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ABSTRACT

Latent infection of B lymphocytes by Epstein-Barr virus (EBV) in vitro results in their immortalization into lymphoblastoid cell
lines (LCLs); this latency program is controlled by the EBNA2 viral transcriptional activator, which targets promoters via RBPJ,
a DNA binding protein in the Notch signaling pathway. Three other EBNA3 proteins (EBNA3A, EBNA3B, and EBNA3C) interact
with RBPJ to regulate cell gene expression. The mechanism by which EBNAs regulate different genes via RBPJ remains unclear.
Our chromatin immunoprecipitation with deep sequencing (ChIP-seq) analysis of the EBNA3 proteins analyzed in concert with
prior EBNA2 and RBPJ data demonstrated that EBNA3A, EBNA3B, and EBNA3C bind to distinct, partially overlapping genomic
locations. Although RBPJ interaction is critical for EBNA3A and EBNA3C growth effects, only 30 to 40% of EBNA3-bound sites
colocalize with RBPJ. Using LCLs conditional for EBNA3A or EBNA3C activity, we demonstrate that EBNA2 binding at sites
near EBNA3A- or EBNA3C-regulated genes is specifically regulated by the respective EBNA3. To investigate EBNA3 binding
specificity, we identified sequences and transcription factors enriched at EBNA3A-, EBNA3B-, and EBNA3C-bound sites. This
confirmed the prior observation that IRF4 is enriched at EBNA3A- and EBNA3C-bound sites and revealed IRF4 enrichment at
EBNA3B-bound sites. Using IRF4-negative BJAB cells, we demonstrate that IRF4 is essential for EBNA3C, but not EBNA3A or
EBNA3B, binding to specific sites. These results support a model in which EBNA2 and EBNA3s compete for distinct subsets of
RBPJ sites to regulate cell genes and where EBNA3 subset specificity is determined by interactions with other cell transcription
factors.

IMPORTANCE

Epstein-Barr virus (EBV) latent gene products cause human cancers and transform B lymphocytes into immortalized lympho-
blastoid cell lines in vitro. EBV nuclear antigens (EBNAs) and membrane proteins constitutively activate pathways important
for lymphocyte growth and survival. An important unresolved question is how four different EBNAs (EBNA2, -3A, -3B, and -3C)
exert unique effects via a single transcription factor, RBPJ. Here, we report that each EBNA binds to distinct but partially over-
lapping sets of genomic sites. EBNA3A and EBNA3C specifically regulate EBNA2’s access to different RBPJ sites, providing a
mechanism by which each EBNA can regulate distinct cell genes. We show that IRF4, an essential regulator of B cell differentia-
tion, is critical for EBNA3C binding specificity; EBNA3A and EBNA3B specificities are likely due to interactions with other cell
transcription factors. EBNA3 titration of EBNA2 transcriptional function at distinct sites likely limits cell defenses that would be
triggered by unchecked EBNA2 prooncogenic activity.

Epstein-Barr virus (EBV) is a herpesvirus that infects over 90%
of the population by adulthood. Primary EBV infection usu-

ally presents as a nonspecific illness in early childhood but often
manifests as infectious mononucleosis in adolescents (1). There-
after, EBV establishes lifelong latent infection in B lymphocytes
and periodically reactivates and is shed in saliva. Rarely, EBV la-
tent infection results in malignancy, including Burkitt and Hodg-
kin lymphomas, lymphoproliferative disease, nasopharyngeal car-
cinoma, and gastric cancer. Much of our knowledge of the
transforming effects of EBV latent genes derives from the study of
EBV latent infection of B lymphocytes in vitro, which results in
their growth and transformation into lymphoblastoid cell lines
(LCLs). Extensive investigation of the effects of EBV latent genes
in LCLs has demonstrated that they constitutively activate growth
and survival signals essential for normal B cell development, in-
cluding the CD40 and B cell receptors (BCR) (reviewed in refer-
ence 2).

EBV nuclear antigens (EBNAs) are proteins expressed during
latent infection that extensively target the Notch signaling path-

way. EBNA2 is a strong transcriptional activator that is targeted to
promoters through an interaction with the RBPJ DNA binding
protein that normally mediates intracellular Notch (ICN) binding
(3, 4). EBNA2 upregulates the other EBV latent gene products, as
well as cell oncogenes, such as c-myc, required for LCL growth
(5–8). EBNA2 effects are substantially similar, but not identical, to
those of ICN (9–12). Unlike that of ICN, EBNA2 activation is
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constitutive and ligand independent. Remarkably, three other
EBV nuclear proteins, EBNA3A, EBNA3B, and EBNA3C, associ-
ate with RBPJ in LCLs. The EBNA3 proteins bind RBPJ through
their highly homologous N-terminal regions and are thought to
have arisen from the triplication of a single ancestral gene (13, 14).
Although EBNA3s bind an RBPJ domain that is distinct from the
EBNA2/ICN binding site, they nevertheless limit EBNA2 activa-
tion by competing for RBPJ binding (15–18). In LCLs and Burkitt
lymphoma tumor cells, the EBNA3 proteins have been shown to
regulate distinct but extensively overlapping sets of cell genes (19–
26). EBNA3 proteins have been implicated in the pathogenesis of
Burkitt lymphoma and in attenuating an antiproliferative DNA
damage response during EBV transformation of primary B lym-
phocytes (19, 27–29). Moreover, EBNA3A and EBNA3C repres-
sion of the CDKN2A-encoded tumor suppressors p16 and p14
is essential for LCL growth, requires interaction with RBPJ, and
is associated with increased H3K27me3 modification at the
CDKN2A promoter (22, 23, 30–32).

