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ABSTRACT

Epstein-Barr virus (EBV) nuclear antigen 1 (EBNA1) is the EBV-encoded nuclear antigen and sequence-specific DNA binding
protein required for viral origin binding and episome maintenance during latency. EBNAL1 can also bind to numerous sites in the
cellular genome and can provide a host cell survival function, but it is not yet known how EBNA1 sequence-specific binding is
responsible for host cell survival. Here, we integrate EBNA1 chromatin immunoprecipitation sequencing (ChIP-Seq) with tran-
scriptome sequencing (RNA-Seq) after EBNAL1 depletion to identify cellular genes directly regulated by EBNA1 that are also es-
sential for B-cell survival. We first compared EBNA1 ChIP-Seq patterns in four different EBV-positive cell types, including
Burkitt lymphoma (BL) cells, nasopharyngeal carcinoma (NPC) cells, and lymphoblastoid cell lines (LCLs). EBNA1 binds to
~1,000 sites that are mostly invariant among cell types and share a consensus recognition motif. We found that a large subset of
EBNAL1 binding sites are located proximal to transcription start sites and correlate genome-wide with transcription activity.
EBNA1 bound to genes of high significance for B-cell growth and function, including MEF2B, IL6R, and EBF1. EBNA1 depletion
from latently infected LCLs results in the loss of cell proliferation and the loss of gene expression for some EBNA1-bound genes,
including MEF2B, EBF1, and IL6R. Depletion of MEF2B, EBF1, or IL6R partially phenocopies EBNA1 depletion by decreasing
the cell growth and viability of cells latently infected with EBV. These findings suggest that EBNA1 binds to a large cohort of cel-
lular genes important for cell viability and implicates EBNA1 as a critical regulator of transcription of host cell genes important
for enhanced survival of latently infected cells.

IMPORTANCE

Epstein-Barr virus (EBV) latent infection is responsible for a variety of lymphoid and epithelial cell malignancies. EBNAL is the
EBV-encoded nuclear antigen that is consistently expressed in all EBV-associated cancers. EBNA1 is known to provide a host cell
survival function, but the mechanism is not known. EBNAL1 is a sequence-specific binding protein important for viral genome
maintenance during latency. Here, by integrating ChIP-Seq and RNA-Seq, we demonstrate that EBNA1 binds directly to the pro-
moter regulatory regions and upregulates the transcription of host genes that are important for the survival of EBV-infected
cells. Identification of EBNA1 target genes provides potential new targets for therapeutic intervention in EBV-associated disease.

pstein-Barr virus (EBV) is clinically associated with a diverse

set of lymphoid and epithelial cell malignancies, including
Burkitt lymphoma (BL), nasopharyngeal carcinoma (NPC), and
lymphoproliferative diseases of immunosuppressed individuals
(1-3). In almost all EBV-associated cancers, the viral genome per-
sists as a nuclear, chromatin-associated episome that expresses
only a small subset of viral genes and rarely reactivates to produce
infectious viral particles (3, 4). This form of persistent infection,
referred to as EBV latency, is capable of transforming the growth,
differentiation, and survival properties of the host cell. Several
EBV latency genes have been implicated in the carcinogenic trans-
formation of host cells, suggesting that the mechanisms of EBV-
induced cancer are diverse and complex (5-7).

EBV encodes several nuclear antigens that have well-estab-
lished roles in transcription regulation and B-cell proliferation.
EBV nuclear antigen 2 (EBNA2) binds to the host cell transcrip-
tion factors (TFs) RBPJ/CBF1 and PU.1 to activate the transcrip-
tion of viral and host target genes involved in B-cell proliferation
(8). EBNA3A and EBNA3C can also bind to RBPJ/CBF1 to recruit
epigenetic modifiers, including members of the polycomb family
of transcriptional repressors (9—11). EBNA3C has been implicated
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in the epigenetic silencing of proapoptotic and tumor suppressor
genes and thus promotes host cell survival and proliferation. Ge-
nome-wide chromatin immunoprecipitation (ChIP) studies have
revealed the EBNA2 and EBNA-LP cobind to many promoters
and enhancers of host genes important for B-cell activation (12).
Similarly, EBNA3C can colocalize with BATF/IRF4 or SPI1/IRF4
composite sites to recruit the corepressor SIN3A (13). While these
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EBV-encoded nuclear antigens account for much of the transcrip-
tional reprogramming of host cells by EBV during B-cell primary
infection of naive B cells, they are often not expressed in EBV-
associated cancers such as Burkitt lymphoma, Hodgkin’s lym-
phoma, or epithelial tumors like NPC.

