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Abstract 15 

Chromatin structure plays a central role in the regulation of Epstein-Barr Virus (EBV) 16 

latency. The histone variant H2A.Z.1 has been implicated in chromatin structures 17 

associated with initiation of transcription and DNA replication. Here, we investigate the 18 

functional role of H2AZ.1 in the regulation of EBV chromatin, gene expression and copy 19 

number during latent infection.  We found that H2A.Z.1 is highly enriched with EBNA1 20 

binding sites at oriP and Qp, and to a lesser extent with transcriptionally active CTCF 21 

binding sites on the EBV genomes in both Mutu I Burkitt lymphoma (BL) and SNU719 22 

EBV-associated gastric carcinoma (EBVaGC) cell lines. RNA-interference depletion of 23 

H2A.Z.1 resulted in the reactivation of viral lytic genes (ZTA and EAD) and increases 24 

viral DNA copy numbers in both MutuI and SNU719 cells.  H2A.Z depletion also led to a 25 

decrease in EBNA1 binding to oriP and Qp, on the viral episome as well as on oriP 26 

plasmids independently of other viral genes and genomes. H2A.Z.1 depletion also 27 

reduced peaks of H3K27ac and H4K20me3 at regulatory elements in the EBV genome.  28 

In the cellular genome, H2A.Z.1 colocalized with only a subset of EBNA1 binding sites 29 

and H2A.Z.1 depletion altered transcription of genes associated with myc targets and 30 

mTORC1 signaling.  Taken together, these findings indicate that H2A.Z.1 cooperates 31 

with EBNA1 to regulate chromatin structures important for epigenetic programming of 32 

the latent episome.  33 

  34 
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Importance 35 

Cellular factors the restrict latent viral reactivation are of fundamental importance.  We 36 

have found that the cellular histone variant H2A.Z functions in cooperation with the 37 

Epstein-Barr Virus (EBV) latency maintenance protein EBNA1 to establish a stable 38 

epigenome and restrict lytic cycle reactivation during latency.  We show that H2A.Z co-39 

occupies EBNA1 binding sites on the EBV and host genome, and that depletion of 40 

H2A.Z leads to robust reactivation of EBV from latency.  H2A.Z is important for the 41 

function of EBNA1 at the origin of plasmid (oriP) replication and establishing EBV 42 

epigenetic marks.  H2A.Z binds with EBNA1 at cellular binding sites and controls the 43 

expression of cellular genes in the cMyc and mTORC1 pathways that are also 44 

implicated in control of EBV latency. 45 

  46 
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Introduction 47 

Epstein-Barr virus (EBV) is a highly prevalent human gammaherpesvirus that 48 

establishes long-term latent infection in memory B-cells (1-3).  EBV is also strongly 49 

associated with diverse cancers, including endemic forms of Burkitt’s lymphoma (BL) 50 

and nasopharyngeal carcinoma (NPC), numerous other B-lymphomas, NK/T 51 

lymphomas and a subtype of gastric carcinomas (GC)  (4, 5).  In total, EBV is 52 

responsible for 1-2% of all human cancers (6).   53 

Most EBV cancers are associated with latent forms of EBV where viral DNA is 54 

maintained in tumor cell nuclei as multicopy episomes (7, 8). These episomes are 55 

subject to chromatin-associated epigenetic regulation whereby only a few viral genes 56 

are expressed, and productive lytic cycle gene expression and replication are largely 57 

repressed (9, 10). EBV latency has been categorized into at least four different gene 58 

expression programs, called latency types (11). The latency types correlate with host 59 

cell and tumor types, although some viral gene patterns can be highly heterogeneous in 60 

a tumor population(12, 13). The variable outcome of EBV infection from latent to lytic, or 61 

benign to malignant depend on epigenetic changes in viral and host genomes (14).  62 

Viral and cellular factors both contribute to the formation and stability of these different 63 

epigenetic states. 64 

Central to the epigenetic control of gene expression is the composition of 65 

histones and histone variants that assemble as nucleosomes on genomes and gene 66 

regulatory elements (15, 16). Histone variants are incorporated into the nucleosomes 67 

through histone chaperones and replace canonical histones, conferring a structural and 68 

qualitative change to chromatin(17, 18). Histone variants play an important role in 69 
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various cellular processes such as embryonic development, chromosomal segregation, 70 

transcriptional regulation, DNA repair (17, 19). The role of histone variants on the EBV 71 

genome is not completely understood. The EBV tegument protein BNRF1 has been 72 

found to bind histone chaperone DAXX in complex with H3.3-H4 histones during the 73 

early phase assembly of chromatin on the EBV episomes (20, 21).  Early studies 74 

examining Encode data sets identified the histone variant H2A.Z.1 (subsequently 75 

referred to as H2AZ) as potentially enriched at the EBV oriP region (22, 23). H2A.Z.1 is 76 

more common of two isoforms, the other being H2A.Z.2 (24, 25). H2A.Z family are one 77 

of several histone H2A variants that include H2AX and macroH2A (26).  H2A.Z.1 is of 78 

particular interest since it has been implicated in control of replication origins, DNA 79 

repair, centromeric heterochromatin and transcription (activation or repression) (25, 27). 80 

H2A.Z.1 is enriched at transcriptional regulatory elements, including promoters, 81 

enhancers and insulators, where it is thought to destabilize the core histone and 82 

facilitate dynamic chromatin remodeling (27). In addition, overexpression of H2A.Z.1 83 

has been correlated with the development of several cancer types (e.g. pancreas, 84 

breast, bladder, melanoma), since its presence in promoter regions favors the 85 

expression of genes associated with cell transformation (28-32).  86 

Here we evaluated the role of H2A.Z in the control of EBV latency.  We found that 87 

H2A.Z is enriched at several sites across the EBV genome with particularly high 88 

enrichment around EBNA1 binding sites at oriP and Qp. We also found that depletion of 89 

H2A.Z reduced EBNA1 binding at these viral sites and led to the reactivation of lytic 90 

gene expression from latently infected Mutu I Burkitt lymphoma cell lines and SNU719 91 

EBV-associated gastric carcinoma (EBVaGC) cell lines. Our findings suggest that 92 
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H2A.Z cooperates with EBNA1 binding at both viral and cellular sites to maintain a 93 

stable latent infection in EBV infected cancer cells.    94 

Results  95 

Histone variant H2A.Z bind in common sites with EBNA1 in EBV genome 96 

We first set out to determine if histone variant H2A.Z is incorporated into the EBV 97 

genome.  We performed Chromatin Immunoprecipitation followed by sequencing (ChIP-98 

seq) for H2A.Z and EBNA1 in two different EBV latency models, SNU719, an EBVaGC-99 

derived cell line and Mutu I, an EBV+ BL-derived cell line.  In Figure 1A we show the 100 

EBV genome from IGV browser with H2A.Z ChIP-seq tracks (magenta) along with 101 

EBNA1 ChIP-seq tracks (blue) and Input (grey). For reference, we also provide the 102 

CTCF ChIP-seq tracks (green).  Analysis of the ChIP-seq peak patterns reveal that 103 

H2A.Z has a broad peak covering most of the oriP (FR and DS) region and a second 104 

large peak at the Qp region.  We also observed weaker peaks that colocalized with 105 

some CTCF binding sites including those at the LMP1/LMP2 regulatory locus (referred 106 

to as CTCF166).  At the oriP locus it is apparent that H2A.Z peak is enriched at both the 107 

EBNA1 binding sites at the family of repeats (FR) and dyad symmetry (DS) regions of 108 

oriP as well as extending across the CTCF binding site at the EBERp located several 109 

hundreds of basepairs upstream of the FR and a second CTCF site located just 110 

downstream of the DS (Fig. 1B). Similarly, the strong H2A.Z peak at Qp is split and 111 

centered over the 2 EBNA1 binding sites and the CTCF binding site that is less than 50 112 

bp from the 5’ EBNA1 binding site (Fig. 1C). We confirmed by ChIP-qPCR that H2A.Z 113 

was enriched at FR, DS, Qp but not at control oriLyt region in SNU719 (Fig. 1D) and 114 

Mutu I (Fig. 1E), as well as in LCL-352 (Fig. 1F) and nasopharyngeal carcinoma (NPC) 115 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 29, 2025. ; https://doi.org/10.1101/2025.01.28.635203doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.28.635203
http://creativecommons.org/licenses/by-nc-nd/4.0/


