reaction was stopped by the addition of EDTA to 5 mM followed by heating at 70°C
for 15 min. Viral genomic DNA was purified using the QlAamp DNA Mini Kit according to the
manufacturer’s protocol and eluted in 100 ul of buffer AE. Four microliters of the eluate were

used for real-time gPCR to determine viral copy number, as described previously (105).

Real-time RT-PCR. Total RNA was isolated using the Quick-RNA miniprep kit (Zymo Research,
Irvine, CA, USA). First-strand cDNA was synthesized using the High Capacity cDNA Reverse
Transcription Kit (Thermo Fisher, Waltham, MA USA). Gene expression was analyzed by
realtime qPCR using specific primers for KSHV ORFs designed by Fakhari and Dittmer (109).
We used 18S ribosomal RNA or GAPDH as an internal standard to normalize viral gene

expression.

Western blotting. Cells were lysed in IP lysis buffer (25 mM Tris-HCI pH 7.4, 150 mM NaCl, 1%
NP-40, 1 mM EDTA, 5% glycerol) containing protease inhibitors (Roche, Basel, Switzerland).

Total cell lysates (25 ug) were boiled in SDS-PAGE loading buffer and subjected to SDS-PAGE

and subsequently transferred to a polyvinylidene fluoride membrane (Millipore-Sigma, St. Louis,
MO, USA) using a semidry transfer apparatus (Bio-Rad, Hercules, CA, USA). The streptavidin-

HRP conjugate was used at 1:3000 dilution. Final dilution of the primary antibody was 1:3,000
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for anti-Flag mouse antibody, 1:1,000 for anti-LANA rat antibody, anti-CHD4 rabbit, and anti-
ADNP rabbit antibodies. Washing membranes and secondary antibody incubations were

performed as described previously (105).

Affinity purification of biotinylated proteins. KSHV LANA-mTID cells were incubated with
100 pM D-biotin for 60 mins at 37°C. To stop the reaction, cells were incubated at 4°C for 60
mins. Cells were washed with cold PBS three times followed by lysis with SUMO lysis buffer
(Tris-Cl PH 6.8, 1% SDS and 10% glycerol). Lysates were immediately boiled for 10 min, and
protein was quantified by Bradford assay (Bio-Rad). The biotinylation signal was confirmed by

western blotting using Strep-HRP.

Affinity purification was performed with streptavidin-coated magnetic beads (Thermo-Fisher).
Briefly, 150 ul magnetic beads/sample were pre-washed with RIPA lysis buffer (150 mM NaCl,
5 mM EDTA (pH 8), 50 mM Tris (pH 8), 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) 3
times. A total of 3 mg of whole cell lysate was incubated with pre-washed streptavidin beads
after diluting with RIPA buffer for 10 times, at room temperature for 1h with rotation. The beads
were collected using a magnetic stand and washed three times with wash buffer according to
the manufacturer’s protocol. Finally, beads were resuspended in 200 ul of wash buffer and sent

to UC Davis Proteomics core for on bead digestion and LC-MS/MS analysis.

MS sample preparation. Protein samples on magnetic beads were washed four times with 200
ul of 50 mM ammonium bicarbonate (AMBIC) with a twenty-minute shake time at 4°C in between

each wash. Roughly 2.5 ug of trypsin was added to the beads and AMBIC and the samples were
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digested overnight at 800 rpm shake speed. After overnight digestion, the supernatant was
removed, and the beads were washed once with enough 50 mM AMBIC to cover them. After 20
minutes at a gentle shake the wash was removed and combined with the initial supernatant. The
peptide extracts were reduced in volume by vacuum centrifugation and a small portion of the
extract was used for fluorometric peptide quantification (Thermo Scientific Pierce). One
microgram of sample based on the fluorometric peptide assay was loaded for each LC-MS

analysis.

Digested peptides were analyzed by LC-MS/MS on a Thermo Scientific Q Exactive
Orbitrap Mass spectrometer in conjunction with Proxeon Easy-nLC Il HPLC (Thermo Scientific)
and Proxeon nanospray source. The digested peptides were loaded on a 100 micron x 25 mm
Magic C18 100A 5U reverse phase trap where they were desalted online before being separated
using a 75-micron x 150 mm Magic C18 200A 3U reverse-phase column. Peptides were eluted
using a 60-minute gradient with a flow rate of 300 ul/min. An MS survey scan was obtained for
the m/z range 300-1600, MS/MS spectra were acquired using a top 15 method, where the top
15 ions in the MS spectra were subjected to HCD (High Energy Collisional Dissociation). An
isolation mass window of 2.0 m/z was used for the precursor ion selection, and normalized
collision energy of 27% was used for fragmentation. A fifteen second duration was used for the

dynamic exclusion.