In contrast to these viral nuclear antigens, EBNA1 has a pri-
mary role in maintaining the EBV genome during latent infection
(14, 15). EBNALI is also unique among the nuclear antigens for its
consistent expression in cells of all EBV-associated tumors and
latency types. EBNALI is a sequence-specific DNA binding protein
that binds with high affinity to three well-characterized sites in the
viral genome that are important for DNA replication, episome
maintenance, and viral gene regulation. EBNAL1 tethers viral epi-
somes to host chromosomes through its amino-terminal AT hook
domain, which makes nonspecific contacts with host DNA and
RNA (16, 17). EBNA1 can also interact with numerous sequence-
specific host chromosome sites through its C-terminal DNA bind-
ing domain (18-21). To date, studies of these sequence-specific
EBNALI binding sites have failed to identify host gene targets es-
sential for EBV infection or B-cell immortalization.

EBNALI is also known to provide a host cell survival function
that is distinct from its control of viral episome maintenance or
viral gene regulation (22). EBNA1 can interact with cellular pro-
teins, including HAUSP7, EBP2, CKII, and PML-associated pro-
teins, that may contribute to its host cell survival function (23).
The EBNAI AT hook chromatin binding domain can alter host
global chromatin structure and gene expression, which may also
promote host cell survival (24). However, the sequence-specific
DNA binding domain has been implicated in promoting host cell
survival (22). While EBNAL is known to bind with sequence spec-
ificity to many host genome locations, it is not yet known whether
any of these sites regulate cellular genes important for host cell
survival. Here, we integrate ChIP sequencing (ChIP-Seq) and
transcriptome sequencing (RNA-Seq) with functional studies to
identify EBNA1 binding sites that function in the regulation of
host genes important for B-cell growth and survival.

MATERIALS AND METHODS

Cells. Mutu I is an EBV-positive BL cell line with type I latency (gift of J.
Sample, Penn State Hershey Medical School). Raji is an EBV-positive BL
cell line with irregular type I1I latency (obtained from the ATCC). C666-1
is an EBV-positive NPC cell line with type II latency (gift of K. K. W. Lo,
Chinese University of Hong Kong). The lymphoblastoid cell line (LCL) is
an EBV-immortalized lymphoblastoid cell line with the Mutu I virus
strain (also referred to as Mutu-LCL). HONE-1 and HK1 are EBV-nega-
tive NPC cell lines (obtained from the ATCC). BJAB and DG75 are EBV-
negative B-cell lymphoma lines (obtained from the ATCC). All B-cell lines
and C666-1 were grown in RPMI medium with 10% fetal bovine serum
(FBS) and Glutamax (Life Technologies). All NPC lines were grown in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% FBS and Glu-
tamax.

ChIP assays. ChIP-Seq and ChIP-quantitative PCR (qPCR) were de-
scribed previously (19).

Antibodies. EBNA1 antibody for ChIP-Seq was generated in rabbits
immunized with bacterially expressed EBNAIAGA (Pocono Rabbit
Farms) and then affinity purified with the same antigen. Alternatively,
EBNA1 monoclonal antibodies 0211 (AbD Serotec) and MAB8173 (Mil-
lipore) were used for Western blot and some ChIP-qPCR analyses, respec-
tively. Interleukin-6 (IL-6) receptor (IL-6R) (catalog number 041581;
Millipore), EBF1 (catalog number 041581; Millipore), EBNA2 (MABES;
Millipore), LMP1 (catalog number ETU001; Kerafast), FLAG (catalog
number A8592; Sigma), actin (catalog number A3854; Sigma), and in-
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house-generated anti-rabbit Zta and anti-rabbit BALF2 antibodies were
used for Western blot analysis.

ChIP-Seq data analysis. (i) EBNA1 ChIP-Seq. Data from EBNA1
ChIP-Seq and IgG experiments for 4 cell lines were aligned to the hg19
human genome by using the Bowtie algorithm (25), and all of the redun-
dant tags were removed before downstream analysis. Peak calling was
performed by using the Homer algorithm (26) with combined IgG as a
reference set. All peaks with false discovery rates (FDRs) of <1% for 4 cell
lines were overlapped to create a list of unique binding sites, and only sites
with an EBNALI peak signal of at least 15 RPM (reads per million) in one
cellline and at least 5-fold over the IgG and local background signals were
considered significant for further analysis. De novo motif discovery on
200-bp sites with significant EBNA1 peaks was performed by using the
Homer algorithm (26).