Castro-Munoz  H2AZ control of EBV 

 7 

derived C666-1 (Fig. 1G). These results indicate that histone variant H2A.Z is enriched 116 

on EBNA1 occupied sites in different EBV latency and cell types.  117 

Knockdown of histone variant H2A.Z disrupts EBV latency to induce lytic cycle 118 

gene expression and DNA replication 119 

To determine if H2A.Z enrichment on the EBV latent episome has any functional role, 120 

we depleted H2A.Z by RNA interference knock-down.  We assayed two independent 121 

small hairpin RNA (shRNA) using lentivirus transduction in Mutu I cells and validated 122 

that these efficiently knocked down H2A.Z by Western blot (Fig. 2A).  Western blot 123 

analysis revealed that H2A.Z knock-down partially reduced EBNA1 expression and 124 

more substantially increased lytic cycle BZLF1 transcriptional activator ZTA relative to 125 

actin control (Fig. 2A). RT-qPCR showed that both shRNAs for H2A.Z induced 126 

significant levels of EBV lytic transcripts for ZTA, as well as EA-D (Fig. 2B). DNA qPCR 127 

comparing viral oriLyt to cellular GAPDH ratios showed a significant increase in viral 128 

DNA copy number after transduction with both shH2A.Z relative to shControl lentivirus 129 

transduced Mutu I cells (Fig. 2C). We next tested the effects of siRNA depletion of 130 

H2A.Z in SNU719. We used an siRNA pool targeting H2A.Z (ON-TARGETplus 131 

Smartpool) or non-targeting control siRNA in these EBVaGC cells since these are more 132 

transfectable than Mutu I. Western blot demonstrated that H2A.Z was efficiently 133 

depleted by siH2A.Z (Fig. 2D).  Similar to our findings in Mutu I, H2A.Z depletion led to 134 

a modest loss of EBNA1 protein, and a large increase in the lytic protein EA-D (Fig. 135 

2D). RT-qPCR showed that siH2A.Z induced both Zta and EA-D transcripts (Fig. 2E) 136 

and an increase in viral DNA copy number as measured by qPCR (Fig. 2F).  While the 137 

DNA amplification in SNU719 is not as robust as in Mutu I cells, the general trend 138 
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towards lytic gene activation and viral DNA amplification were similar in both cell types. 139 

These findings indicate that H2A.Z depletion leads to a disruption of EBV latency with 140 

an increase in lytic cycle gene transcripts and viral DNA copy number. 141 

Depletion of H2A.Z reduces EBNA1 binding to the EBV genome  142 

We next examined the effects of H2A.Z knockdown on EBNA1 binding to the EBV 143 

genome (Fig. 3).  We used ChIP-qPCR to assay EBNA1 binding to the FR and Qp, and 144 

as a negative control oriLyt (Fig. 3A and B). We observed a substantial reduction (~2-3 145 

fold) in EBNA1 binding at both FR and Qp in Mutu I (Fig. 3A) and SNU719 (Fig. 3B).  146 

As expected, EBNA1 did not bind oriLyt demonstrating the specificity of EBNA1 binding 147 

to EBV genome. These findings suggest that H2A.Z is important for EBNA1 binding to 148 

the viral episome during latent infection. 149 

H2A.Z knock-down reduces EBNA1-binding and oriP-dependent plasmid DNA 150 

replication  151 

 Since H2A.Z knock-down can induce viral lytic cycle gene expression and DNA 152 

replication in EBV positive cell lines, it is possible that this indirectly inhibits EBNA1 DNA 153 

binding to EBV episomes.  To eliminate this concern, we assayed the effect of H2A.Z 154 

knockdown in EBV-negative 293T cells transfected with a self-replicating plasmid 155 

expressing FLAG-EBNA1 and containing the oriP replicon (Fig. 4). We validated that 156 

H2A.Z could be efficiently depleted in 293T cells transfected with H2A.Z siRNA pool 157 

(Fig. 4A). ChIP-qPCR was used to assay H2A.Z and EBNA1 binding after siControl and 158 

siH2A.Z.   H2A.Z bound significantly to the FR and DS regions of the oriP plasmid, and 159 

to a lesser extent the Ampicillin (Amp) gene, located ~4 kb away from oriP on the same 160 
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plasmid DNA.  As expected, siRNA depletion of H2A.Z led to a significant reduction of 161 

its binding to oriP (Fig. 4B).  EBNA1 bound efficiently to the DS and FR, but not to the 162 

Amp gene of the oriP plasmid in siRNA control cells (Fig. 4C).  However, in H2A.Z 163 

depleted cells,  EBNA1 binding was reduced ~7 fold at the DS and FR elements (Fig. 164 

4C). We also assayed the relative DNA copy number of the oriP plasmid using qPCR for 165 

either the DS or FR element relative to cellular GAPDH DNA (Fig. 4D). Using both 166 

markers of the oriP plasmid, we observed a significant decrease in the oriP plasmid 167 

copy number after siRNA depletion of H2A.Z relative to siControl (Fig. 4D).  Taken 168 

together, these findings indicate that H2A.Z facilitates the binding of EBNA1 to oriP and 169 

consequently, the EBNA1-dependent DNA replication/episome maintenance of the oriP-170 

containing plasmid. 171 

EBNA1 enhances H2A.Z binding at oriP 172 

To determine if EBNA1 contributes to the enrichment of H2A.Z occupancy at oriP, we 173 

performed ChIP-qPCR assays with an oriP-containing plasmid lacking EBNA1 (pHEBO) 174 

in 293T cells co-transfected with either empty vector or with pCMV-FLAG-EBNA1 (Fig. 175 

5).  Expression of FLAG-EBNA1 was validated by Western blot (Fig. 5A) and its 176 

efficient binding to DS and FR was shown by ChIP-qPCR (Fig. 5B).  EBNA1 bound 177 

weakly to the Amp regions, as may be expected since this is only ~4 kb from the oriP 178 

element in the same plasmid.  ChIP-qPCR for H2A.Z revealed a significant increase 179 

(~3-5 fold) of binding at the DS and FR in the presence of EBNA1 (Fig. 5C).  In 180 

contrast, H2A.Z binding slightly decreased at the Amp gene.  These findings indicate 181 

that EBNA1 enhances the binding of H2A.Z at EBNA1 binding sites in oriP. 182 

 183 
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H2A.Z differentially affects CTCF binding and histone modifications at regulatory 184 

sites in the EBV genome 185 

ChIP-seq data showed that H2A.Z colocalized with several CTCF binding sites on the 186 

EBV genome, including those at the Qp and LMP1/LMP2 locus (CTCF166) (Fig. 1A-C). 187 

We therefore assayed the effect of H2A.Z depletion on CTCF binding to Qp and 188 

LMP1/LMP2 locus CTCF sites.  ChIP-qPCR for CTCF revealed that H2A.Z knock-down 189 

modestly increased (~1.3 fold) CTCF binding at Qp and CTCF166 binding sites. No 190 

CTCF binding was detected at the oriLyt region which was used as a specificity control. 191 

The observed increase binding of CTCF contrasts with the decreased binding by 192 

EBNA1, suggesting that H2A.Z has opposing effects on these two different DNA binding 193 

factors.   194 

H2A.Z is also known to contribute to both active and repressive cellular 195 

chromatin structures. To explore the potential role of H2A.Z on histone modifications 196 

associated with either active or repressive chromatin on the EBV genome. We 197 

evaluated the enrichment of four histone marks at two regions of the EBV genome that 198 

have different epigenetic regulation, namely Qp, which is transcriptionally active in type I 199 

latency and oriLyt, which is silenced for lytic DNA replication in SNU719 cells. Two 200 

histone marks associated with transcriptional activation such as H3K27ac and 201 

H3K40me3, and two histone marks associated with repression like H3K27me3 and 202 

H4K20me3 were evaluated (Fig. 6B and C). We first show that H3K27ac was more 203 

enriched in Qp region (Fig. 6B) while H4K20me3 was more enriched in oriLyt region 204 

(Fig. 6C). We next analyzed the effects of H2A.Z knock-down on these histone marks. 205 

We found that H2A.Z knock-down led to a loss of H3K27ac at Qp and H4K20me3 at 206 
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oriLyt (Fig. 6D and E). These results indicate that H2A.Z contributes to the formation of 207 

histone modifications at key regulatory elements throughout the EBV epigenome.   208 

Histone variant H2A.Z and EBNA1 are able bind in common sites in cellular 209 

genome 210 

We next examined the binding patterns of EBNA1 and H2A.Z in the cellular genomes of 211 

these EBV+ cells. We analyzed genome-wide ChIP-seq binding of H2A.Z and EBNA1 in 212 