Despite significant advances in our understanding of the role
of EBNA3 proteins in LCL growth, the basis for their different
effects via RBPJ remains an area of active investigation. The selec-
tivity in gene regulation suggests that EBNA3 proteins either tar-
get different RBPJ-bound sites or exert different effects at the same
sites. Chromatin immunoprecipitation (ChIP) experiments have
led to a rapid advance in our understanding of this problem. Mc-
Clellan et al. demonstrated that EBNA3 proteins bound to sites
distinct from those of EBNA2 in the Mutu III Burkitt lymphoma
cell line (33). However, due to cross-reactivity of the chromatin
immunoprecipitation with deep sequencing (ChIP-seq) antibody
for multiple EBNA3 proteins, they could only distinguish between
EBNA3A, EBNA3B, and EBNA3C at specific EBNA3-bound sites
by ChIP-quantitative PCR (qPCR). To overcome this limitation,
we derived LCLs that express a single EBNA3 protein with a C-ter-
minal Flag-hemagglutinin (HA) tag (34). Using our EBNA3C-
Flag-HA LCLs, Jiang et al. reported that EBNA3C colocalized to
BATF/IRF4/Spi1/Runx3 sites and observed that EBNA3C binding
signals were stronger at IRF4-cobound sites than at sites without
IRF4 binding. Remarkably, EBNA3A-bound sites were also found
to be enriched for many of the same factors, although ChIP-re-
ChIP experiments supported a critical role for BATF in EBNA3A
binding (35). To extend these results, we performed new ChIP-seq
experiments from the EBNA3A-Flag-HA, EBNA3B-Flag-HA, and
EBNA3C-Flag-HA LCLs; analyzed them concurrently; and now
report the first comprehensive analysis of EBNA3 binding in
LCLs. Our results demonstrate that EBNA3 proteins bind distinct
but partially overlapping genomic sites. In contrast to EBNA2,
which exhibits extensive cobinding with RBPJ, only 30 to 40% of
EBNA3 sites are also bound by RBPJ. However, we demonstrate
that EBNA3A and EBNA3C regulate binding of EBNA2 at distinct
sites and do not appear to compete globally with EBNA2 for RBPJ
binding. Importantly, we present the first direct evidence that
IRF4 is a critical mediator of EBNA3C, but not EBNA3A or
EBNA3B, binding to genomic sites. Collectively our results sup-
port a model in which EBNA3 proteins regulate partially overlap-
ping but distinct subsets of cell genes via interactions with RBPJ
and other cell transcription factors (TFs), such as IRF4, and
these non-RBPJ factors are the primary determinants of subset
specificity.

MATERIALS AND METHODS
Plasmids. pCEP-EBNA3A-F-HA, pCEP-EBNA3B-F-HA, and pCEP-
EBNA3C-F-HA plasmids were constructed by recloning the EBNA3 C-
terminal Flag-HA fusions used to make EBV recombinants into pCEP-
EBNA3A, -3B, and -3C, respectively. pVxy-puro-IRF4 (36), a kind gift
from Lixin Rui, University of Wisconsin—Madison, expresses the human
IRF4 gene, contains a PGK promoter-driven puromycin resistance gene,
and was fully sequenced prior to use.

Cell lines. LCLs expressing EBNA3A-HT (E3A-HT), EBNA3C-HT
(E3C-HT), EBNA3A-F-HA, EBNA3B-F-HA, or EBNA3C-F-HA have
been previously described (32, 34, 37). BJAB is an EBV-negative BL cell
line (38). B cell lines were maintained in RPMI 1640 medium supple-
mented with 10% fetal bovine serum, streptomycin, and penicillin; for
E3A-HT and E3C-HT LCLs, the permissive conditions included addition
of 400 nM 4-hydroxytamoxifen (4HT) (Sigma). 293T, a human cell line
transformed by adenovirus 5 and simian virus 40 (SV40) large T antigen
(39), was cultured in Dulbecco’s modified Eagle’s medium (Gibco) sup-
plemented with 10% fetal bovine serum, streptomycin, and penicillin.
Stable cell lines were generated by first introducing pCEP-EBNA3A-F-
HA, pCEP-EBNA3B-F-HA, or pCEP-EBNA3C-F-HA plasmids into BJAB
cells, followed by hygromycin (600 �g/ml) selection. Hygromycin-resis-
tant clones were then infected with a retrovirus expressing IRF4 or an
empty-vector control, followed by puromycin (0.4 �g/ml) selection. Hy-
gromycin- and puromycin-resistant clones were screened by Western
blotting for expression of the appropriate transgenes and maintained in
RPMI 1640 medium supplemented with 10% fetal bovine serum, strep-
tomycin, penicillin, 300 �g/ml hygromycin, and 0.2 �g/ml puromycin.