(ii) ENCODE. The ENCODE database (ENCODE Project Consor-
tium; 46) was used to download ChIP-Seq data available for all transcrip-
tion factors and histone modification marks in an LCL (GM12878). A list
of significant peaks and BigWig tracks provided by the ENCODE database
were used.

(a) ChIP-Seq heat maps. All ChIP-Seq heat maps were plotted, with
signals of 0 RPM shown in gray, 5 RPM shown in white, and =15 RPM
shown in bright colors and with intermediate signals shown as gradients
of these colors.

(b) Epigenetic heat map. BigWig tracks were used to cluster and visu-
alize the signal distributions of histone modification marks and other
epigenetically important factors by using a 10-bp size window spanning
positions —1 kb to 1 kb from the EBNAT1 site center. Hierarchical cluster-
ing of the data was done by using correlation distances and average link-
ages for both sites and histone modification marks/transcription factors.
Genes associated with 3 cohorts were assigned based on 100 kb from the
transcription start site (TSS) cutoff. The RNA-Seq expression distribution
is shown as medians, 25th/75th percentiles are shown as boxes, and 5th/
95th percentiles are shown as whiskers. DAVID (27) was used for enrich-
ment analysis of genes from 2 cohorts.

(c) TF heat map. An EBNAT1 site that had a significant transcription
factor within 100 bp from its center was called as cooccupied by the TF.
Hierarchical clustering of cooccupied transcription factors and sites was
done by using the Jaccard distance (1 minus the percentage of nonzero
coordinates that differ) with complete linkage.

RNA-Seq data analysis. RNA-Seq data were aligned by using the Bow-
tie algorithm, and RSEM v1.2.12 software (28) was used to estimate read
counts and reads per kilobase per million (RPKM) values on the gene and
exon levels by using the gene table for the hg19 genome downloaded from
the UCSC browser (hg9.knownGene and hg9.knownlsoforms tables
[http://genome.ucsc.edu/]). EdgeR (29) was used to estimate the signifi-
cance of differential expression differences between two experimental
groups. Overall gene expression level changes were considered significant
if they passed thresholds of an FDR of <10% and a fold change of >2.
Genes that had an EBNA1 peak within 3 kb from the TSS and that had an
FDR of <10% were considered significantly directly changed by EBNA1.
The significance of EBNA1 binding and changes in gene expression levels
was tested by using a Fisher exact test comparing numbers/percentages of
EBNAIl-occupied genes that showed expression changes to those of
EBNAI-occupied genes that did not show expression changes. Gene set
enrichment analysis was done by using Ingenuity Pathway Analysis (IPA)
software (Qiagen, Redwood City, CA), using the “Functions” and “Up-
stream Regulators” options. Functions that passed a threshold of a P value
of <107° and upstream regulators that passed a threshold of a P value
of <107 and that had a significantly predicted activation state (|Z] of >2,
where |Z| is the absolute value of the Z-score calculated by IPA for predic-
tion of the activation state) were considered.

Lentivirus transduction. Short hairpin RNAs (shRNA) were ex-
pressed in the pLKO.1 vector obtained from Open Biosystems (catalog
number TRCN0000013831). The control shRNA (shControl) was gener-
ated in the pLKO.1 vector with the target sequence 5'-TTATCGCGCAT
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ATCACGCG-3'. All shRNA targeting sequences are provided in Table S1
in the supplemental material. Lentiviruses were produced by cotransfect-
ing the pLKO.1 shRNA expression plasmid packaging vectors pMD2.G
and pSPAX2 as described previously (30). Cells in suspension were in-
fected with lentiviruses carrying pLKO.1-puro vectors by spin infection at
450 X gfor 90 min at room temperature. The cell pellets were resuspended
and incubated in fresh RPMI medium and then treated with 2.5 pg/ml
puromycin 48 h after infection.

Cell viability assay. Forty-eight hours after lentivirus infection, a 96-
well assay plate was set up with 10* cells in 100 p.l complete RPMI medium
with 2.5 pg/ml puromycin in each well. The transduced cells were cul-
tured for 5 days, 10 pl of a 0.5 mM resazurin (Sigma) solution was mixed
in each well, and the wells were incubated at 37°C for 3 to 4 h before the
fluorescence at 560 nm excitation and 590 nm emission (560/590 nm) was
read by using an Envision plate reader.