MS/MS analysis. Tandem mass spectra were extracted and charge state deconvoluted by
Proteome Discoverer (Thermo Scientific). All MS/MS samples were analyzed using X! Tandem
(The GPM, thegpm.org; version X! Tandem Alanine (2017.2.1.4)). X! Tandem was set up to

search the Human and Kaposi's Sarcoma Herpes virus database (149182 entries) assuming the
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digestion enzyme trypsin. X! Tandem was searched with a fragment ion mass tolerance of 20
PPM and a parent ion tolerance of 20 PPM. Carbamidomethyl of cysteine and selenocysteine
was specified in X! Tandem as a fixed modification. Glu->pyro-Glu of the N-terminus, ammonia-
loss of the N-terminus, gin->pyro-Glu of the N-terminus, deamination of asparagine and
glutamine, oxidation of methionine and tryptophan and dioxidation of methionine and tryptophan

were specified in X! Tandem as variable modifications.

Scaffold (version Scaffold 4.8.4, Proteome Software Inc., Portland, OR) was used to
validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted
if they could be established at greater than 98.0% probability by the Scaffold Local FDR
algorithm. Peptide identifications were also required to exceed specific database search engine
thresholds. Protein identifications were accepted if they could be established at greater than
5.0% probability to achieve an FDR less than 5.0% and contained at least 2 identified peptides.
Protein probabilities were assigned by the Protein Prophet algorithm (110). Proteins that
contained similar peptides and could not be differentiated based on MS/MS analysis alone were
grouped to satisfy the principles of parsimony. Proteins sharing significant peptide evidence

were grouped into clusters.

Pathway analysis. The proteins identified to be interacting with ORF57 were used for gene
ontology analysis. The top gene ontology processes were enriched by the Metascape web-

based platform, and the Metascape software was used for gene ontology analysis (111).
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Statistical analysis. Results are shown as mean + SD from at least three independent
experiments. Data were analyzed using unpaired Student's t test, or ANOVA followed by Tukey’s

HSD test. A value of p<0.05 was considered statistically significant.

Code availability. All custom codes used to analyze data and generate figures are available

upon request.

Data availability. Data can be accessed via the Source Data files and Supplementary tables.
The genomic data discussed in this publication have been deposited in NCBI's GEO Database
under unified Super Series GSE163695 with subseries GSE163098 for CUT&RUN and

GSE163694 for CHi-C.

Acknowledgement. This research was supported by public health grants from the National
Cancer Institute (CA225266, CA232845), the National Institute of Dental and Craniofacial
(DE025985), and the National Institute of Allergy and Infectious Disease (Al147207) to Y.l. The
Genomics Shared Resource is supported by the UC Davis Comprehensive Cancer Center

Support Grant (CCSG) awarded by the National Cancer Institute (NClI P30CA093373).

Author Contributions.

AK, Y.L, M.C., and Y.l. designed and performed experiments, analyzed data and prepared

figures. Y.Y., C.C., R.R.D., K.N., and A.M. ran genomic pipelines, performed statistical analyses,

37



844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

and visualized genomic data sets. M.S. prepared enzyme digested protein samples and performed
proteomics data analyses. R.R.D. and C.G.T. prepared sequencing libraries and performed initial
bioinformatics analyses. K.I.N and R.R.D. prepared single cell transcriptomics libraries, and A.M.
wrote custom codes and analyzed single-cell sequence data sets. AK,, Y.L.,, KW., C.l.,, and Y.I.
prepared BAC stable cell lines, and performed molecular and biochemical studies. Y| generated
recombinant BACs. F.C. and K.I.N. prepared slides and performed imaging analyses. V.M., M.S.,
and Z.M.Z. contributed key reagents. A K, Y.L.,Y.Y,,C.C.,, M.S.,F.C.,,R.R.D.,C.G.T., K.N., K.LLN.,
V.M., Z.M.Z. and Y.l. analyzed corresponding data sets. Y.l. wrote the manuscript and all authors

edited the manuscript.

Competing financial interests.

The authors have declared that no conflicts of interest exist.

Materials & Correspondence.

Correspondence and request for materials should be addressed to M.C. (e-mail:

mcampbell@ucdavis.edu) or Y.l. (email: yizumiya@ucdavis.edu).