Antibodies. The following antibodies were used for ChIP-qPCR and
Western blotting: anti-HA-tag monoclonal antibody (MAb) magnetic
beads (M132-9; MBL), anti-EBNA2 PE2 and anti-EBNA3C A10 mouse
monoclonal antibodies (40), anti-EBNA3A antibody (F115P; Exalpha Bi-
ologicals), anti-RBPJ rabbit polyclonal sera (3), anti-HA.11 (16B12; Co-
vance), anti-IRF4 antibody (SC-6059), and anti-alpha-tubulin (B-5-1-2;
Sigma). The HA probe antibody F-7 (sc-7392; Santa Cruz) was used for
ChIP-seq.

Transfection. BJAB cells (2 � 106) were harvested during log-phase
growth, washed with phosphate-buffered saline (PBS), resuspended in
100 �l of buffer V (Lonza), and transferred in a 2-cm cuvette after addi-
tion of 2 �g of appropriate plasmid DNA. Program M-013 of Amaxa
Nucleofector (Lonza) was used, and the cells were resuspended in RPMI
1640 supplemented with 10% fetal bovine serum, streptomycin, and pen-
icillin after transfection and cultured in a 6-well plate. 293T cells were
transfected using Effectene (Qiagen) in a 10-cm culture dish with retro-
viral packing plasmids, as previously described (41).

Western blot analysis. Total cell lysates and immunoprecipitated pro-
teins were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis, transferred onto a nitrocellulose membrane, and blotted
with appropriate antibodies. After extensive washing, the membrane
was probed with horseradish peroxidase-conjugated secondary anti-
bodies (Jackson Immuno Research). The membrane was washed again
after 1 h incubation and developed with chemiluminescence reagent
(PerkinElmer).

ChIP-qPCR assays. Cells (2 � 107) were cross-linked in 1% (wt/vol)
formaldehyde (Sigma) for 5 min at room temperature, and the cross-
linking reaction was stopped by addition of glycine to a final concentra-
tion of 0.125 M. The cells were washed twice with cold PBS and lysed in 1
ml of lysis buffer (50 mM Tris-HCl [pH 8.1], 10 mM EDTA, 1% [wt/vol]
SDS, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1 �g/ml leupeptin, 20
�g/ml aprotinin) for 30 min on ice before extensive sonication using a
Qsonica LLC Q700 sonicator to an average fragment size of 200 to 500 bp.
After extract clearing by centrifugation, the supernatants were diluted
1:10 in dilution buffer (16.7 mM Tris-HCl [pH 8.1], 1.2 mM EDTA, 167
mM NaCl, 1.1% [vol/vol] Triton X-100, 0.01% [wt/vol] SDS, 1 mM
PMSF, 1 �g/ml leupeptin, 20 �g/ml aprotinin). About 10% of the chro-
matin lysate was reserved for qPCR and not subjected to any further
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manipulation. One milliliter of diluted chromatin lysates was incubated
with ChIP antibodies with rotation at 4°C overnight; 15 �l protein A/G
magnetic beads was added to each 1 ml chromatin lysate and incubated for
1 h at 4°C with rotation. After incubation, protein A/G magnetic beads
were pelleted with a magnetic separation rack and then washed once with
cold low-salt wash buffer (20 mM Tris-HCl [pH 8.1], 2 mM EDTA, 150
mM NaCl, 1% [vol/vol] Triton X-100, 0.1% [wt/vol] SDS), once with
high-salt wash buffer (identical to low-salt wash buffer, except with 500
mM NaCl), once with LiCl wash buffer (10 mM Tris-HCl [pH 8.1], 1 mM
EDTA, 0.25 M LiCl, 1% [vol/vol] NP-40, 1% deoxycholic acid), and fi-
nally twice with TE buffer (10 mM Tris-HCl [pH 8.1], 1 mM EDTA).
Samples were then resuspended in 150 �l of elution buffer (0.1 M
NaHCO3, 1% [wt/vol] SDS) and rotated for 20 min at room temperature.
Two elutions of protein-DNA complexes were performed and pooled.
NaCl and proteinase K were added to each ChIP DNA sample and input to
a final concentration of 200 mM and 100 �g/ml, respectively. The ChIP
DNA samples were then reverse cross-linked at 65°C for 4 h. DNA was
purified using a QIAquick PCR purification kit (28706; Qiagen) and
quantified with iTaq universal SYBR green supermix (1725121; Bio-Rad)
using a Bio-Rad CFX96 system. Purified DNA inputs were used in real-
time PCRs for standardization.

For ChIP-seq, the above-described procedure was scaled up approxi-
mately 10-fold as previously described (42). Sequence reads were aligned
to the human hg19 genome using Bowtie (http://bowtie-bio.sourceforge
.net/index.shtml) to produce SAM files for further analysis.

Peak calling. Peak calling in the ChIP-seq samples was performed
using MOSAiCS (model-based one- and two-sample analysis and infer-
ence for ChIP-seq data) (43; http://www.bioconductor.org/packages
/release/bioc/html/mosaics.html), controlling the false-discovery rate (
FDR) at 0.05. We ran MOSAiCS in two-sample mode, where it estimated
the distribution of the background read counts from input data and the
distribution of the read counts in peak regions with a two-component
negative binomial mixture model.