EdU incorporation assay. C666-1 cells were infected with shRNA len-
tivirus for knockdown of EBNA1 for 2 days and then subjected to puro-
mycin selection for an additional 3 days. Following selection, 1 X 10 cells
were seeded into a 96-well culture plate in 100 wl RPMI medium with 10%
FBS and appropriate antibiotics, and culturing was then continued for 24
h. On the next day, a final concentration of 10 uM ethynyl deoxyuridine
(EdU) was added to the cells, and the cells were maintained in EdU-
containing medium and cultured for an additional 24 h before harvest.
Following treatment, the cells were fixed and then stained with Oregon
Green*488 azide by using a Click-iT EdU microplate assay kit according
to the manufacturer’s instructions (catalog number C10214; Invitrogen).
The images were acquired by using an Operetta high-content imaging
system and analyzed with Harmony high-content analysis software ac-
cording to the manufacturer’s instructions (PerkinElmer).

RESULTS
Invariant EBNA1 binding sites in virus and host genomes. We
performed ChIP-Seq studies of EBNALI in four different cell lines
with distinct EBV latency types. We compared the ChIP-Seq pro-
files for LCLs (latency type III), Mutu I cells (BL) (latency type I),
Raji cells (BL) (latency type III with Wp initiation), and C666-1
cells (NPC) (latency type II). We found that EBNA1 binds to the
three major binding sites in the viral genome, namely, FR (family
of repeats), DS (dyad symmetry), and Qp (Q promoter), indistin-
guishably in cells of all latency types tested (Fig. 1A; see also Fig. S1
in the supplemental material). Although EBNA1 is thought to
function as a transcriptional repressor of Qp in type III latency, we
found that EBNAL is equally enriched at Qp in cells of all latency
types. This suggests that EBNA1 has other functions at Qp and
that additional factors modulate transcription initiation at Qp.
We also observed some differences in the relative ratios of EBNA1
binding to the FR and DS regions of OriP (see Fig. S1 in the sup-
plemental material), but the significance of this is not yet clear.
Global analysis of genome-wide binding sites for EBNA1 re-
vealed an average of ~1,000 significant cellular EBNA1 binding
sites in each cell line tested. Many of these sites were common to all
four cell types, but some cell type-specific enrichments were ob-
served. Specific examples of EBNA1 ChIP-Seq peaks are shown for
the IL6R (Fig. 1B) and MEF2B (Fig. 1C) genes as well as for the
RNF145/EBF1, CDC7, KDM4c, and LAIRI genes (see Fig. S2 in the
supplemental material). Genome-wide analysis revealed that
EBNALI binding sites tend to localize to transcription start sites of
annotated genes, with the average signal being similar to the back-
ground signal at a distance ~3 kb from the TSS (Fig. 1D). The
overlap between the ChIP-Seq data sets (Fig. 1E) suggests that the
majority of sites are invariant for all cell types but that there are
some cell-specific variations, as further demonstrated by the heat
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map of the EBNAL1 binding signal across the 4 cell types (Fig. 1F).
Mutu I cells showed the largest number of strongly occupied sites,
with at least 93 to 95% of EBNA1 binding peaks in other cell lines
also being present in Mutu I cells (Fig. 1G). Clustering analysis of
cell types based on differences in EBNA1 binding shows a com-
mon pattern among the BL cell lines Mutu I and Raji, with a more
distant overlap for LCLs and even further differences with the
NPC cell line C666-1 (Fig. 1H). A de novo motif analysis revealed
nearly identical EBNA1 consensus sites in all cell types for the
overwhelming majority of binding sites (Fig. 1I). This consensus
closely matches that for known EBNA1 binding sites in the EBV
genome, suggesting that the majority of cellular sites are bound
directly through the EBNA1 DNA binding domain. Western blot
analysis of the four cell types indicated that EBNA1 proteins have
some variation in molecular mass due to different numbers of
Gly-Ala repeats in the central domain as well as some variation in
expression levels possibly correlating with different virus copy
numbers (Fig. 1]). As expected, LCLs and Raji cells express the
type III proteins EBNA2 and LMP1. Taken together, these find-
ings indicate that EBNAI interacts with host chromosomes near
gene start sites through highly specific sequence recognition sim-
ilar to that on the EBV genome but that cell type variations may
limit the access of EBNA1 to some of these potential binding sites.