38



861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

Figure legends

Fig. 1 KSHV episome-tethering sites in KSHV positive cell lines. (a) Schematic workflow
for Capture-HiC (CHi-C). (b) KSHV episome-docking sites on host cell chromosomes.
CHi-C chimeric DNA ligation products composed of sequences derived from the KSHV and
human genomes were mapped in three naturally-infected PEL cells. For BCBL-1 cells, three
biological replicates were performed with nearly identical results (similarity 0.95). M,
mitochondrial chromosome. ICE-corrected profiles depicting sums of filtered read counts binned
at 10 kb resolution are shown. (c) Selected chromosome 1 in zoomed view. Chromosome 1
dot plots were depicted, which displays enrichment of sequence reads near the centromere. Red
arrows indicate the position of the centromere. Extended panels for all other individual
chromosome for three cell lines are presented in Supplementary Fig. 1a-c. (d) KSHV episomes
preferentially localize near the centromere. KSHV episome contacts were calculated in
BCBL-1 cells for sequence reads in 1% (length of the respective chromosome) of the 5’-and 3'-
centromere and compared with the average of the total chromosome read count. (e) LANA
protein locates near the centromere. DNA-FISH was used to visualize the location of the
centromere (red) and KSHV episomes were indirectly visualized by staining LANA dots (Green)
in BCBL-1 cells. The centromere and LANA were probed using a Cenp probe and anti-LANA
antibody respectively with IFA. The two signals were frequently co-localized, and 3D view and
their image analyses are presented in Supplementary Fig. 2. (f) Jaccard statistics and Venn
diagram. Venn diagram shows percent similarity of KSHV episome-tethering positions among

BC-1, BC-3 and BCBL-1 cells.
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Fig. 2 LANA interacts with the ChAHP complex. (a) A schematic diagram of preparation
of recombinant KSHV infected iSLK cells. A mini-TurbolD (mTID) was fused to the N-terminus
of the LANA open reading frame to generate KSHV LANA-mTID. KSHV LANA-mTID was
transfected into /SLK cells followed by production of viral particles by stimulating cells with
doxycycline (1 pg/ml) and sodium butyrate (3 mM) for 5 days. Virus was used to infect /ISLK cells
and cells were selected with hygromycin (1 mg/ml) to obtain an /SLK-LANA mTID stable cell
line. (b) Experimental design for preparing samples for protein ID. /SLK-LANA mTID cells
were left un-incubated (-) or incubated (+) with D-Biotin (500 uM) for 1 hr. Unincubated (-) cells
were used as control samples. Each protein ID was performed in three biological replicates. (c)
Volcano plot depicting proteins in close proximity to LANA. The volcano plot represents
proteins identified in close proximity to LANA. Proteins with an abundance Log2 FC of greater
than or equal to 1 and p-value less than 0.05 were selected and are shown by blue box. T-test
was used for calculating the p-value. Purple color; ChAHP components. Red color; previously
identified proteins as LANA interacting proteins. (d) LANA interacts with CHD4 and ADNP in
vitro. LANA, CHD4 and ADNP complex, which consists of Flag-LANA (gold arrow), Flag-CHD4
(blue arrow), and His-ADNP (green arrow) was prepared by co-infected three recombinant
baculoviruses, and the protein complex was isolated in the presence of 500 mM NaCl and 10%
glycerol with affinity purification. The authenticity of respective protein band was confirmed by
immunoblotting with specific antibodies. Coomassie staining is shown. An equimolar amount
(100 nM) of the three proteins were incubated in binding buffer and immunoprecipitated with the
specific antibodies of one another. Ten percent of the reaction before immunoprecipitation was
shown as controls. W.B: Western Blotting, Co-IP: Co-immunoprecipitation. (e) CHD4

interaction site on LANA. Purified GST-tagged LANA deletions, Flag-tagged luciferase and
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Flag-tagged CHD4 were prepared from recombinant baculovirus infected Sf9 cells. An equal
amount (1 pg) of each LANA deletion protein was incubated with full length Flag-tagged
luciferase (1 ug) or Flag-tagged CHD4 (1 ug) in binding buffer and interaction was probed with
anti-Flag antibody. LANA deletion proteins used for this GST-pull down assay are presented in
Supplementary Fig. 4. (f) LANA co-localizes with CHD4 in BCBL-1. CHD4 and LANA were
probed with anti-CHD4 rabbit monoclonal antibody and anti-LANA rat monoclonal antibody,
respectively. Images were taken with Keyence fluorescence microscopy. Scale bar (20 um) is

shown.