Peak colocalization. To perform downstream analysis of the peak
lists, we first generated a union peak set by merging peaks that overlapped
in the EBNA2, EBNA3A, EBNA3B, EBNA3C, and RBPJ peak lists. Then,
we built the incidence matrix by using the union peak set and the peak
lists. Each entry of the incidence matrix was set to 1 when a peak in the list
was used to construct the region and to 0 otherwise. Additionally, we
overlapped the union peak set with 76 GM12878 ChIP-seq peak sets and
DNase I-hypersensitive sites (DHS) reported by the ENCODE project for
further analysis (the data were from https://www.encodeproject.org).

Histone profile plots. The average histone modification profiles were
calculated using Segvis (https://github.com/keleslab/Segvis) for each 4-kb
window centered at the EBNA protein peak summits that overlap DHS.
For each coordinate in the window, we calculated the signal as the number
of extended reads within a 151-bp window. These signals were then
averaged to generate a smooth aggregation profile. Each profile was
normalized to 1 million reads, and the profiles for a given peak set were
averaged coordinatewise. The histone modification ChIP-seq data sets
were downloaded from the ENCODE portal (https://www.encodeproject
.org).

Chromatin state classification. Chromatin states were assigned to
EBNA protein peaks by clustering the maximum normalized histone sig-
nal values in 250 bp around the peak summit using the partition around
medoids algorithm of the cluster package in R (https://cran.r-project.org
/web/packages/cluster/index.html).

Motif and gene enrichment analysis. Motif analysis was performed
using the MEME-ChIP (44) tool from the MEME suite (http://meme.sdsc
.edu). The input data consisted of 500-bp genomic sequences centered
around the peak summits from the top 500 peaks (ranked by the posterior
probabilities of binding from MOSAiCS) that overlapped DHS. TFs tar-
geting the discovered motifs were determined by comparing the motifs
with annotated motifs in the JASPAR and TRANSFAC databases using the
TOMTOM tool of the MEME suite.

Nucleotide sequence accession number. The ChIP-seq data reported
in this paper have been deposited in the GEO database under accession
number GSE76166.

RESULTS
Genome-wide binding analysis of EBNA3 proteins in LCLs. In
order to identify EBNA3A-, EBNA3B-, and EBNA3C-bound sites
in LCLs, we performed ChIP-seq experiments using three LCLs:
EBNA3A-F-HA, EBNA3B-F-HA, and EBNA3C-F-HA, that are
transformed with recombinant EBV genomes in which one of the
EBNA3 proteins had a Flag-HA epitope fused to its C terminus, as
previously described (34). This approach allowed each EBNA3
protein to be precipitated with an anti-HA monoclonal anti-
body, minimizing the possibility that observed differences were
attributable to differences among antibodies used in EBNA3A,
EBNA3B, or EBNA3C ChIP.

ChIP samples were used to prepare libraries for Illumina
sequencing, and the raw reads were aligned to the human hg19
genome using Bowtie (45; http://bowtie-bio.sourceforge.net
/index.shtml). Genomic sites bound by each EBNA3 were identi-
fied as peaks in the ChIP-seq data set relative to input DNA using
MOSAiCS (43). For comparison, we performed an RBPJ ChIP-
seq from one of the cell lines (EBNA3C-F-HA LCL) and reana-
lyzed previously published EBNA2 and RBPJ ChIP-seq data sets
(42) using the same bioinformatics pipeline. This identified a total
of 1,640 EBNA3A-, 3,033 EBNA3B-, 3,588 EBNA3C-, 8,592
EBNA2-, and 9,938 RBPJ-bound sites. In total, we identified 6,791
distinct genomic sites bound by EBNA3 proteins in LCLs. Al-
though this estimate is comparable to that reported for EBNA3
binding in Mutu III cells (33), only 1,466 (21%) of the sites are in
common (see Fig. S1 in the supplemental material). This limited
overlap may reflect true differences between EBNA3 binding in
LCLs and BL cells or may be due to technical differences, such as
undersampling or the use of different antibodies in the ChIP-seq
procedure. To facilitate identification of transcription factors that
may mediate EBNA3 binding to the human genome, we exploited
the observation that the vast majority of cell transcription factor
binding sites lie within DHS (46) and defined subsets of EBNA3
binding sites that overlapped DHS in the GM12878 LCL (47) for
additional analysis. In total, we identified 1,064 EBNA3A, 2,648
EBNA3B, 1,802 EBNA3C, 7,772 EBNA2, and 8,294 RBPJ binding
sites within DHS (Fig. 1; see Tables S1 and S2 in the supplemental
material).