Diverse environments of EBNA1 binding sites. EBNA1 bind-
ing sites can be clustered into three major categories based on the
site’s epigenetic context, as determined from the ENCODE ChIP-
Seq data for EBV-positive LCLs (Fig. 2A). The first cohort of
EBNAL sites colocalizes with histone modifications associated
with active transcription (Fig. 2A, purple), including H3K4me3,
H3K%ac, and the histone variant H2AZ. A second cohort of
EBNAI1-bound sites is enriched with H3K27me3 and H3K9me3
(Fig. 2A, yellow), usually associated with repressed transcription.
A third, smaller category of EBNAL sites colocalizes with
H3K36me3 (Fig. 2A, gray), also a marker of active transcription.
Indeed, genes near the sites from cohorts 1 and 3 showed a ten-
dency to be expressed in LCLs at higher levels than genes from
cohort 2 (Fig. 2B). DAVID analysis of genes associated with co-
horts 1 and 2 revealed enrichments of diverse cellular functions
(Fig. 2C) (27). Transcriptionally active genes were associated with
the functions “response to unfolded protein” and “response to
nutrient,” while repressed genes associated with cohort 2 have
functions linked to “organ morphogenesis” and “system develop-
ment.” These findings indicate that EBNA1 binding sites colocal-
ize with histone modifications associated primarily with active
transcription and genes associated with the environmental stress
response.

We also assessed whether EBNA1 binding sites tend to colocal-
ize with known transcription factor binding sites, based on avail-
able ChIP-Seq data sets from the ENCODE database. We found
that 42% of all EBNA1 LCL binding sites were cooccupied by at
least 1 of 85 available transcription factors, while the same was true
for 73% of sites from epigenetic cohort 1. There were 23 transcrip-
tion factors that cobound EBNALI in at least 10% of sites from
cohort 1, including PAX5, NRSF, and RXRA as the most frequent
binding partners of EBNA1 (Fig. 2C).

EBNAL1 depletion leads to loss of viability of EBV-positive
cells. To investigate the functional role of EBNA1 at cellular bind-
ing sites, we first developed several shRNA lentivirus expression
vectors and assayed these vectors for their ability to efficiently
deplete EBNALI protein in LCLs (Fig. 3A). At least three different
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FIG 1 EBNAL1 binding sites at host cell gene promoters and upstream regulatory regions. (A) EBNA1 ChIP-Seq peaks for Raji cells, Mutu I cells, LCLs, and
C666-1 cells mapped to the EBV genome. (B and C) EBNA1 ChIP-Seq peaks for Raji cells, Mutu I cells, LCLs, and C666-1 cells mapped near TSSs of the IL6R and
MEF2B genes of the human genome. (D) Distribution of EBNA1 peak signals around the human genome transcription start sites (left) and transcription end sites
(TES) (right). (E) Overlap of significant EBNA1 peaks among 4 cell lines. (F) Heat map of EBNA1 peak signals and the combined IgG controls from ChIP-Seq
experiments for C666-1 cells (C), LCLs (L), Mutu I cells (M), and Raji cells (R). Each column represents 1,000 bp (10-bp steps) surrounding the EBNA1 binding
site in 4 cell lines and the combined IgG signal. The R/M/L/C groups on the left indicate the presence of an EBNA1 peak in the corresponding cell line. (G)
Percentage of EBNAL1 peaks shared between pairs of cell lines. (H) Hierarchical clustering of cell lines based on the percentage of differentially occupied EBNA1
sites between them. (I) EBNA1 DNA binding motifs discovered by de novo motif analysis of EBNA1 binding sites in 4 cell lines. Numbers indicate percentages of
sites with a significant EBNA1 peak that had the binding motif. (J) Western blot analysis of EBNAL1 (top) or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (bottom) in BJAB, Mutu I, C666-1, LCL, and Raji cell extracts.