Fig. 3 Association of ChAHP complex binding with KSHV episome-tethering sites. (a)
CUT&RUN analysis for LANA, ADNP, CHD4 and H3K27Ac. The indicated antibodies were
used for CUT&RUN in BCBL-1 cells. CUT&RUN peaks were visualized with Integrative
Genomics Viewer (IGV) and a snapshot of one of the major binding sites (IRF4 super enhancer
region) is shown. The number on the left-hand side denotes the height of the peak (e.g., read
depth) and the number along the top denotes the positions on chromosome 6. (b) Heatmaps
for co-occupancies of LANA with ADNP, CHD4 and H3K27Ac on chromosomes. Heatmap
(middle) and average profile (bottom) showing correlation of LANA enrichment (by color intensity
and region) with ADNP, CHD4, and H3K27Ac occupancies. Average profile plot summarizing
the heatmap (bottom). The lighter green shade represents the standard error (SEM) on the
average profile plot. Color keys are shown on the each heatmap (top). (c) Heatmaps for
correlation of CHi-C with CUT&RUN signals. The association between CHi-C chimeric reads
and LANA, CHD4, ADNP and H3K4me1 CUT&RUN peaks were depicted as heatmap and

average profile plot. (d) Accumulation index around CHD4 binding sites. The accumulation
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of CHD4 is displayed as a proportion of area under the curve of the relative average profile.
Association between distance from CHD4 summit peak and relative chimeric sequence counts

is shown as a bar chart.

Fig. 4 LANA, CHD4 and ADNP colocalize on the KSHV genome. (a) CUT&RUN analysis.
The indicated antibodies were used for CUT&RUN in BCBL-1 cells and sequence reads were
mapped to the KSHV genome. An IGV snapshot and KSHV genome map are shown. The
number on the left-hand side denotes the height of the peak (e.g., read depth), the number along
the top denotes the position on KSHV genome in kilobase (kb) and the number on the right-hand
side indicated by arrow denote the height of the peak on terminal repeat region (TR). Selected
region is zoomed in to show Ori-RNA and PAN RNA region. Primer used in Fig. 4b is also shown
with red arrows and number show the exact location of the amplified region by the primers. (b)
Regulation of CHD4 on the KSHV episome during reactivation. TREx-BCBL-1 cells were
reactivated with doxycycline (1 ug/ml) and sodium butyrate (3 mM) for 24 hrs. CUT&RUN was
performed on un-reactivated (latency) and reactivated cells for CHD4. CHD4 binding on the PAN
RNA promoter region (red arrow in Fig. 4a, right panel) was calculated relative to the input
sample (n=3, two biological replicates are shown). (c) Detachment of KSHV episomes by
reactivation. BCBL-1 cells were reactivated with doxycycline (1 ug/ml) and TPA (20 nM) for 24
hrs. Chimeric sequence reads for un-reactivated (latency) and reactivated cells were mapped to
the host chromosomes and visualized by Juicebox. Relative KSHV episome tethering during
reactivation for the selected region on chromosome 1 was calculated by subtracting relative
chimeric sequence reads in latency from relative chimeric sequence reads during reactivation.

Blue and red dots indicate decreased and increased chimeric sequence reads respectively.
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Fig. 5 CHD4 is both an RNA and DNA binding protein. (a) A schematic diagram of
recombinant KSHVs. Mini-TurbolD is fused to the N-terminus of ORF57 open reading frame
and the ORF57 binding site (MRE) of PAN RNA was mutated as shown. (b) Immunoblotting.
Recombinant KSHV infected /SLK cells (TID-57 PAN-Wt and -MRE) were either untreated or
induced for reactivation with doxycycline (1 pg/ml) and TPA (20 nM) for 24 hrs. Blots were probed
with either anti-Flag antibody (for mini-TurbolD-ORF57) or Streptavidin-HRP (for biotinylated
proteins). (¢) Venn diagram. The Venn diagram indicates the number of identified proteins with
a P value less than 0.05. Each protein ID was performed in three biological replicates. (d) PAN
RNA-mediated interacting proteins with ORF57. The proteins found enriched in PAN RNA-
WT samples are shown. The entire list of proteins and peptide counts are presented in
Supplementary Table 2. (e) siRNA screening with KSHV reactivation as readout.
Recombinant KSHV reactivation, which encodes RFP under control of the PAN RNA promoter,
was used to screen the effects of KSHV reactivation. RFP signal intensity was measured with
Image J, and the GFP signal was used as internal controls. Three randomly selected fields in
the middle of each well were quantified and the average intensity was plotted. (f) Recombinant
proteins and synthesized PAN RNAs. Recombinant Flag-tagged proteins were expressed with
baculovirus and purified with Flag-agarose beads. Coomassie staining of Flag-CHD4, Flag-NF-
kB (p65), and Flag-luciferase used for pull-down studies are shown. (g) Schematic for in vitro
interaction assay performed in Fig. 5 (h-j). (h) CHD4 binds RNAs in a sequence-
independent manner. RNA pull-down was performed with the indicated biotinylated PAN RNA
deletions, mutation (MRE), and irrelevant RNA (luciferase mRNA), and interaction was probed

by immunoblotting with anti-Flag antibody. Beads alone (No RNA) was used for background
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control. (i) RNA pull down was performed with indicated biotinylated RNAs, and p65 and
Luciferase (Luc) were visualized by using anti-Flag antibody. (j) PAN RNA competes with
CHD4 DNA binding. Pull-down analyses with biotinylated ssRNA or dsDNA was performed.
CHD4 (100 nM) was incubated with biotinylated RNA (100 nM) or biotinylated dsDNA (100 nM)
in 40 uL binding buffer. Increasing amounts of non-biotinylated PAN RNA at 1:1, 1:10, and 1:20
(dsDNA vs. ssRNA) were also incubated, and precipitated CHD4 protein in the pull-down was
probed with anti-Flag antibody. Flow-through and 10% of the input reaction before pull-down

were used as control.