We further validated the specificity of our ChIP-seq peak call-
ing by examining 20 genomic loci bound by one or more EBNA3s.
For these experiments, we performed replicate ChIPs using
EBNA3-F-HA LCLs and wild-type LCLs and assessed enrichment
relative to input by qPCR for each bound site using specific prim-
ers (see Table S3 in the supplemental material). EBNA3 binding
sites were classified as EBNA3A only (HDAC7, EIF2AK3, and
METTL13); EBNA3B only (IL6R and C20ORF24); EBNA3C only
(HNRPLL, QSK, ALOXE3, and NFATC2); EBNA3A and -3B
(POU2F1, PIP5K1B, and CTLA4); EBNA3B and -3C (JAK1 and
SHQ1); EBNA3A and -3C (CXCR5, CCDC80, and ARHGAP25);
and EBNA3A, -3B, and -3C (BLK, ROCK1, and SYTL3) based on
ChIP-seq results. We considered a peak validated if there was sta-
tistically significant enrichment in HA ChIP from the respective
EBNA3-F-HA LCL relative to that observed in the wild-type (un-
tagged) LCL by a two-sample t test. Using this approach, we con-
firmed 10 of 12 EBNA3A-, 9 of 10 EBNA3B-, and 9 of 12 EBNA3C-
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bound sites identified by ChIP-seq (Fig. 2). In addition, we found
evidence of EBNA3B binding at 3 sites (EIF2AK3, QSK, and
ALOXE3) by ChIP-qPCR that were not observed by ChIP-seq.
Based on these results, we estimated the overall sensitivity and
specificity of our EBNA3 ChIP-seq experiments relative to ChIP-
qPCR to be 92% and 83%, respectively.

EBNA3-bound sites are overrepresented at promoter and
enhancer elements. We constructed average histone profile plots
for �2-kb regions centered on EBNA3 peak summits for the acti-
vation marks H3K9Ac, H3K27Ac, H3K4me1, H3K4me2, and
H3K4me3; the repressive marks H3K27me3 and H3K9me3; and
the transcribed-region-associated mark H3K36me3 using ENCODE
histone ChIP-seq data sets (48). For each EBNA3 protein, the
signals from acetylation marks (H3K9Ac and H3K27Ac) were
strong, as were mono-, di-, and trimethylation of H3K4 (Fig. 3A).
For all EBNA3s, levels of repressive marks characteristic of facul-

FIG 1 Venn diagram showing colocalization of EBNA3A, EBNA3B, EBNA3C,
and EBNA2 binding sites in LCLs. Sites on the human genome bound by EBV
EBNA proteins were identified from ChIP-seq data as peaks relative to input
using MOSAiCS. The numbers of bound sites and their extents of overlap are
indicated for EBNA2, EBNA3A, EBNA3B, and EBNA3C.

FIG 2 ChIP-qPCR validation of EBNA3 binding sites in LCLs identified by ChIP-seq. The bar plots show enrichment of genomic DNA from ChIP of EBNA3A,
EBNA3B, or EBNA3C relative to input. Each EBNA3 was specifically ChIPed using HA antibody with either the EBNA3A-F-HA, EBNA3B-F-HA, or
EBNA3C-F-HA LCL and wild-type (untagged) LCLs as a negative control. Genomic loci were chosen based on the peak patterns observed by ChIP-seq and
included EBNA3A-only peaks (HDAC7, EIF2AK3, and METTL13); EBNA3B-only peaks (IL6R and C20ORF24); EBNA3C-only peaks (HNRPLL, QSK,
NFATC2, and ALOXE3); EBNA3A- and EBNA3B-cobound peaks (POU2F1, PIP5K1B, and CTLA4); EBNA3A- and EBNA3C-cobound peaks (CXCR5,
CCDC80, and ARHGAP25); EBNA3B- and EBNA3C-cobound peaks (JAK1 and SHQ1); and EBNA3A-, EBNA3B-, and EBNA3C-cobound peaks
(ROCK1, BLK, and SYTL3). All qPCR signals are reported as percentages of ChIPed DNA relative to input DNA. The results are shown as means � standard
errors of the mean (SEM) of three independent experiments. The asterisks indicate a P value of �0.05 by two-sample t test.
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tative (H3K27me3) and constitutive (H3K9me3) heterochroma-
tin were very low, despite the prior observation that H3K27me3
levels are increased at EBNA3A- and EBNA3C-repressed genes,
such as CDKN2A and BCL2L11 (BIM). We also annotated
EBNA3-bound peaks according to their locations within the epi-
genetic landscape (49). The results for EBNA3B were typical: 8%
of EBNA3B sites reside within active promoters defined by high
H3K4me3 and H3K9Ac, 12% within weak and poised promoters
characterized by high H3K4me3 and low H3K27Ac or high
H3K27me3, 33% within strong enhancers with high H3K4me1
and high H3K27Ac, and 25% within weak enhancers with inter-
mediate H3K4me1 and little H3K27Ac, and 22% were found in
heterochromatin regions characterized by the absence of these
histone marks (Fig. 3B). Thus, the EBNA3 proteins, despite their

roles in the repression of multiple cell genes (19–25), bind pre-
dominantly at genomic sites bearing marks of transcriptionally
active chromatin.