Mutu I and SNU719. In Figure 7A we show heatmap alignments of all EBNA1 binding 213 

sites compared to H2A.Z binding sites which revealed very distinct patterns in both cell 214 

lines, with EBNA1 peaks being very narrow while H2A.Z peaks appear to be broader, 215 

ranging from 100 to 1000 bp. More specifically, in Mutu I cells we identified 6819 216 

regions enriched with H2A.Z, of which 5.7% were in promoter regions and 94.3% was in 217 

intergenic regions, while EBNA1 was enriched in 1102 regions, of which 2.1% was in 218 

promoter regions and 97.9% was in distal intergenic regions (Fig. 7B, upper panel). In 219 

SNU719, H2A.Z was enriched in 8796 regions and only 9.5% was in promoter regions 220 

and 90.6% was in distal intergenic regions, while EBNA1 was enriched in 968 regions, 221 

of which 3.4% was in promoter regions and 96.6% was in intergenic regions (Fig. 7B, 222 

right). Venn diagrams show that H2A.Z and EBNA1 binding overlaps in approximately 223 

700 regions in both cell lines (Fig. 7B, lower panel). Overlap of EBNA1 and H2A.Z 224 

binding sites were also shown by heatmap analysis showing a small fraction of H2A.Z 225 

and EBNA1 sites directly overlap across the cellular genome (Fig. 7C).  Examination of 226 

several previously documented EBNA1 peaks, including ADA and IL6R show interesting 227 

patterns of H2A.Z overlap and interaction (Fig. 7D).  At the ADA locus, where EBNA1 228 

binds to an upstream enhancer (33), the binding pattern resembles that at oriP where 229 
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the H2A.Z peak is broadly spread over EBNA1 peak and bounded by CTCF sites on 230 

each end.  At the IL6R gene (34), EBNA1 is bound to the TSS while H2A.Z is bounded 231 

by EBNA1 at the 5’ end but then distributes more broadly throughout the body of the 232 

transcribed gene (Fig. 7D, middle paneI). At the SELENOK locus, EBNA1 and H2A.Z 233 

overlap at the TSS and H2A.Z is enriched at a downstream element linked to the 234 

EBNA1 site as detected by Genehancer  (35) (Fig. 7D, lower panel).  These 235 

observations suggest that EBNA1 and H2A.Z functionally interact at a subset of cellular 236 

genes bound by EBNA1 and important for EBV infection and cellular transformation. 237 

Loss H2A.Z deregulates cellular gene expression  238 

We next asked whether H2A.Z depletion alters host cell genes that are important for 239 

EBV infection and cellular transformation. To analyze cellular gene expression after the 240 

H2A.Z knockdown in gastric cancer we performed RNA-seq. Data analysis was 241 

performed considering a p-value of ≤0.05 as significant, we got that 1414 genes were 242 

deregulated after the knockdown. Heatmap analysis identifies clusters of 693 genes that 243 

were down-regulated and 721 genes up-regulated (Fig. 8A).  Gene Ontology analysis of 244 

these differentially regulated genes identified the pathways of MYC targets and 245 

mTORC1 signaling as the most significantly affected pathways (Fig. 8B). Gene set 246 

enrichment analysis (GSEA) showed that genes associated with MYC and mTORC1 247 

were downregulated after H2A.Z knockdown (Fig. 8C). Interestingly, loss of either MYC 248 

or mTORC1 have been found to promote lytic reactivation of EBV (36, 37). These 249 

results indicate that H2A.Z can regulate host genes associated with MYC and mTORC1 250 

pathways that are known to regulate EBV gene expression.  251 
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 252 

Discussion 253 

The gene expression programs that determine EBV latency are governed in large 254 

part by chromatin structures and their epigenetic programming (7, 38, 39).  Here, we 255 

show that the histone variant H2A.Z is enriched at EBNA1 and several CTCF binding 256 

sites in the viral genome, and that depletion of H2A.Z leads to the disruption of EBV 257 

latency and the reactivation of viral lytic gene expression. We also found that EBNA1 258 

binding and multiple histone modifications are reduced upon H2A.Z knock-down, while 259 

CTCF binding increases slightly. Further, H2A.Z enrichment at oriP required EBNA1. 260 

We found that H2A.Z, which can have both broad and sharp peaks across the cellular 261 

genome, overlaps with many EBNA1 binding sites.  Finally, we show that depletion of 262 

H2A.Z perturbs expression of genes associated with MYC and mTORC regulated 263 

pathways, which have been implicated in the control of EBV latency. These findings 264 

indicate that H2A.Z plays a viral-specific and global role in maintaining the latent state of 265 

the EBV epigenome (Fig. 8D).  266 

H2A.Z is a highly conserved histone variant that is essential for organismal 267 

development and has been implicated in numerous functional processes, including 268 

initiation of DNA replication and RNA transcription, chromosome segregation, response 269 

to DNA damage and chromosome structural organization including DNA-DNA looping 270 

(24, 27, 40, 41).  Nucleosomes containing H2A.Z are thought to be less stable, and 271 

therefore contribute to the accessibility and plasticity of chromatin structures (42). We 272 

found that H2A.Z was most enriched at regions overlapping EBNA1 binding sites at oriP 273 

and Qp on the EBV genome. These EBNA1 sites represent an origin of DNA replication 274 
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(oriP) and a transcriptional initiation site for EBNA1 mRNA (Qp). Each of these sites are 275 

adjacent to CTCF binding sites and are known to form DNA-DNA loops between each 276 

other and other CTCF binding sites in the EBV genome (43, 44). The localization of 277 

H2A.Z at oriP was found to be dependent on EBNA1 binding (Fig. 4).   278 

How might EBNA1 facilitate H2A.Z incorporation?  Proteomic analysis of EBNA1 279 

interaction partners failed to identify H2A.Z by co-immunoprecipitation (45).  Thus, it is 280 

unlikely that EBNA1 has a strong, direct interaction with H2A.Z.  H2A.Z has been found 281 

to localize to cellular origins of DNA replication and facilitate origin licensing in 282 

mammalian cells (46, 47).  The origin recognition complex 1 (ORC1) protein has been 283 

found to have intrinsic histone remodeling activity that can favor H2A.Z loading (47).  284 

EBNA1 is known to interact with components of ORC and facilitate its recruitment to the 285 

DS element of oriP (48-50).  Thus, EBNA1-ORC interactions may facilitate H2A.Z 286 

loading at oriP (47).  EBNA1 is known to alter nucleosome structure (51), and can also 287 

interact with other host proteins that may influence H2A.Z loading, such as nucleosome 288 

assembly protein 1 (NAP1) (52, 53).  We have previously proposed that EBNA1 has 289 

chromatin pioneering activity (33), and our findings here indicate that H2A.Z greatly 290 

facilitates EBNA1 binding to chromatinized DNA in vivo, suggesting these proteins may 291 

work coordinately to invade and re-organize chromatin at EBNA1 targeted sites. 292 

H2A.Z localization is thought to be regulated by specific chaperones and eviction 293 

factors (24, 54).  Two complexes that deposit H2A.Z into chromatin are the 294 

p400/Tip60/NuA4 complex (55, 56) and the snf2-related CREBBP activator protein 295 

(SRCAP) complex (57, 58). H2A.Z can also be actively evicted by chromatin remodeling 296 

factors, including Ino80 (59, 60) and the acidic nuclear phosphoprotein 32 family 297 
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member E (ANP32E) of the p400/Tip60/NuA4 complex (61, 62). Future studies will be 298 

required to determine if these factors contribute to the localization of H2A.Z at EBNA1 299 

sites on the EBV and cellular genomes. H2A.Z has also been reported to function in 300 

chromatin loop formation through favoring the enhancer RNA (eRNA) expression and 301 

facilitating interactions between enhancers and promoters (40).  CTCF (CCCTC-binding 302 

factor) is also well-established in forming DNA loops, and previous studies have shown 303 

that CTCF mediated loops in the EBV genome can also involve contacts with CTCF and 304 

EBNA1 bound regulatory elements in oriP and Qp (43). We found that H2A.Z 305 

knockdown had no effect on CTCF protein levels, but trended to increasing CTCF 306 

binding at several colocalized sites across the EBV genome . These findings suggest 307 

that H2A.Z may antagonize or compete with CTCF binding at these highly dynamic 308 

sites.  Future studies will be required to determine if the H2A.Z directly regulates CTCF 309 

binding or chromosome 3D structure including DNA loops between CTCF binding sites 310 

(25).  311 

Depletion of H2A.Z from EBV infected cells resulted in the disruption of latency 312 

and the expression of EBV lytic cycle genes. Since H2A.Z depletion leads to the loss of 313 

EBNA1, it is possible that loss of EBNA1 binding destabilizes the latent chromosome to 314 

unleash lytic cycle reactivation.  Alternatively, it is possible that H2A.Z is required for 315 

repression of lytic cycle genes.  H2A.Z binding at CTCF sites upstream of BZLF1 could 316 

also play in regulating lytic reactivation.  H2A.Z depletion could also have induced a 317 