Fig. 6 CHD4 is important for latency maintenance and establishment. (a) CHD4
overexpression, knockdown and complementation. The /SLK.219 cell line was transfected
with empty vector (Vec) or mouse CHD4 cDNA or human CHD4 shRNA, or CHD4 shRNA and
mouse CHD4 cDNA for 48 hrs followed by KSHV reactivation with doxycycline (1 pg/ml) for 5
days. Encapsidated KSHV genomes in the culture supernatants were measured by qPCR to
assess effects of CHD4 overexpression or knockdown on KSHV reactivation. (b) CHD4 ATPase
activity is important for prevention of nuclear aggregate formation. /SLK cells latently
infected with BAC16-Wt was transfected with Flag-tagged mouse wild type CHD4, or an ATPase
domain mutant was transfected and stained with anti-Flag. Transcriptional factory formation was
assessed by staining RNAII. The percentage of aggregate formation in Flag-positive cells was
measured and plotted. Three biological replicates were performed, and 50 cells were counted in
each of the three biological replicates. (c) CHD4 ATPase activity is important for inhibiting
viral gene expression during reactivation. /SLK.219 cells were transduced with an equal

amount of CHD4 wild type (wt) and CHD4 mutant (mt) lentivirus for 2 days. Cells were
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reactivated with doxycycline (1 ug/ml) for 2 days and ORF50 and ORF57 gene expression was
quantified by RT-gPCR. Untreated cells were used for calculating the relative expression of
ORF50 and ORF57. GAPDH was used as a negative control. *p<0.05, ***p<0.001 (comparing
with CHD4 Wt). (d-e) Single cell sequencing. /SLK.219 cells were reactivated by induction of
K-Rta expression from doxycycline inducible promoter for 24 hrs. Single-cell sequencing was
performed with the 10x Genomics platform. A cell suspension was prepared followed by cell
partitioning and 3 cDNA synthesis on the Chromium Controller and dual-index library
preparation with 10x Genomics kitted reagents. (d) tSNE. tSNE was applied to separate cell
clusters and KSHV gene (d, left panel) and CHD4 (d, right panel) expressing cells were marked.
(e) Negative correlation between CHD4 and viral gene expression. Cells were divided into
groups based on the amount of KSHV transcripts. A table and distribution of cell numbers and
amount of KSHV transcripts are shown in Supplementary Fig. 6a-b. Intervals used to separate
cell groups are also listed in Supplementary Fig. 6b. A correlation was established based on
CHD4 expression in different groups of KSHV transcripts. (f-h) CHD4 knockdown and KSHV
lytic gene expression during de novo infection. 293T cells were transduced with scramble
shRNA (shScrm) or shCHD4 and stably selected with antibiotic. Immunoblot (f) and RT-gPCR
(g) analysis of CHD4 in the 293T stable cell lines are shown. 293T stable cells were infected
with rKSHV.219 for 24 hrs and total RNA was harvested at the indicated time points. (h) K-Rta
and PAN RNA, was measured by RT-gPCR and normalized to GAPDH. *p<0.05, **p<0.01
(comparing with shScrm). (i) Flow cytometry. 293T cells were transfected with control siRNA
(siC) or CHD4 siRNA (siCHD4) for 48 hrs followed by infection with rKSHV.219 virus for 96 hrs.
Flow cytometry analysis was performed to calculate the number of GFP- and RFP-positive cells

in siC and siCHD4 knockdown cells. (j) KSHV latency model with ChAHP. KSHV episomes
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prevents robust viral INcCRNA expression. The action of robust IncRNA expression in lytic KSHV
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genomic regions. Stimulation of K-Rta, in part by decreased CHD4 expression, triggers robust
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enhance KSHYV reactivation and detach KSHV episomes from CHD4-enriched host chromosome
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Fig. 1 KSHV episome-tethering sites in KSHV positive cell lines. (a) Schematic workflow for Capture-HiC
(CHi-C). (b) KSHV episome-docking sites on host cell chromosomes. CHi-C chimeric DNA ligation
products composed of sequences derived from the KSHV and human genomes were mapped in three