Overlap among EBNA3A, EBNA3B, EBNA3C, EBNA2, and
RBPJ sites in LCLs. Because the EBNA3 proteins cooperatively
regulate many cell genes and because EBNA2, EBNA3A, and
EBNA3C must interact with the RBPJ transcription factor to
transform B lymphocytes, we wanted to examine the extent of
overlap among EBNA3A-, EBNA3B-, EBNA3C-, and EBNA2-
bound sites. Significant overlap between EBNA3A and EBNA3C
has been noted previously (35). Our experiments estimate that
this overlap is about 26% of EBNA3A peaks that are EBNA3C
cobound and reveal that the overlap extends to EBNA3B-bound
sites. For EBNA3B, 21% are shared with EBNA3A, 22% with

FIG 3 Characterization of EBNA3-bound sites. (A) Average histone profile plots for EBNA3A-, EBNA3B-, and EBNA3C-bound sites. The average densities of
ChIP-seq reads for the indicated histone modifications are plotted for �2-kb windows around the summits of the indicated EBNA3-bound sites. The normalized
signal strength of each histone modification was derived from ChIP-seq data sets from GM12878 LCLs downloaded from the ENCODE database and is reported
in reads per kilobase per million mapped reads (RPKM) for each curve. (B) Pie charts showing the proportions of EBNA3A-, EBNA3B-, or EBNA3C-bound sites
located within different functional chromatin domains as defined by Ernst et al. (49).
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EBNA3C, and 37% with EBNA2. McClellan et al. found that 80%
of the genes closest to an EBNA3-bound site were also the closest
genes to an EBNA2-bound site (33). Using their approach, we
found only 36% of EBNA3-bound genes to be EBNA2 cobound,
though this proportion rises to 50% for EBNA3B-bound genes
(see Table S4 in the supplemental material). Nevertheless, in
LCLs, there is substantial overlap among EBNA2-, EBNA3A-,
EBNA3B-, and EBNA3C-bound sites, mirroring the overlap ob-
served in the cell genes regulated by these EBNAs.

Although EBNA3 proteins are extensively complexed with
RBPJ in LCLs (34, 50), we found that 66% of EBNA3A-, 57% of
EBNA3B-, and 56% of EBNA3C-bound sites lack RBPJ binding
(Fig. 4). RBPJ-independent binding has been noted in prior
EBNA3A and EBNA3C ChIP-seq experiments (51, 52). This does
not appear to be a technical artifact of the RBPJ ChIP-seq, as we
did not observe enrichment for RBPJ cognate binding sequences
(e.g., GTGGGAA; see further discussion below) at EBNA3A-,
EBNA3B-, or EBNA3C-bound sites such as might occur if the
RBPJ ChIP was impaired by EBNA3 cobinding. The EBNA3A-,
EBNA3B-, or EBNA3C-bound sites that do colocalize with RBPJ
are frequently cobound by EBNA2, as well, suggesting that EBNA3
binding at RBPJ sites may primarily serve to limit EBNA2 binding
(Fig. 4, compare 21 to 34% cobound by both with 9 to 16% RBPJ
only). We further observed that 27% of EBNA2/RBPJ/EBNA3-
bound sites exhibit binding by more than one EBNA3.

EBNA3A and EBNA3C regulate EBNA2 binding at different
RBPJ sites in the genome. Despite this extensive RBPJ-indepen-
dent EBNA3 binding, multiple lines of evidence argue that
RBPJ interaction is central to EBNA3A- and EBNA3C-medi-
ated gene regulation and LCL growth (30–32, 53). Further,
these effects are specific: EBNA3A overexpression cannot com-
pensate for EBNA3C loss, and vice versa (32, 37). The extensive
overlap between EBNA2 and RBPJ suggests that each EBNA3
may regulate EBNA2’s access to RBPJ at distinct genomic loca-
tions. To examine this possibility directly, we determined EBNA2
occupancy at several EBNA3C/RBPJ-cobound sites in the pres-
ence or absence of EBNA3C activity using the EBNA3C-HT LCL.

EBNA2, EBNA3C, and RBPJ ChIPs were performed in
EBNA3C-HT LCLs supplied with 4HT (4HT�) or cultured in
medium after withdrawal of 4HT for 2 weeks (4HT�). We used
qPCR to examine genomic loci bound by EBNA3C near genes
known to be repressed by EBNA3C expression (23, 24), including
BACH2, JAK1, and CXCR5 genes (Fig. 5A). As expected, the
EBNA3C binding signal was present at each of the three EBNA3C-
bound sites (BACH2, JAK1, and CXCR5) in EBNA3C-HT cells
grown in the presence of 4HT and markedly declined upon 4HT
withdrawal. Although EBNA3C has been observed to reduce RBPJ
binding to DNA in gel shift assays, we did not observe any reduc-
tion in the RBPJ binding signal due to EBNA3C cobinding under
physiological conditions. In contrast, EBNA3C inactivation had a
dramatic effect on EBNA2 occupancy at these RBPJ-bound sites.
At each location, EBNA2 levels were low in the presence of
EBNA3C but increased significantly under the nonpermissive
EBNA3C conditions. As controls, we also examined RBPJ and
EBNA2 binding at two sites near EBNA3A-regulated genes
(HDAC7 and CDH1 genes) that are bound by EBNA3A, but not
EBNA3C (21, 24). At these control sites, no significant change in
RBPJ occupancy or increase in EBNA2 binding was observed
upon EBNA3C inactivation by 4HT withdrawal. These results
suggest that EBNA3C does not compete with EBNA2 for global
access to RBPJ, but rather, competes in a manner that is highly site
specific. It is noteworthy that in the presence of active EBNA3C,
EBNA2 binding was not detectible above background at the
BACH2, JAK1, and CXCR5 sites and that EBNA2 peaks were not
observed at these sites by ChIP-seq (i.e., in cells with EBNA3C
expression). Thus, not only is EBNA3C able to reduce EBNA2
binding at specific sites to undetectable levels, but EBNA2/
EBNA3C colocalization by static ChIP experiments (Fig. 1 and
4B) likely underestimates the extent of competition for RBPJ-
bound sites.