shRNAs (shEBNA1.1, -1.2, and -1.5) could deplete EBNA1 tolev-  but had little effect on EBV-negative cells (Fig. 3B). The loss of cell
els below 30% of the levels in control lentivirus-infected LCLs. We  viability correlated with an increase in the number of annexin
assayed these shRNAs for their effects on the viability of cell lines ~ V-positive apoptotic cells (Fig. 3C) and an increase in the popu-
likely to be dependent upon EBV latent infection (LCLs and lation of sub-G, cells by fluorescence-activated cell sorter (FACS)
C666-1 cells) and compared these effects to those on EBV-nega-  analyses (Fig. 3D). We also assayed the effect of EBNA1 depletion
tive cell lines with comparable growth properties (BJAB and on cellular DNA replication by assaying the incorporation of ethy-
HONEL cells, respectively) (Fig. 3B). We found that all three nyl deoxyuridine (EdU) followed by Click-iT chemistry for high-
shEBNALI lentiviruses reduced the viability of EBV-positive cells  content imaging (Fig. 3E and F). We found that shEBNA1 led to a
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FIG 2 EBNA1 binding sites cluster with epigenetic marks for active or repressed gene transcription in LCLs. (A) Heat map showing correlations between EBNA1
peaks and various histone modification marks and other factors that affect transcription. Clustering of the epigenetic profiles revealed that EBNAI peaks fell into
three distinct cluster groups associated with active and repressed transcription. (B) Averages and distributions of expression values for genes linked to EBNA1
peaks from the 3 epigenetic clusters. FPKM, fragments per kilobase per million. (C) Biological processes enriched among genes linked to EBNA1 peaks from
activation and repression epigenetic clusters. (D) List of 23 transcription factors (TF) with peaks that overlapped EBNA1 peaks in at least 10% of EBNA1 sites
from cluster 1 associated with active transcription. Columns represent EBNAL sites, and each row represents a TF, with orange indicating sites cobound by

EBNAI and the TF.

large (~75%) reduction in cellular proliferation relative to that in
shControl-treated or untreated cells (Fig. 3E and F). These find-
ings demonstrate that EBNA1 depletion leads to losses of cellular
DNA replication and survival in both LCLs and C666-1 cells.
Identification of cellular genes regulated by EBNAL1. To iden-
tify cellular genes that are transcriptionally regulated by EBNAL,
we first performed a gene expression profile analysis using RNA-
Seq for LCLs transduced with shEBNA1.1 or shControl lentivirus.
We identified a large number of genes (~700) that are both pos-
itively and negatively regulated >2-fold by EBNA1 shRNA deple-
tion (Fig. 4). We found that these genes were significantly associ-
ated with a number of diverse functions, as identified by DAVID
and Ingenuity Pathway Analysis (IPA) software. Among the top
functions were those associated with cancer, attraction of T lym-
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phocytes, and synthesis of fatty acid (Fig. 4A). Among the genes
whose expression levels were most reduced by EBNA1 depletion
were glucagon, IL6, CCR4, CXCL10, and defensinf4A. Among the
genes most activated by EBNA1 depletion were PHGDH, SREBFI,
and MAG. We attempted to integrate these data with the ChIP-
Seq data to determine which EBNA1-bound genes tended to have
increased or decreased expression in response to EBNA1 deple-
tion. Overall, we found that genes with EBNA1 bound within 3 kb
of the TSS were 2.6-fold more likely (P = 0.007) to be downregu-
lated by EBNA1 depletion, suggesting that EBNA1 functions more
frequently as a transcriptional activator of neighboring genes (Fig.
4B). We further analyzed genes with strong EBNA1 peaks located
within 3 kb of the TSS and changes in mRNA expression after
EBNAL depletion (Fig. 4C), which may indicate direct regulation
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indicates P values of <0.05, as determined by using the Student ¢ test.

by EBNAL. In this group, we found that USP30, MEF2B, and
SLC37A4 were among the genes most downregulated by EBNA1
depletion, while EPHA4, SGKI, and MRPL30 were among the
genes most upregulated by EBNAI depletion. Further analysis by
using IPA revealed that EBNA1 may regulate several pathways,
including the activation of various cytokine pathways (IL-18, IL-6,
IL-12, and IL-2) and the p38 mitogen-activated protein (MAP)
kinase network and the inhibition of cytokine IL-10 and ADIPOQ
networks (Fig. 4D).

EBNAL1 regulates genes essential for B-cell survival. To iden-
tify cellular genes directly and positively regulated by EBNAI, we
tested several of the highly significant candidate genes by reverse
transcription-PCR (RT-PCR) (Fig. 5A). EBNA1 depletion led to a
substantial loss of IL6R, KDM4C, EBFI, and MEF2b mRNA ex-
pression. We also confirmed previous observations that EBNA1
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depletion leads to increased expression of viral lytic cycle genes,
including the immediate early genes BRLFI and BZLFI (Fig. 5B).
Western blot analysis confirmed these findings for the loss of the
cellular proteins IL-6R and EBF1 and increased expression of the
viral lytic proteins BALF2 and Zta (BZLF1) (Fig. 5C).