naturally-infected PEL cells. For BCBL-1 cells, three biological replicates were performed with nearly
identical results (similarity 0.95). M, mitochondrial chromosome. ICE-corrected profiles depicting sums of
filtered read counts binned at 10 kb resolution are shown. (c) Selected chromosome 1 in zoomed view.
Chromosome 1 dot plots were depicted, which displays enrichment of sequence reads near the
centromere. Red arrows indicate the position of the centromere. Extended panels for all other individual
chromosome for three cell lines are presented in Supplementary Fig. 1a-c. (d) KSHV episomes
preferentially localize near the centromere. KSHV episome contacts were calculated in BCBL-1 cells for
sequence reads in 1% (length of the respective chromosome) of the 5-and 3'- centromere and compared
with the average of the total chromosome read count. (e) LANA protein locates near the centromere. DNA-
FISH was used to visualize the location of the centromere (red) and KSHV episomes were indirectly
visualized by staining LANA dots (Green) in BCBL-1 cells. The centromere and LANA were probed using a
Cenp probe and anti-LANA antibody respectively with IFA. The two signals were frequently co-localized,
and 3D view and their image analyses are presented in Supplementary Fig. 2. (f) Jaccard statistics and
Venn diagram. Venn diagram shows percent similarity of KSHV episome-tethering positions among BC-1,
BC-3 and BCBL-1 cells.
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Figure 2

LANA interacts with the ChAHP complex. (a) A schematic diagram of preparation of recombinant KSHV
infected iSLK cells. A mini-TurbolD (mTID) was fused to the N-terminus of the LANA open reading frame
to generate KSHV LANA-mTID. KSHV LANA-mTID was transfected into iSLK cells followed by production
of viral particles by stimulating cells with doxycycline (1 pg/ml) and sodium butyrate (3 mM) for 5 days.
Virus was used to infect iSLK cells and cells were selected with hygromycin (1 mg/ml) to obtain an iSLK-



LANA mTID stable cell line. (b) Experimental design for preparing samples for protein ID. iISLK-LANA
mTID cells were left un-incubated (-) or incubated (+) with D-Biotin (500 pM) for 1 hr. Unincubated (-) cells
were used as control samples. Each protein ID was performed in three biological replicates. (c) Volcano
plot depicting proteins in close proximity to LANA. The volcano plot represents proteins identified in close
proximity to LANA. Proteins with an abundance Log2 FC of greater than or equal to 1 and p-value less
than 0.05 were selected and are shown by blue box. T-test was used for calculating the p-value. Purple
color; ChAHP components. Red color; previously identified proteins as LANA interacting proteins. (d)
LANA interacts with CHD4 and ADNP in vitro. LANA, CHD4 and ADNP complex, which consists of Flag-
LANA (gold arrow), Flag-CHD4 (blue arrow), and His-ADNP (green arrow) was prepared by co-infected
three recombinant baculoviruses, and the protein complex was isolated in the presence of 500 mM NaCl
and 10% glycerol with affinity purification. The authenticity of respective protein band was confirmed by
immunoblotting with specific antibodies. Coomassie staining is shown. An equimolar amount (100 nM)
of the three proteins were incubated in binding buffer and immunoprecipitated with the specific
antibodies of one another. Ten percent of the reaction before immunoprecipitation was shown as
controls. W.B: Western Blotting, Co-IP: Co-immunoprecipitation. (€) CHD4 interaction site on LANA.
Purified GST-tagged LANA deletions, Flag-tagged luciferase and 41 Flag-tagged CHD4 were prepared
from recombinant baculovirus infected Sf9 cells. An equal amount (1 pg) of each LANA deletion protein
was incubated with full length Flag-tagged luciferase (1 ug) or Flag-tagged CHD4 (1 pg) in binding buffer
and interaction was probed with anti-Flag antibody. LANA deletion proteins used for this GST-pull down
assay are presented in 910 Supplementary Fig. 4. (f) LANA co-localizes with CHD4 in BCBL-1. CHD4 and
LANA were 911 probed with anti-CHD4 rabbit monoclonal antibody and anti-LANA rat monoclonal
antibody, 912 respectively. Images were taken with Keyence fluorescence microscopy. Scale bar (20 ym)
is 913 shown
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Figure 3

Association of ChAHP complex binding with KSHV episome-tethering sites. (a) CUT&RUN analysis for
LANA, ADNP CHD4 and H3K27Ac. The indicated antibodies were used for CUT&RUN in BCBL-1 cells.
CUT&RUN peaks were visualized with Integrative Genomics Viewer (IGV) and a snapshot of one of the
major binding sites (IRF4 super enhancer region) is shown. The number on the left-hand side denotes the
height of the peak (e.g., read depth) and the number along the top denotes the positions on chromosome