We next examined the specificity of EBNA3A competition with
EBNA2 using the EBNA3A-HT LCLs cultured in the presence of
4HT or after 2 weeks of 4HT withdrawal. At EBNA3A-bound and
-regulated genes (HDAC7 and CDH1 genes), we observed de-
creased EBNA3A ChIP signal upon 4HT withdrawal (Fig. 5B, top
right). These sites lack EBNA2 binding by ChIP-seq, but EBNA2
binding dramatically increased at these locations upon EBNA3A
inactivation. In contrast, EBNA3A exerted no effect on the
RBPJ binding signal. As controls, we examined EBNA3A,
EBNA2, and RBPJ binding at the EBNA3C-bound and -regu-
lated loci (BACH2, JAK1, and CXCR5). At the BACH2 and
JAK1 sites, no EBNA3A binding was observed, and EBNA3A
inactivation had no discernible effect on EBNA2 or RBPJ bind-
ing (Fig. 5B, left). Notably, CXCR5 is not EBNA3A regulated,
despite being EBNA3A bound (Fig. 2 and 5B, top). At this CXCR5
site, we observed a decrease in EBNA3A binding upon 4HT with-
drawal, but no corresponding increase in EBNA2 binding. The
inability of EBNA3A to affect EBNA2 binding at the CXCR5 site
potentially explains why CXCR5 is regulated only by EBNA3C,
despite being bound by both EBNA3A and EBNA3C (Fig. 2).
Thus, EBNA3A also appears to compete with EBNA2 for occu-
pancy of specific RBPJ sites in the genome, but not for global
access to RBPJ. These results are consistent with a prior report that
EBNA3A can regulate EBNA2 binding to the CXCL9/10 promoter,
but our results further demonstrate that EBNA3A limits EBNA2
binding only to a subset of RBPJ-bound sites where EBNA3A/RBPJ
cobinding occurs (53). Further, as with EBNA3C, the absence of

FIG 4 Extent of RBPJ colocalization with EBNA proteins. The pie charts
summarize the extents of EBNA2, RBPJ, and EBNA3 cobinding in LCLs. For
the EBNA3 charts, the percentages of peaks exhibiting RBPJ and EBNA2 co-
binding, as well as RBPJ cobinding without EBNA2, are indicated.
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EBNA2 at an EBNA3A/RBPJ-cobound site does not exclude the pos-
sibility that EBNA3A regulates EBNA2 binding at that locus.

EBNA3 binding sites colocalize with multiple cell transcrip-
tion factors. In an effort to identify transcription factors that

contribute to EBNA3 binding specificity, we determined cell
transcription factor cooccupancy at EBNA3A-, EBNA3B-, and
EBNA3C-bound sites using ENCODE transcription factor
ChIP-seq data from GM12878 LCLs. RUNX3 (83%), EBF1
(70%), PAX5 (66%), NFIC (63%), ATF2 (60%), BATF (57%),
p300 (56%), POU2F2 (54%), FOXM1 (54%), BCL11A (53%),
TCF12 (51%), SP1 (50%), and IRF4 (49%) represented the tran-
scription factors with the highest colocalization for EBNA3B (Fig.
6A). Many of the same transcription factors are enriched at
EBNA3A and EBNA3C sites (see Fig. S3 in the supplemental ma-
terial) (35, 51, 52). Because ChIP-seq data are available for only a
limited number of transcription factors, we also determined the
sequence motifs enriched at EBNA3-bound sites using MEME-
ChIP (44). EBNA3B-bound sites were enriched for motifs poten-
tially corresponding to ETS, PKNOX2, AP1, KLF4, and RUNX
binding sites (Fig. 6B). Notably, we did not observe enrichment
for the RBPJ binding motif at EBNA3B-bound sites. The RBPJ
motif is also not enriched at EBNA3A- or EBNA3C-bound
sites, even though it can be readily detected at EBNA2-bound
sites (12, 42).