DNA damage and stress response that could have triggered reactivation signals.  318 

Activation of p53 has been implicated in the initiation of the EBV lytic cycle (63, 64), and 319 

GO analysis of our RNAseq identified p53 pathway activation upon H2A.Z knockdown 320 
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(Fig. 7B).  We also observe a more significant perturbation of the cMyc and mTORC1 321 

gene pathways, both of which have been implicated in the control of EBV reactivation 322 

(37, 65).  H2A.Z has been found to regulate both MYC gene expression (66).  This 323 

suggests that H2A.Z may be part of a more global program to control pathways 324 

important for EBV latency, including the control of BZLF1 and many cellular genes 325 

important for latency maintenance.    326 

We also found that H2A.Z affected histone modifications on the EBV genome, 327 

including sites not bound directly by H2A.Z.  Depletion of H2A.Z led to a loss of 328 

H3K27ac at Qp, as well as H4K20me3 at the inactive oriLyt region (Fig. 6).  H2A.Z 329 

depletion did not lead to a loss of CTCF binding at multiple sites, suggesting that not all 330 

epigenetic features were stripped from the EBV genome. EBV lytic cycle is known to be 331 

regulated by multiple different control mechanisms, and the formation of repressive 332 

H3K20me3 at Zp and oriLyt are likely to maintain the latent state (67).  Thus, it is 333 

possible H2A.Z may also regulate EBV latency through its effects on epigenetic 334 

patterning across the viral genome.   335 

In conclusion, H2A.Z is an essential component of the EBV epigenome that is 336 

required for the stable maintenance of latency. H2A.Z colocalizes with EBNA1 and 337 

CTCF sites throughout the EBV genome and facilitates EBNA1 binding and function at 338 

oriP and Qp. H2A.Z depletion also disrupts many cellular gene transcripts, including 339 

those associated with myc and mTORC1 pathways. These studies further our 340 

understanding of the EBV epigenome and the role of histone variant H2A.Z in the 341 

control of viral latency. 342 

 343 
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Material and Methods  344 

Cell lines 345 

SNU719, LCL352, Mutu I, C666-1 cells were grown in RPMI1640 media supplemented 346 

with 10% fetal bovine serum, 1X Glutamax, and 100 μg/ml streptomycin, and 100U/ml 347 

penicillin, cells were incubated at 37°C with 5% CO2 in a humidified chamber. 293T 348 

(ATCC) cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 349 

supplemented with 10% fetal bovine serum, 100 μg/ml streptomycin, and 100U/ml 350 

penicillin. Cells were cultured in an incubator set at 37 °C and 5% CO2. 351 

Lentiviral transduction 352 

Lentiviruses were produced in HEK293T cells using envelope and packaging vectors 353 

pMD2.G and pSPAX2. The cells were co-transfected with pMD2.G and pSPAX2 and 354 

two vector-based shRNA constructs for H2AFZ (shH2A.Z-A and H2A.Z-B) and control 355 

shRNA (shControl), were generated in the pLKO.1 vector with the target sequence 5′-356 

TTATCGCGCATATCACGCG-3′ (Table 1). After 48hrs post-transfection, supernatants 357 

were collected, then spun at 1000 x g for 15 mins to remove cellular debris, and then 358 

passed through a 0.45μM filter. Mutu I cells were resuspended in 10 ml lentivirus-359 

containing supernatant and spun at 450 x g for 90 mins with 8μg/ml polybrene (Sigma-360 

Aldrich, USA). The cells pellets were resuspended and incubated in fresh RPMI 361 

medium, after 48hrs, the cells were treated with 2 μg/ml puromycin. The RPMI medium 362 

with 2μg/ml puromycin was replaced every 2 to 3 days. The cells were collected after 7 363 

days of puromycin selection and then subjected to further analyses.  364 

H2A.Z knockdown by siRNA 365 
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SNU179 cells were transfected with small interfering RNAs targeting siH2A.Z or 366 

siControl (Dharmacon, Lafayette, CO, USA) used DharmaFECT transfection reagents 367 

(Dharmacon, Lafayette, CO, USA). The cells were collected after 7 days of puromycin 368 

selection and then subjected to further analyses.  369 

RNA extraction and cDNA synthesis 370 

Total RNA was isolated from cells using the RNeasy Mini kit (Qiagen, Hilden, Germany), 371 

according to the manufacturer’s protocol. RNA was resuspended in 30 μL of RNAse-free 372 

H2O, which was treated with the DNAse Free DNA removal kit (Thermo Fisher 373 

Scientific, Waltham, MA, USA) and quantified. Reverse transcription was carried out on 374 

equal amounts of DNase-treated RNA using SuperScriptIV reverse transcriptase kit 375 

(Invitrogen), following the manufacturer’s instructions. qPCR was performed with Power 376 

SYBR green 2X PCR master (ThermoFisher Scientific, Waltham, MA, USA) mix with 377 

specific primers. The expression of EBV genes were verified by RT-qPCR using specific 378 

primers (Table 1), and normalized to cellular GUSB gene expression.  379 

 380 

RNA-seq 381 

Total RNA was isolated from each condition using the RNeasy Mini kit (Qiagen, Hilden, 382 

Germany), according to the manufacturer’s protocol. RNA was resuspended in 30 μL of 383 

RNAse-free H2O, which was treated with the DNAse DNA-Free DNA removal kit 384 

(Thermo Fisher Scientific, Waltham, MA, USA) and quantified by Qubit (Thermo Fisher 385 

Scientific, Waltham, MA, USA). RNA samples were either used for downstream RT-386 

qPCR or submitted to the Wistar Institute genomics core facility for RNA quality control 387 
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and sequencing library preparation using the SENSE mRNA-Seq Library Prep Kit V2 388 

(Lexogen) to generate Illumina-compatible sequencing libraries according to the 389 

manufacturer's instructions. Paired-end reads of 75 bp were obtained using a Illumina 390 

HiSeq 2500 sequencer. RNA-seq data was aligned using Bowtie2 (68) against hg19 391 

version of the Human genome and all unaligned reads were then aligned against 392 

NC_007605.1 version of EBV genome and RSEM v1.2.12 software (69) was used to 393 

estimate raw read counts and RPKM for Human and EBV genes. 394 

 395 

Western blot 396 

Cells were collected and protein extracts obtained by adding Laemmli sample buffer. 397 

Equal amounts of proteins were resolved in 8–16% Novex Tris-Glycine gels (Invitrogen), 398 

and then transferred onto a Nitrocellulose membrane (BIO-RAD-1620112). The 399 

membrane was blocked using 8% milk in TBS/0.01% Tween buffer and then incubated 400 

with the indicated antibodies. Primary antibodies were prepared in TBS/0.01% Tween 401 

buffer as follows: rabbit monoclonal anti-H2A.Z (Abcam-188314), rabbit polyclonal anti-402 

EBNA1 (Pocono Rabbit Farm custom preparation), Anti-β-Actin (Sigma-A3854), rabbit 403 

polyclonal anti-ZTA (Pocono Rabbit Farm custom preparation), mouse monoclonal anti-404 

EAD (Millipore-MAB8186). Membranes were washed three times with TBS/0.01% 405 

Tween buffer and incubated with HRP coupled secondary anti-mouse or anti-rabbit 406 

antibodies (Bio-Rad,). Finally, Proteins were visualized using the Immobilon Forte 407 

(Merck Millipore-WBLUF0500) according to the manufacturer’s instructions. 408 

Relative DNA copy number assay 409 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 29, 2025. ; https://doi.org/10.1101/2025.01.28.635203doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.28.635203
http://creativecommons.org/licenses/by-nc-nd/4.0/


Castro-Munoz  H2AZ control of EBV 

 20 

Cells (1 × 106 cells per sample) were collected and resuspended in 100 μl of SDS lysis 410 

buffer (1% SDS, 10 mM EDTA, 50 mM Tris [pH 8.0]). After 20 cycles of sonication, 411 

immunoprecipitation dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 412 

16.7 mM Tris [pH 8.0], 167 mM NaCl) was added to 1 ml, followed by incubation with 413 

proteinase K for 2 to 3 h at 50°C. Three hundred microliters of lysate were then 414 

removed and subjected to phenol-chloroform extraction and ethanol precipitation. 415 