6. (b) Heatmaps for co-occupancies of LANA with ADNP, CHD4 and H3K27Ac on chromosomes. Heatmap
(middle) and average profile (bottom) showing correlation of LANA enrichment (by color intensity and
region) with ADNP, CHD4, and H3K27Ac occupancies. Average profile plot summarizing the heatmap
(bottom). The lighter green shade represents the standard error (SEM) on the average profile plot. Color
keys are shown on the each heatmap (top). (c) Heatmaps for correlation of CHi-C with CUT&RUN signals.
The association between CHi-C chimeric reads and LANA, CHD4, ADNP and H3K4me1 CUT&RUN peaks
were depicted as heatmap and average profile plot. (d) Accumulation index around CHD4 binding sites.
The accumulation 42 of CHD4 is displayed as a proportion of area under the curve of the relative average
profile. Association between distance from CHD4 summit peak and relative chimeric sequence counts is
shown as a bar chart.
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Figure 4

LANA, CHD4 and ADNP colocalize on the KSHV genome. (a) CUT&RUN analysis. The indicated antibodies
were used for CUT&RUN in BCBL-1 cells and sequence reads were mapped to the KSHV genome. An IGV
snapshot and KSHV genome map are shown. The number on the left-hand side denotes the height of the
peak (e.g., read depth), the number along the top denotes the position on KSHV genome in kilobase (kb)
and the number on the right-hand side indicated by arrow denote the height of the peak on terminal



repeat region (TR). Selected region is zoomed in to show Ori-RNA and PAN RNA region. Primer used in
Fig. 4b is also shown with red arrows and number show the exact location of the amplified region by the
primers. (b) Regulation of CHD4 on the KSHV episome during reactivation. TREx-BCBL-1 cells were
reactivated with doxycycline (1 ug/ml) and sodium butyrate (3 mM) for 24 hrs. CUT&RUN was performed
on un-reactivated (latency) and reactivated cells for CHD4. CHD4 binding on the PAN RNA promoter
region (red arrow in Fig. 4a, right panel) was calculated relative to the input sample (n=3, two biological
replicates are shown). (c) Detachment of KSHV episomes by reactivation. BCBL-1 cells were reactivated
with doxycycline (1 pg/ml) and TPA (20 nM) for 24 hrs. Chimeric sequence reads for un-reactivated
(latency) and reactivated cells were mapped to the host chromosomes and visualized by Juicebox.
Relative KSHV episome tethering during reactivation for the selected region on chromosome 1 was
calculated by subtracting relative chimeric sequence reads in latency from relative chimeric sequence
reads during reactivation. Blue and red dots indicate decreased and increased chimeric sequence reads
respectively.
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Fig. 5

CHD4 is both an RNA and DNA binding protein. (a) A schematic diagram ofrecombinant KSHVs. Mini-
TurbolD is fused to the N-terminus of ORF57 open reading frame and the ORF57 binding site (MRE) of
PAN RNA was mutated as shown. (b) Immunoblotting. Recombinant KSHV infected iSLK cells (TID-57
PAN-Wt and -MRE) were either untreated or induced for reactivation with doxycycline (1 pg/ml) and TPA
(20 nM) for 24 hrs. Blots were probed with either anti-Flag antibody (for mini-TurbolD-ORF57) or



Streptavidin-HRP (for biotinylated proteins). (c) Venn diagram. The Venn diagram indicates the number of
identified proteins with a P value less than 0.05. Each protein ID was performed in three biological
replicates. (d) PAN RNA-mediated interacting proteins with ORF57. The proteins found enriched in PAN
RNA962 WT samples are shown. The entire list of proteins and peptide counts are presented in
Supplementary Table 2. (e) siRNA screening with KSHV reactivation as readout. Recombinant KSHV
reactivation, which encodes RFP under control of the PAN RNA promoter, was used to screen the effects
of KSHV reactivation. RFP signal intensity was measured with Image J, and the GFP signal was used as
internal controls. Three randomly selected fields in the middle of each well were quantified and the
average intensity was plotted. (f) Recombinant proteins and synthesized PAN RNAs. Recombinant Flag-
tagged proteins were expressed with baculovirus and purified with Flag-agarose beads. Coomassie
staining of Flag-CHD4, Flag-NF970 kB (p65), and Flag-luciferase used for pull-down studies are shown.
(g9) Schematic for in vitro interaction assay performed in Fig. 5 (h-j). (h) CHD4 binds RNAs in a
sequence972 independent manner. RNA pull-down was performed with the indicated biotinylated PAN
RNA deletions, mutation (MRE), and irrelevant RNA (luciferase mRNA), and interaction was probed by
immunoblotting with anti-Flag antibody. Beads alone (No RNA) was used for background 44 control. (i)
RNA pull down was performed with indicated biotinylated RNAs, and p65 and Luciferase (Luc) were
visualized by using anti-Flag antibody. (j) PAN RNA competes with CHD4 DNA binding. Pull-down
analyses with biotinylated ssRNA or dsDNA was performed. CHD4 (100 nM) was incubated with
biotinylated RNA (100 nM) or biotinylated dsDNA (100 nM) in 40 pL binding buffer. Increasing amounts
of non-biotinylated PAN RNA at 1:1, 1:10, and 1:20 (dsDNA vs. ssRNA) were also incubated, and
precipitated CHD4 protein in the pull-down was probed with anti-Flag antibody. Flow-through and 10% of
the input reaction before pull-down were used as control.
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Figure 6