We also assayed the effect of ectopic expression of EBNA1 on
the EBV-negative NPC cell line HK1 or the B-cell lymphoma line
BJAB (Fig. 5D and E). Western blot analysis demonstrated that
FLAG-EBNALI protein was expressed in each cell type, and a mod-
est increase in the IL-6R level was also observed in HK1 cells (Fig.
5D). RT-PCR also revealed that ectopic expression of EBNA1 in-
duced the expression of IL6R mRNA in both cell types, while
MEF2B and EBF1 were induced only in BJAB cells (Fig. 5E). Each
of these genes has a strong EBNA1 peak at its transcription start
site in EBV-positive cell lines. These findings suggest that ectopic
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FIG 4 Integration of RNA-Seq with ChIP-Seq to identify genes regulated directly by EBNA1. LCLs were transduced twice with shControl (shC1 and shC2) or
shEBNALI (shE1 and shE2) and assayed by RNA-Seq. The RNA-Seq data were then analyzed to find significantly affected genes. (A) Genes from 3 major functions
significantly affected by EBNA1 depletion. Red, significantly upregulated by EBNA1 depletion; blue, significantly downregulated by EBNAI depletion. CoA,
coenzyme A. (B) Significant association of EBNA1 depletion and downregulation of genes occupied by EBNA1 within 3 kb of the TSS. (C) Genes occupied by
EBNA1 within 3 kb of the TSS whose expression levels changed at least 1.5-fold upon EBNAI depletion. (D) Regulators significantly affected by EBNA1 depletion,
as indicated by expression level changes of their known targets. GF, growth factor; HGF, human growth factor; MAPK, mitogen-activated protein kinase.

expression of EBNA1 may activate the transcription of bound
genes in a cell type- and context-dependent manner.

To investigate the potential importance of EBNAI-regulated
genes for B-cell survival, we first tested whether shRNA depletion
of IL-6R or EBF1 led to a loss of LCL viability (Fig. 5F). Depletion
of IL-6R (~50% reduction) led to an ~40% decrease in B-cell
viability (Fig. 5F, left). Depletion of EBF1 (~80% reduction) re-
duced LCL viability by ~70% (Fig. 5F, right). MEF2B was among
the genes most highly enriched for EBNA1 binding and responsive
to EBNAI for mRNA transcription levels. MEF2B is of particular
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interest because of its frequent deregulation in B-cell lymphomas
(31, 32). Depletion of MEF2B resulted in a significant loss of cell
viability in EBV-positive cells (Mutu I cells, Raji cells, and LCLs)
but not in EBV-negative B cells (DG75 and BJAB cells) (Fig. 5G).
Interestingly, MEF2B mRNA levels were depleted to a greater ex-
tent in EBV-negative cells than in EBV-positive cells (Fig. 5G,
bottom), suggesting that EBV-negative cells are less dependent
upon MEF2B for viability. These findings indicate that genes
bound and regulated by EBNA1 contribute, atleast in part, to host
cell viability.
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DISCUSSION scriptionally active in B lymphocytes and are affected, either pos-
We have used ChIP-Seq, RNA-Seq, and targeted gene depletionto  itively or negatively, by depletion of EBNAI. We show that EBV-
identify Candidate cel]ular genes that are directly bound and reg- positive CGHS require EBNA1 fOI' Vlablllty and proliferation. We
ulated by EBNAI1. We show that EBNA1 binds with high occu-  identified a small cohort of genes that have strong EBNA1 binding
pancy to ~1,000 host chromosome sites in various cell types. sites within known promoter regions that were also positively co-
These sites are mostly invariant between cell and latency types, regulated by EBNAI. Finally, we demonstrated that some of these
although a subset of sites has cell-specific enrichments or losses.  genes, namely, IL6R, EBF1, and MEF2B, are required for the via-
The majority of these sites are in close proximity to genes tran-  bility of EBV-positive cells. We suggest that EBNA1 modulates the
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transcription of numerous genes and gene pathways that contrib-
ute to the overall viability and fitness of latently EBV-infected cells
(Fig. 6).