Precipitated DNA was assayed by RT-qPCR. Relative EBV copy numbers were 416 

determined using primers (Table1) for different regions of EBV and normalized by the 417 

cellular DNA signal for the GAPDH or actin gene locus.  418 

Chromatin immunoprecipitation (ChIP) 419 

For each ChIP assay, 1×106 cells were crosslinked with 1% formaldehyde at room 420 

temperature for 10 min and the reaction was quenched with 0.125 M glycine for 5 min. 421 

Cells were lysed in 1 ml SDS lysis buffer (1% SDS, 10 mM EDTA, and 50 mM Tris-HCl, 422 

pH 8.0) containing protease inhibitor cocktails (Sigma-Aldrich), and kept on ice for 10 423 

min. Lysates were sonicated with a Diagenode Bioruptor, cleared by centrifugation to 424 

remove insoluble materials, and diluted 10-fold into IP Buffer (0.01% SDS, 1.1% Triton 425 

X-100, 1.2mM EDTA, 16.7mM Tris pH 8.0, 167mM NaCl, 1 mM PMSF, and protease 426 

inhibitors cocktail). For each IP, 5 μg of anti-H2A.Z (Abcam-188314), Anti-EBNA1 427 

(Pocono Rabbit Farm custom preparation), Anti-H3K27ac (Abcam, ab4729), Anti-428 

H4K20me3 (Invitrogen,703863), Anti-H3K4me3 (Sigma-Aldrich, 07-473), Anti-429 

H3K27me3 (Abcam,ab195477) or IgG (Cell Signaling, 2729) was added and rotated at 430 

4°C overnight. Preblocked protein A sepharose (GE Healthcare, 17-0780-01/17-0618-431 

01) was added to each IP reaction for additional 2 to 3 h incubation at 4°C. Beads were 432 
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washed sequentially with low salt, high salt, LiCl, and TE buffer and then eluted with 433 

elution buffer (1% SDS, 0.1M NaHCO3). The eluates were then incubated at 65°C 434 

overnight to reverse cross-linking, followed by addition of Proteinase K at a final 435 

concentration of 100 μg/ml at 50°C for 2 hrs. ChIP DNA was purified by Quick PCR 436 

Purification Kit (Life Technologies) following the manufacturer’s instruction. ChIP DNA 437 

was assayed by qPCR using primers specific for indicated regions (Table 1). The 438 

relative enrichment was calculated as a percentage of input.  439 

 440 

H2A.Z and EBNA1 Chromatin immunoprecipitation sequencing (ChIP-seq)    441 

Chromatin immunoprecipitation with next-generation sequencing (ChIP-seq) was 442 

performed as previously described. Briefly, 25×106 cells per immunoprecipitation were 443 

collected and fixed with 1% formaldehyde for 15 min and then quenched with 0.25 M 444 

glycine for 5 min on ice. After 3 washes with 1× phosphate-buffered saline (PBS), 445 

pellets were resuspended in 10 mL each of a series of three lysis buffers before 446 

fragmentation in a Covaris ME220 sonicator (peak power 75, duty factor 25, 447 

cycles/burst 1,000, average power 18.8, time 720 s) to generate chromatin fragments 448 

roughly 200–500 bp in size as determined by DNA gel electrophoresis. Chromatin was 449 

centrifuged to clear debris and a 1:20 of this cleared chromatin was kept as standard 450 

input for comparison against immunoprecipitations. Chromatin was incubated by 451 

rotating at 4°C for 1 h with 25µg anti-H2A.Z (Abcam-188314) or affinity purified rabbit 452 

anti-EBNA1 (Pocono Rabbit Farms). Chromatin–antibody complexes were precipitated 453 

using a 50 µL of Dynabeads Protein A (ThermoFisher, product No. 10001D) incubated 454 

by rotating at 4°C overnight. Beads were then washed five times with RIPA buffer and 455 
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TE buffer. Crosslinks were reversed by 65°C incubation with proteinase K followed by 456 

RNase A treatment. DNA was purified by Quick PCR Purification Kit (Life Technologies) 457 

following the manufacturer’s instruction. Libraries for sequencing were made using the 458 

NEBNext Ultra II DNA Library Prep Kit (New England Biolabs, product No. E7103) and 459 

sequenced on the NextSeq 500 (Illumina). 460 

ChIP-seq analysis 461 

Reads were mapped against the human genome and human gammaherpesvirus 4 462 

(HHV4) NC_007605.1 genome assembly using bowtie2 (70). We used MACS2 software 463 

packages to call reads enrichment in pull-down samples compared to input samples as 464 

peaks (71, 72).  Analysis of peak distribution under differentiated conditions was 465 

performed with the bedtools software package (73) for genome arithmetic, and for data 466 

visualization we used deepTools (74). ChIP-seq data were deposited for public access 467 

at Gene Expression Omnibus (GEO accession number:xxx) 468 

RNAseq  469 

RNAseq data was aligned using STAR  (75) against hg19 version of the Human 470 

genome and all unaligned reads were then aligned against NC_007605.1 version of 471 

EBV genome and RSEM v1.2.12 software (24) was used to estimate raw read counts 472 

and RPKM for Human and EBV genes.  Differential gene expression was obtained 473 

using DESeq2 R package (76). Statistically significant differences in gene expression 474 

were determined using a threshold of FDR < 0.05.   Heatmaps were generated using 475 

matplotlib for Seaborn Python data visualization.  Gene set enrichment analysis was 476 

performed using QIAGEN's Ingenuity Pathway Analysis software (IPA; QIAGEN, 477 
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Redwood City, CA; www.qiagen.com/ingenuity).  RNAseq data were deposited for 478 

public access at Gene Expression Omnibus (GEO accession number:xxx) 479 

 480 

Statistical analysis 481 

Data showing the effects of different assays are presented as mean ± SD. p was 482 

calculated by Anova and Student’s t-test analysis. Significant differences were accepted 483 

with p ≤ 0.05, as indicated. 484 

 485 

  486 
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 692 

FIGURE LEGENDS 693 

 694 

Figure 1. H2A.Z is enriched at EBNA1 and CTCF binding sites in the EBV genome. 695 

(A) EBV genome visualized using IGV showing ChIPseq tracks for H2A.Z (pink), 696 

EBNA1 (blue), and Input controls (grey) for SNU719 (top) or Mutu I (lower). CTCF ChIP-697 

seq for Mutu I is shown in green. EBV genome annotation is provided below. (B) 698 

magnified ChIP-seq tracks of panel A at EBV oriP region. (C) Magnified ChIP-seq tracks 699 

of panel A at Qp. (D) ChIP-qPCR of H2A.Z or IgG control at FR, DS, Qp and oriLyt 700 

regions of EBV in SNU719, (E)  Mutu I ,(F) LCL352 and (G) C666-1 cells.  **** p<.0001, 701 

n=3, student t-test. 702 

 703 

Figure 2. H2A.Z knock-down activates EBV lytic gene expression. (A) Mutu I cells 704 

transduced with lentivirus expressing shControl, shH2A.Z-A or shH2A.Z-B were 705 

selected for puromycin resistance for 7 days and then assayed by Western blot for 706 

EBNA1, ZTA, H2A.Z or -Actin. (B) H2A.Z knock-down in Mutu I cells were assayed by 707 

RT-qPCR for ZTA and EA-D mRNA expression. (C) EBV DNA copy number measured 708 

by qPCR comparing EBV oriLyt DNA relative to cellular GAPDH DNA for samples as 709 

described in panel A. (D) SNU-719 cells were transfected with siControl or siH2A.Z and 710 

assayed by Western blot for EBNA1, EA-D, H2A.Z, and -Actin. (E). SNU719 cells 711 

treated as described for panel D were assayed by RT-qPCR for ZTA and EA-D mRNA 712 

expression.  (F) EBV DNA copy number measured by qPCR comparing EBV oriLyt DNA 713 
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relative to cellular GAPDH DNA for samples as described in panel D.  ** p<.01, *** 714 

p<.001, **** p<.0001 student t-test, n=3.   715 

 716 

Figure 3. H2A.Z knock-down reduces EBNA1 binding to EBV genome.  (A) Mutu I 717 

cells transduced with shControl, shH2A.Z-A, or shH2A.Z-B were analyzed by Western 718 

blot for EBNA1, H2A.Z, or -Actin. (B) ChIP-qPCR for EBNA1 or IgG control at FR, Qp 719 

and oriLyt regions of EBV in Mutu I cells transduced with shControl, shH2A.Z-A, or 720 

shH2A.Z-B. (C) SNU-719 cells transfected with siControl or siH2A.Z were analyzed by 721 

Western blot for EBNA1, H2A.Z, or -Actin.  (D) ChIP-qPCR for EBNA1 or IgG control at 722 

FR, Qp and oriLyt regions of EBV in SNU719 cells treated with siControl or siH2A.Z.     723 