CHD4 is important for latency maintenance and establishment. (a) CHD4 overexpression, knockdown and
complementation. The iSLK.219 cell line was transfected with empty vector (Vec) or mouse CHD4 cDNA
or human CHD4 shRNA, or CHD4 shRNA and mouse CHD4 cDNA for 48 hrs followed by KSHV
reactivation with doxycycline (1 ug/ml) for 5 days. Encapsidated KSHV genomes in the culture
supernatants were measured by qPCR to assess effects of CHD4 overexpression or knockdown on KSHV



reactivation. (b) CHD4 ATPase activity is important for prevention of nuclear aggregate formation. iSLK
cells latently infected with BAC16-Wt was transfected with Flag-tagged mouse wild type CHD4, or an
ATPase domain mutant was transfected and stained with anti-Flag. Transcriptional factory formation
was assessed by staining RNAII. The percentage of aggregate formation in Flag-positive cells was
measured and plotted. Three biological replicates were performed, and 50 cells were counted in each of
the three biological replicates. (c) CHD4 ATPase activity is important for inhibiting viral gene expression
during reactivation. iSLK.219 cells were transduced with an equal amount of CHD4 wild type (wt) and
CHD4 mutant (mt) lentivirus for 2 days. Cells were 45 reactivated with doxycycline (1 pg/ml) for 2 days
and ORF50 and ORF57 gene expression was quantified by RT-gPCR. Untreated cells were used for
calculating the relative expression of ORF50 and ORF57. GAPDH was used as a negative control. *p<0.05,
***p<0.001 (comparing with CHD4 Wt). (d-e) Single cell sequencing. iSLK.219 cells were reactivated by
induction of K-Rta expression from doxycycline inducible promoter for 24 hrs. Single-cell sequencing was
performed with the 10x Genomics platform. A cell suspension was prepared followed by cell partitioning
and 3' cDNA synthesis on the Chromium Controller and dual-index library preparation with 10x Genomics
kitted reagents. (d) tSNE. tSNE was applied to separate cell clusters and KSHV gene (d, left panel) and
CHD4 (d, right panel) expressing cells were marked. () Negative correlation between CHD4 and viral gene
expression. Cells were divided into groups based on the amount of KSHV transcripts. A table and
distribution of cell numbers and amount of KSHV transcripts are shown in Supplementary Fig. 6a-b.
Intervals used to separate cell groups are also listed in Supplementary Fig. 6b. A correlation was
established based on CHD4 expression in different groups of KSHV transcripts. (f-h) CHD4 knockdown
and KSHYV lytic gene expression during de novo infection. 293T cells were transduced with scramble
shRNA (shScrm) or shCHD4 and stably selected with antibiotic. Immunoblot (f) and RT-gPCR (g) analysis
of CHD4 in the 293T stable cell lines are shown. 293T stable cells were infected with rKSHV.219 for 24
hrs and total RNA was harvested at the indicated time points. (h) K-Rta and PAN RNA, was measured by
RT-gPCR and normalized to GAPDH. *p<0.05, **p<0.01 (comparing with shScrm). (i) Flow cytometry.
293T cells were transfected with control siRNA (siC) or CHD4 siRNA (siCHD4) for 48 hrs followed by
infection with rKSHV.219 virus for 96 hrs. Flow cytometry analysis was performed to calculate the
number of GFP- and RFP-positive cells in siC and siCHD4 knockdown cells. (j) KSHV latency model with
ChAHP. KSHV episomes 46 tether at epigenetically active regions with the ChAHP complex, and TR-
loaded LANA/ChAHP prevents robust viral IncRNA expression. The action of robust INncRNA expression in
lytic KSHV infection functions as an enhancer for viral ORFs that are physically neighboring with IncRNA
genomic regions. Stimulation of K-Rta, in part by decreased CHD4 expression, triggers robust PAN RNA
expression in the presence of ORF57, which competes with CHD4 DNA binding to enhance KSHV
reactivation and detach KSHV episomes from CHD4-enriched host chromosome regions.
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