EBNA1 may promote host cell survival through multiple
mechanisms. EBNA1 can interact physically with several cellular
proteins that may affect cellular fitness independent of EBNA1
DNA binding functions (14). On the other hand, the EBNA1 DNA
binding domain can function as a dominant negative mutant ca-
pable of inhibiting cell growth and survival (33). EBNA1 is also
known to have essential functions in the transcription activation
of EBV genes, including the activation of EBNA2 during the es-
tablishment of type III latency. EBNAI can also function in the
suppression of EBV lytic reactivation (34). EBNAI has been
shown to activate let-7 microRNA (miRNA) and to downregulate
Dicer, which in turn prevents lytic cycle gene activation (35).
However, we did not find any EBNA1 binding sites close to the
transcription start sites of these genes, suggesting that they may be
regulated indirectly by EBNA1. EBNA1 has been thought to bind
selectively to Qp in type III latency, where it functions to repress
transcription initiation (36). However, our ChIP-Seq data indi-
cate that Qp is bound similarly in all latency types tested. The fact
that EBNA1 can activate and repress viral promoters is consistent
with data from our genome-wide analysis revealing a cohort of
EBNAI1-bound genes with either active or repressed chromatin
marks. This suggests that EBNA1 may function as a scaffold for
host factors that can either activate or repress transcription de-
pending on the context. Thus, EBNALI is unlikely to be a potent
activator or repressor of transcription but rather is a cofactor in
mediating nucleoprotein complexes at selective sites in the ge-
nome.

The majority of cellular EBNA1 binding sites conformed to the
consensus site found in the EBV genome, consistent with EBNA1
binding DNA through a single major recognition mechanism de-
fined by structural studies (37). Although we did not find statisti-
cally significant alternative consensus sites, as previously reported
(18, 19), it is possible that a small amount of EBNA1 binds directly
or indirectly to cellular sites that diverge from the canonical con-
sensus. EBNALI can also binds to sites that do not correspond to
known transcriptional regulatory elements. Approximately 8% of
EBNAL binding sites overlap CTCF binding sites, suggesting that
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EBNA1 may have chromatin architectural functions. EBNA1
binds in close proximity to CTCF at Qp in the viral genome, where
CTCEF functions to limit DNA methylation and facilitate DNA
loop formation with the OriP enhancer. EBNALI is known to form
homotypic interactions through its amino-terminal zinc binding
motif (38—42), suggesting that an important function of EBNAI is
the formation of DNA loops and interaction networks, similar to
that proposed for CTCF. Thus, EBNALI sites may regulate tran-
scription by linking regulatory elements through DNA loop for-
mations.

The cohort of genes with EBNA1 binding sites near transcrip-
tion start sites (cluster 1) includes many genes with known func-
tions in cell survival and proliferation. We examined three of these
genes, IL6R, EBF1, and MEF2B, for their regulation by EBNA1 and
for their contribution to cell viability. The level of IL6R was found
to be elevated in EBV-positive lymphoid cells (43) and nasopha-
ryngeal carcinoma cells (44). IL6R was shown to be overexpressed
in NPC tumor tissue and important for an enhanced response to
IL-6—STATS3 signaling that is important for tumor cell growth and
invasiveness (44). The MEF2B level was found to be elevated in
several B-cell malignancies, including diffuse large B-cell lym-
phoma (DLBCL), which may be commonly infected by EBV (31,
32). EBF1 was identified as a B-cell identity factor important for
maintaining EBV latency (45). EBF1 was also found to occupy
many of the EBNA2 chromosome binding sites (8). EBNA2 is
expressed in type III latency, where it activates the transcription of
many cellular genes important for B-cell activation, functioning in
concert with B-cell transcription factors like EBF1 and RBP-jK
(8). EBNA2 binds to many sites in the host chromosome that
overlap cellular transcription factor binding sites, especially
RBP-jk and EBF1. EBNAL1 overlaps ~7% of EBNA2 binding sites,
but it is not yet known if EBNA1 modulates EBNA2 function at
these sites. The overwhelming majority of EBNA2 sites are EBNA1
independent, suggesting that these viral factors act through dis-
tinct and likely complementary mechanisms on the host chromo-
some.

In conclusion, we find that EBNA1 binds to an invariant group
of sites that tend to localize with transcription start sites of active
and euchromatic genes. By combining ChIP-Seq data for multiple
EBV-positive cells and RNA-Seq data for EBNAI1-depleted cells,
we were able to identify a cohort of cellular genes that are direct
targets of EBNA1 and contribute to the survival and proliferation
functions provided by EBNA1 in latently infected cells.
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