*** p<.001, **** p<.0001 student t-test, n=3.   724 

 725 

Figure 4. H2A.Z depletion reduces EBNA1 binding to OriP in EBV- 293T cells.   726 

293T cells transfected with oriP plasmid expressing EBNA1 were co-transfected with 727 

siControl or siH2A.Z. (A) Assayed by Western blot for expression of EBNA1, H2A.Z or 728 

-Actin. (B) ChIP-qPCR for H2A.Z or control IgG at the DS, FR or AMP regions of the 729 

oriP plasmid in transfected 293T cells. (C) ChIP-qPCR for EBNA1 or control IgG at the 730 

DS, FR, or AMP region of the oriP plasmid in transfected 293T cells and (D) OriP 731 

plasmid copy number determined by qPCR using primers for oriP elements DS (left) or 732 

FR (right) comparing siControl or siH2A.Z in 293T cells. *** p<.001, **** p<.0001 student 733 

t-test, n=3.   734 

 735 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 29, 2025. ; https://doi.org/10.1101/2025.01.28.635203doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.28.635203
http://creativecommons.org/licenses/by-nc-nd/4.0/


Castro-Munoz  H2AZ control of EBV 

 31 

Figure 5. EBNA1 increases H2A.Z enrichment at oriP-containing plasmids in 293T 736 

cells.  293T cells were transfected with OriP replicon (pHEBO), plasmid expressing 737 

FLAG-EBNA1 (pCMVFLAG-EBNA1) and plasmid Control (pCMVFLAG).  (A) Western 738 

blot shows FLAG-EBNA1 and -Actin protein levels in 3 biological replicates. (B) ChIP-739 

qPCR for FLAG-EBNA1 or control IgG at the DS, FR or AMP regions in transfected 740 

293T cells. (C) ChIP-qPCR for H2A.Z or control IgG at the DS, FR, or AMP region in 741 

transfected 293T cells with FLAG-EBNA1. ***p<.001, ****p<.0001 student t-test, n=3.   742 

 743 

Figure 6. H2A.Z depletion alters histone modifications on the EBV genome.  (A) 744 

ChIP-qPCR for CTCF or control IgG for DS, CTCF166, or oriLyt regions of EBV genome 745 

in SNU-719 cells treated with siControl or siH2A.Z. (B-C) ChIP-qPCR for H3K27ac, 746 

H3K27me3, H4K20me3, H3K4me3 or IgG control at the Qp region (panel C) or the 747 

oriLyt region (panel D) in untreated SNU719 cells.  (D-E) ChIP-qPCR for H3K27ac 748 

(panel E) or H4K27me3 (panel F) or control IgG at Qp or oriLyt regions of EBV in 749 

SNU719 cells treated with siControl or si-H2A.Z. *** p<.001, **** p<.0001 student t-test, 750 

n=3.   751 

 752 

Figure 7. Host genome binding patterns of EBNA1 and H2A.Z. (A) Heat map 753 

showing the different patterns of ChIP-seq peak distribution for EBNA1 (left) or H2A.Z 754 

(right) in SNU719 (left group) or Mutu I (right group). (B) Pie charts and Venn diagrams 755 

showing the distribution of EBNA1 and H2A.Z ChIP-seq peaks across the cellular 756 

genome. Pie chart shows distribution between promoter (green or orange) and 757 
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intergenic (blue) regions. Venn diagrams show the overlap of peaks between EBNA1 758 

and H2A.Z in SNU719 or Mutu I cells. (C) Heatmap showing the overlap correlations of 759 

ChIP-seq peaks for H2A.Z and EBNA1 in SNU719  and Mutu I cells.  (D) ChIP-seq 760 

tracks for EBNA1, H2A.Z and CTCF shown at the ADA (top) or IL6R (middle) or 761 

SELENOK  (bottom) gene loci. Combined tracks for H2A.Z show Mutu I (blue) and 762 

SNU719 (red). Gene transcripts and GeneHancer interactions are shown in below each 763 

set of tracks.   764 

 765 

Figure 8. RNAseq analysis of H2A.Z knock-down in SNU719 cells.  (A) Hierarchical 766 

clustering of differentially regulated genes in SNU-719 cells treated with siControl or 767 

siH2A.Z. (B) Reactome Pathway analysis of genes differentially regulated in SNU-719 768 

cells treated with siH2A.Z or siControl. (C) Gene enrichment analysis for MYC Targets 769 

(left panel) or PI3K_AKT_MTOR_Signaling (right panel) for RNAseq data set described 770 

in panel A.  (D) Schematic summary of H2A.Z regulation of EBV latency through 771 

cooperative binding with EBNA1 and control of c-myc and mTOR pathways. 772 
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Table 1. List of primers used. 780 

RT-qPCR 

Name Forward 5´ Reverse 3´ 

EBNA1 GGTCGTGGACGTGGAGAAAA GGTGGAGACCCGGATGATG 

ZTA TCTGAACTAGAAATAAAGCGATACAAGAA TTGGGCACATCTGCTTCAAC 

EAD TTGGGCAGGTGCTGTTGAT TGCCCACTTCTGCAACGA 

GUSB CGCCCTGCCTATCTGTATTC TCCCCACAGGGAGTGTGTAG 

ChIP-qPCR 

Name Forward 5´ Reverse 3´ 

FR CAGCGACCTCGTGAATATGA AAACCACTTGCCCACAAAAC 

DS ATGTAAATAAAACCGTGACAGCTCAT TTACCCAACGGGAAGCATATG 

Qp AAATTGGGTGACCACTGAGGGAGT ATAGCATGTATTACCCGCCATCCG 

OriLyt TCGCCTTCTTTTATCCTCTTTTTG CCCAACGGGCTAAAATGACA 

LF3 TCCGGTCACGTCTCATGTTG AAGGCAGCCAGGTGGATTTT 

GADPH CGGTGCGTGCCCAGTT CTACTTTCTCCCCGCTTTTTTTT 

 781 

siRNA 

Name Sequence  

siControl 

UGGUUUACAUGUCGACUAA 

UGGUUUACAUGUUGUGUGA 

UGGUUUACAUGUUUUCUGA 

UGGUUUACAUGUUUUCCUA 

SiH2A.Z 

UCUAAAGGAUGCCUGGAUU 

GAUGCAGAAGUUAUAGUAA 

CAACCAAAUUUCUGCAUUC 

CAAUAAAGGUCAUAUCCCA 

shRNA 
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Name Sense sequence Full Hairpin Sequence 

shH2A.Z-A GCTTCAAAGAAGCTATTGATT 
CCGGGCTTCAAAGAAGCTATTGATTCTCG

AGAATCAATAGCTTCTTTGAAGCTTTTTG 

shH2A.Z-B CGTGGAGATGAAGAATTGGAT 
CCGGCGTGGAGATGAAGAATTGGATCTCG

AGATCCAATTCTTCATCTCCACGTTTTTG 

 782 

 783 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 29, 2025. ; https://doi.org/10.1101/2025.01.28.635203doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.28.635203
http://creativecommons.org/licenses/by-nc-nd/4.0/


D E

Fig 1

F G

A

B C

Ig
G

H2
A.

Z

Ig
G

H2
A.

Z

Ig
G

H2
A.

Z

Ig
G

H2
A.

Z
0.0

0.2

0.4

0.6

0.8

LCL-352
%

 In
pu

t

FR DS QP OriLyt

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

Ig
G

 
H2

A.
Z

Ig
G

 
H2

A.
Z

Ig
G

 
H2

A.
Z

Ig
G

 
H2

A.
Z

0

1

2

3

Mutu 1

%
 In

pu
t

FR DS QP OriLyt

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

IgG 

H2A.Z

Ig
G

H2
A.

Z

Ig
G

H2
A.

Z

Ig
G

H2
A.

Z

Ig
G

H2
A.

Z

0.0

0.2

0.4

0.6

0.8

1.0

SNU-719

%
 In

pu
t

FR DS QP OriLyt

H2A.Z

IgG

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

Ig
G

H2
A.

Z

Ig
G

H2
A.

Z

Ig
G

H2
A.

Z

Ig
G

H2
A.

Z

0.0

0.5

1.0

1.5

2.0

C666-1

%
 In

pu
t

✱✱✱✱✱✱✱✱✱✱✱✱✱✱✱✱

FR DS QP OriLyt

✱✱✱✱✱✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

Ig
G

H2
A.

Z

Ig
G

H2
A.

Z

Ig
G

H2
A.

Z

Ig
G

H2
A.

Z

0.0

0.2

0.4

0.6

0.8

1.0

SNU-719

%
 In

pu
t

FR DS QP OriLyt

H2A.Z

IgG

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

C666-1LCL352MutuISNU719

EBV Genome 

oriP Qp

oriP Qp CTCF166

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 29, 2025. ; https://doi.org/10.1101/2025.01.28.635203doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.28.635203
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig 2

B C

ZTA 30 kDa

EBNA1

sh
Co

nt
ro

l 

sh
H2

A.
Z-

A 

sh
H2

A.
Z-

B

70 kDa

H2A.Z 15 kDa

β-Actin 42 kDa 

shContro
l 

shH2A.Z-A

shH2A.Z-B

shContro
l 

shH2A.Z-A

shH2A.Z-B
0

5

10

15

20

Mutu 1

Re
la

tiv
e 

ex
pr

es
sio

n

ZTA EAD

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

B
A

shContro
l

shH2A.Z-
A

shH2A.Z-B
0

5

10

15

20

Relative EBV copy

GA
PD

H/
Or

iLy
tic

✱ ✱

✱ ✱ ✱

shContro
l

shH2A.Z-
A

shH2A.Z-B
0

5

10

15

20

Relative EBV copy
LM

P1
/G

AP
DH ✱ ✱

✱✱ ✱
DC

Fig. 5 Knockdown of histone variant H2A.Z increases components associated with lytic cycle in 
EBV

EBNA1 

52 kDa 

H2A.Z 

β-Actin 

siC
on

tro
l 

siC
on

tro
l 

siC
on

tro
l 

siH
2A

.Z
 

siH
2A

.Z
 

siH
2A

.Z
 

EA-D 

14 kDa 

42 kDa 

70 kDa 

FE

HG
siC

ontro
l

siH
2A.Z

siC
ontro

l

siH
2A.Z

0.0

0.5

1.0

1.5

2.0

2.5

SNU-719

Re
la

tiv
e 

ex
pr

es
sio

n

ZTA EAD

✱ ✱
✱✱✱✱

siC
on
tro
l

siH
2A
.Z

0.0

0.5

1.0

1.5

2.0

Relative EBV copy

O
riL

yt
ic

/G
AP

DH

✱✱✱✱

siC
ontro

l

siH
2A.Z 

0

1

2

3

Relative EBV copy

LF
3/

G
AP

DH

✱✱✱✱

Fig. 5 Knockdown of histone variant H2A.Z increases components associated with lytic cycle in 
EBV

A

D E F

sh
Contro

l 

sh
H2A

.Z-A

sh
H2A

.Z-B

sh
Contro

l 

sh
H2A

.Z-A

sh
H2A

.Z-B
0

5

10

15

20

Mutu 1

Re
la

tiv
e 

ex
pr

es
si

on
 

ZTA EAD

shH2A.Z-A

shH2A.Z-B

shControl 

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

O
riL
yt
/G
AP
DH

sh
Contro

l

sh
H2A

.Z-A

sh
H2A

.Z-B
0

5

10

15

20

Relative EBV copy 

G
A

PD
H

/O
riL

yt
ic

shControl

shH2A.Z-B

shH2A.Z-A

✱✱✱

✱✱

siC
ontro

l

siH
2A

.Z

siC
ontro

l

siH
2A

.Z
0.0

0.5

1.0

1.5

2.0

2.5

SNU-719

Re
la

tiv
e 

ex
pr

es
si

on
 

ZTA EAD

siControl

siH2A.Z

✱✱ ✱✱✱✱

O
riL
yt
/G
AP
DH

siC
on
tro
l

siH
2A
.Z

0.0

0.5

1.0

1.5

2.0

Relative EBV copy 

O
riL

yt
ic

/G
A

PD
H

siH2A.Z
✱✱✱✱

siControl

siC
on
tro
l

siH
2A
.Z

0.0

0.5

1.0

1.5

2.0

Relative EBV copy 

O
riL

yt
ic

/G
A

PD
H

siH2A.Z
✱✱✱✱

siControl

sh
Contro

l 

sh
H2A

.Z-A

sh
H2A

.Z-B

sh
Contro

l 

sh
H2A

.Z-A

sh
H2A

.Z-B
0

5

10

15

20

Mutu 1

Re
la

tiv
e 

ex
pr

es
si

on
 

ZTA EAD

shH2A.Z-A

shH2A.Z-B

shControl 

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

MutuI

SNU719

Relative EBV DNA

Relative EBV DNA

MutuI

SNU719

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 29, 2025. ; https://doi.org/10.1101/2025.01.28.635203doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.28.635203
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig 3

A

B

Ig
G

sh
Co

nt
ro

l
Ig

G 
sh

H2
A.

Z-
A

sh
H2

A.
Z-

B
Ig

G
sh

Co
nt

ro
l

Ig
G 

sh
H2

A.
Z-

A
sh

H2
A.

Z-
B

Ig
G

sh
Co

nt
ro

l
Ig

G 
sh

H2
A.

Z-
A

sh
H2

A.
Z-

B

0.0

0.1

0.2

0.3

0.4

%
 In

pu
t

Mutu 1
EBNA1

FR Qp OriLyt

✱✱✱✱

✱✱✱

✱✱✱

✱✱✱✱

IgG

siC
ontro

l
IgG 

siH
2A

.Z IgG

siC
ontro

l
IgG 

siH
2A

.Z IgG

siC
ontro

l
IgG 

siH
2A

.Z
0

1

2

3

4

5

%
 In

pu
t

SNU-719
  EBNA1

FR QP OriLyt

siH2A.Z

siControl

✱✱✱✱

✱✱✱✱

sh
Contro

l 

sh
H2A

.Z-A

sh
H2A

.Z-B

sh
Contro

l 

sh
H2A

.Z-A

sh
H2A

.Z-B
0

5

10

15

20

Mutu 1

Re
la

tiv
e 

ex
pr

es
si

on
 

ZTA EAD

shH2A.Z-A

shH2A.Z-B

shControl 

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

MutuI

IgG

siC
ontro

l
IgG 

siH
2A

.Z IgG

siC
ontro

l
IgG 

siH
2A

.Z IgG

siC
ontro

l
IgG 

siH
2A

.Z
0

1

2

3

4

5

%
 In

pu
t

SNU-719
  EBNA1

FR QP OriLyt

siH2A.Z

siControl

✱✱✱✱

✱✱✱✱SNU719

EBNA1 ChIP

EBNA1 ChIP

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 29, 2025. ; https://doi.org/10.1101/2025.01.28.635203doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.28.635203
http://creativecommons.org/licenses/by-nc-nd/4.0/


si
Co

nt
ro
l

si
Co

nt
ro
l

si
H2

A.
Z

si
H2

A.
Z

EBNA1

H2A.Z

β-Actin

70 kDa

14 kDa

42kDa

A B

C D

Fig 4

IgG

siC
ontro

l
IgG 

siH
2A

.Z 
IgG

siC
ontro

l
IgG 

siH
2A

.Z 
IgG

siC
ontro

l
IgG 

siH
2A

.Z 
0

1

2

3

4

5

293T OriP 
EBNA1

%
 In

pu
t

DS FR Amp

siControl

siH2A.Z 

IgG 

✱✱✱ ✱✱✱✱

IgG

siC
ontro

l
IgG 

siH
2A

.Z 
IgG

siC
ontro

l
IgG 

siH
2A

.Z 
IgG

siC
ontro

l
IgG 

siH
2A

.Z 
0.0

0.1

0.2

0.3

0.4

293T OriP
H2A.Z

%
 In

pu
t

DS FR Amp

siControl

siH2A.Z 

IgG
✱✱✱✱

✱✱✱✱

siC
ontro

l

siH
2A

.Z 
0.0

0.5

1.0

1.5

Relative EBV copy 

FR
/G

A
PD

H

siControl

siH2A.Z 
✱✱✱

siC
ontro

l

siH
2A

.Z 
0.0

0.5

1.0

1.5

Relative EBV copy 

D
S/

G
A

PD
H

✱✱✱✱

IgG

siC
ontro

l
IgG 

siH
2A

.Z 
IgG

siC
ontro

l
IgG 

siH
2A

.Z 
IgG

siC
ontro

l
IgG 

siH
2A

.Z 
0

1

2

3

4

5

293T OriP 
EBNA1

%
 In

pu
t

DS FR Amp

siControl

siH2A.Z 

IgG 

✱✱✱ ✱✱✱✱

IgG

siC
ontro

l
IgG 

siH
2A

.Z 
IgG

siC
ontro

l
IgG 

siH
2A

.Z 
IgG

siC
ontro

l
IgG 

siH
2A

.Z 
0

1

2

3

4

5

293T OriP 
EBNA1

%
 In

pu
t

DS FR Amp

siControl

siH2A.Z 

IgG 

✱✱✱ ✱✱✱✱

IgG

siC
ontro

l
IgG 

siH
2A

.Z 
IgG

siC
ontro

l
IgG 

siH
2A

.Z 
IgG

siC
ontro

l
IgG 

siH
2A

.Z 
0

1

2

3

4

5

293T OriP 
EBNA1

%
 In

pu
t

DS FR Amp

siControl

siH2A.Z 

IgG 

✱✱✱ ✱✱✱✱
H2A.Z ChIP

EBNA1 ChIP

293T +(EBNA-oriP)

siC
ontro

l

siH
2A

.Z 
0.0

0.5

1.0

1.5

Relative EBV copy 

FR
/G

A
PD

H

siControl

siH2A.Z 
✱✱✱

Relative Plasmid Copy 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 29, 2025. ; https://doi.org/10.1101/2025.01.28.635203doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.28.635203
http://creativecommons.org/licenses/by-nc-nd/4.0/


C

A

pC
on

tro
l-I

gG
pC

on
tro

l-H
2A

.Z
pE

BN
A1

-Ig
G

pE
BN

A1
-H

2A
.Z

pC
on

tro
l-I

gG
pC

on
tro

l-H
2A

.Z
pE

BN
A1

-Ig
G

pE
BN

A1
-H

2A
.Z

pC
on

tro
l-I

gG
pC

on
tro

l-H
2A

.Z
pE

BN
A1

-Ig
G

pE
BN

A1
-H

2A
.Z

0.0

0.1

0.2

0.3

0.4

%
 In

pu
t

293T-pHEBO
H2A.Z

FR DS Amp 

pControl-H2A.Z

pEBNA1-H2A.Z✱✱✱✱ ✱✱✱✱

✱

pC
on

tro
l-I

gG
pC

on
tro

l-E
BN

A1
pE

BN
A1

-Ig
G

pE
BN

A1
-F

LA
G

-E
BN

A1
pC

on
tro

l-I
gG

pC
on

tro
l-E

BN
A1

pE
BN

A1
-Ig

G

pE
BN

A1
-F

LA
G

-E
BN

A1
pC

on
tro

l-I
gG

pC
on

tro
l-E

BN
A1

pE
BN

A1
-Ig

G

pE
BN

A1
-F

LA
G

-E
BN

A1

0

2

4

6

8

10

%
 In

pu
t

FR DS AMP

pEBNA1-FLAG-EBNA1

pControl-IgG

✱✱✱✱

✱✱✱✱

✱✱

p
pC

on
tro

l-I
gG

pC
on

tro
l-E

BN
A1

pE
BN

A1
-Ig

G

pE
BN

A1
-F

LA
G-

EB
NA

1
pC

on
tro

l-I
gG

pC
on

tro
l-E

BN
A1

pE
BN

A1
-Ig

G

pE
BN

A1
-F

LA
G-

EB
NA

1
pC

on
tro

l-I
gG

pC
on

tro
l-E

BN
A1

pE
BN

A1
-Ig

G

pE
BN

A1
-F

LA
G-

EB
NA

1

0

2

4

6

8

10

%
 In

pu
t

FR DS AMP

pEBNA1-FLAG-EBNA1

pControl-IgG

✱✱✱✱

✱✱✱✱

✱✱

pCMVFLAG-EBNA1

pCMVFLAG

EBNA1 ChIP

pCMVFLAG-
EBNA1pCMVFLAG

H2A.Z ChIP

B

pC
on

tro
l-I

gG
pC

on
tro

l-E
BN

A1
pE

BN
A1

-Ig
G

pE
BN

A1
-F

LA
G-

EB
NA

1
pC

on
tro

l-I
gG

pC
on

tro
l-E

BN
A1

pE
BN

A1
-Ig

G

pE
BN

A1
-F

LA
G-

EB
NA

1
pC

on
tro

l-I
gG

pC
on

tro
l-E

BN
A1

pE
BN

A1
-Ig

G

pE
BN

A1
-F

LA
G-

EB
NA

1

0

2

4

6

8

10

%
 In

pu
t

FR DS AMP

pEBNA1-FLAG-EBNA1

pControl-IgG

✱✱✱✱

✱✱✱✱

✱✱

pCMVFLAG-EBNA1

pCMVFLAG

pC
on

tro
l-I

gG
pC

on
tro

l-H
2A

.Z
pE

BN
A1

-Ig
G

pE
BN

A1
-H

2A
.Z

pC
on

tro
l-I

gG
pC

on
tro

l-H
2A

.Z
pE

BN
A1

-Ig
G

pE
BN

A1
-H

2A
.Z

pC
on

tro
l-I

gG
pC

on
tro

l-H
2A

.Z
pE

BN
A1

-Ig
G

pE
BN

A1
-H

2A
.Z

0.0

0.1

0.2

0.3

0.4

%
 In

pu
t

293T-pHEBO
H2A.Z

FR DS Amp 

pControl-H2A.Z

pEBNA1-H2A.Z✱✱✱✱ ✱✱✱✱

✱

Fig 5

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 29, 2025. ; https://doi.org/10.1101/2025.01.28.635203doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.28.635203
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig 6

B C

D E

A

IgG

H3K
27

ac

H3K
27

me3

H4K
20

me3

H3K
4m

e3
0.0

0.1

0.2

0.3

SNU-719
Qp

%
 In

pu
t

H3K27ac

H3K27me3

H4K20me3

H3K4me3

IgG

✱✱✱✱

IgG

H3K
27

ac

H3K
27

me3

H4K
20

me3

H3K
4m

e3
0.0

0.1

0.2

0.3

0.4

SNU-719
OriLyt

%
 In

pu
t

✱✱✱✱

OriLyt
Qp

IgG

H3K
27

ac

H3K
27

me3

H4K
20

me3

H3K
4m

e3
0.0

0.1

0.2

0.3

SNU-719
Qp

%
 In

pu
t

H3K27ac

H3K27me3

H4K20me3

H3K4me3

IgG

✱✱✱✱

IgG

siC
ontro

l

siH
2A

.Z IgG

siC
ontro

l

siH
2A

.Z IgG

siC
ontro

l

siH
2A

.Z
0

5

10

15

SNU-719 
CTCF 

%
 In

pu
t

Qp 166 OriLyt

siControl

siH2A.Z

✱✱✱

✱✱

IgG

siC
ontro

l

siH
2A

.Z IgG

siC
ontro

l

siH
2A

.Z IgG

siC
ontro

l

siH
2A

.Z
0

5

10

15

SNU-719 
CTCF 

%
 In

pu
t

Qp 166 OriLyt

siControl

siH2A.Z

✱✱✱

✱✱

CTCF

Ig
G

 

si
C

on
tr

ol
 

si
H

2A
.Z

 

Ig
G

 

si
C

on
tr

ol
 

si
H

2A
.Z

 

0.0

0.2

0.4

0.6

0.8

%
 In

pu
t

Qp OriLyt

SNU-719
H3K27ac

✱✱✱

H3K27ac
Ig

G
 

si
C

on
tr

ol
 

si
H

2A
.Z

Ig
G

 

si
C

on
tr

ol
 

si
H

2A
.Z

0

1

2

3

%
 In

pu
t

   SNU-719
H4K20me3

Qp OriLyt

siControl 

siH2A.Z

✱✱✱H4K20me3

IgG

siC
ontro

l

siH
2A

.Z IgG

siC
ontro

l

siH
2A

.Z IgG

siC
ontro

l

siH
2A

.Z
0

5

10

15

SNU-719 
CTCF 

%
 In

pu
t

Qp 166 OriLyt

siControl

siH2A.Z

✱✱✱

✱✱

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 29, 2025. ; https://doi.org/10.1101/2025.01.28.635203doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.28.635203
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig 7

SNU719 MutuI
H2A.ZEBNA1 H2A.ZEBNA1

EBNA1

EBNA1

EBNA1

H2A.Z

H2A.Z

H2A.Z

CTCF

CTCF

EBNA1

EBNA1

EBNA1

H2A.Z

H2A.Z

H2A.Z

CTCF

CTCF

EBNA1

EBNA1

EBNA1

H2A.Z

H2A.Z

H2A.Z

CTCF

CTCF

ADA

IL6R

SELENOK

H2A.Z
EBNA1
968

8796

EBNA1 H2A.Z
1102 6819

402 6119700

EBNA1 H2A.Z

1102 6819 288 8116680

EBNA1 H2A.Z

968 8796

SNU719 MutuI

A B

C

D

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 29, 2025. ; https://doi.org/10.1101/2025.01.28.635203doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.28.635203
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig 8
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