Our observation that transcription factor and motif enrich-
ment at EBNA3B sites is remarkably similar to that present at
EBNA3A and EBNA3C sites is consistent with prior results dem-
onstrating similarity between EBNA3A- and EBNA3C-bound
sites themselves. These results are perhaps not surprising, given
that many of these sites are bound by more than one EBNA3 and
hence many of the same cis-acting sites were reanalyzed for each
EBNA3. To overcome this, we repeated our motif analyses re-
stricting our attention to sites that did not exhibit cobinding with
EBNA2 or the other EBNA3s. We initially sought to determine if
any shared binding motifs determined a preference for EBNA3
compared to EBNA2 (Fig. 7A). Uniquely bound EBNA2 and
EBNA3 sites still shared many common motifs, including PU.1
and RUNX; however, enrichment for AP1, NRF1, and IRF4 motifs
was specifically observed at EBNA3-bound sites that lacked
EBNA2 binding. We extended this approach to sites uniquely
bound by only EBNA3A, EBNA3B, or EBNA3C (Fig. 7B). The
results for IRF4 were particularly striking, as enrichment for IRF4
binding sites and for the IRF4-containing ETS/IRF4 composite
element (EICE) and AP1/IRF4 composite element (AICE) was
observed only at unique EBNA3C sites. This observation and pre-
vious reports that EBNA3C binding signals are stronger at IRF4-
cobound sites than at EBNA3C sites without IRF4 binding (35)
suggested that IRF4 may be especially important for EBNA3C
binding. IRF4 enrichment at other EBNA3-bound sites may be a
consequence of overlapping binding among the EBNA3s.

IRF4 is essential for EBNA3C binding specificity. We sought
to determine the extent to which IRF4 expression contributes to
binding of each of the EBNA3 proteins. Establishing the signifi-
cance of IRF4/EBNA3C colocalization presented a challenge,
since IRF4 knockdown in LCLs promotes apoptosis and decreases
proliferation (54). To circumvent this problem, we stably ex-
pressed Flag-HA-tagged EBNA3 proteins in the BJAB lymphoma
cell line, which lacks IRF4 expression (see Fig. S4 in the supple-
mental material). The resulting BJAB-E3A-FH, BJAB-E3B-FH,
and BJAB-E3C-FH lines expressed epitope-tagged EBNA3A,
EBNA3B, and EBNA3C proteins at levels comparable to those of
LCLs (see Fig. S5 in the supplemental material). Consistent with
LMP1 being the principal inducer of IRF4 during latency III gene
expression, none of the EBNA3 proteins resulted in detectable

FIG 5 Regulation of EBNA2 binding by EBNA3A or EBNA3C at specific RBPJ
sites. (A) EBNA3C, EBNA2, and RBPJ binding determined by ChIP-qPCR at
the indicated loci in EBNA3C-HT LCLs cultured in the presence (4HT�) or
absence (4HT�) of 4-hydroxytamoxifen for 2 weeks. The genomic loci in-
cluded RBPJ binding sites near EBNA3C-repressed genes (BACH2, JAK1, and
CXCR5 genes) or EBNA3A-repressed genes (HDAC7 and CDH1 genes), as
indicated. The red dashed box indicates sites bound by EBNA3C from ChIP-
seq data. All qPCR signals are reported as percentages of ChIPed DNA relative
to input DNA. The results are shown as means � SEM of three independent
experiments. (B) Experiment analogous to that shown in panel A using the
EBNA3A-HT LCL. EBNA3A, EBNA2, and RBPJ binding were determined by
ChIP-qPCR at the indicated sites in the presence or absence of 4-hydroxytamox-
ifen. The red dashed box indicates sites bound by EBNA3A from ChIP-seq data.
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IRF4 expression. Each BJAB-EBNA3-FH line was then converted
to stable IRF4 expression by retroviral transduction, which re-
sulted in IRF4 levels comparable to that observed in our LCLs (see
Fig. S5 in the supplemental material). Using these stable BJAB cell
lines, we examined the dependence of EBNA3A, EBNA3B, and
EBNA3C binding on IRF4. We initially examined 8 sites that ex-
hibited EBNA3C/IRF4 cobinding in LCLs, including four EICE
(CACNB4, GSG2, TMEM109, and SUB1) and four AICE
(FOXO3, ALPK2, TRIB2, and PARP9) sites. In the absence of
IRF4 expression, weak EBNA3C binding was observed at some of
these locations, particularly FOXO3; however, with IRF4 expres-
sion, EBNA3C binding was markedly increased at all AICE and 3
of 4 EICE sites (Fig. 8A). In contrast, IRF4 expression did not
result in detectible EBNA3A or EBNA3B binding at any of these

sites. Importantly, the one EICE site where EBNA3C binding was
absent (GSG2) also lacked IRF4 binding by ChIP-qPCR (Fig. 8A,
bottom). Although the reasons for the lack of binding of IRF4 at
the GSG2 site are unclear, it probably accounts for the absence of
EBNA3C binding at this site and further reinforces the notion that
IRF4 plays a critical role in targeting EBNA3C to chromatin.

In order to confirm that these AICE- and EICE-containing
sites represented authentic EBNA3C binding sites, we performed
additional HA ChIPs in the EBNA3C-F-HA LCL. As shown in Fig.
8B, EBNA3C binding was observed at all eight of these sites, in-
cluding the GSG2 site, but not at a site near the PPIA gene, which
has been used in previous EBNA3 ChIP studies as a negative con-
trol (52). We additionally confirmed IRF4 binding at each of these
sites by ChIP, albeit at low levels at the GSG2, ALPK2, and TRIB2

FIG 6 Transcription factor cobinding and motif enrichment at EBNA3B-bound sites. (A) Bar plot showing the fractions of EBNA3B peaks coassociated with the
indicated transcription factors (x axis). Colocalization was defined as binding with 200 bp of EBNA3B-bound sites, and cell transcription factor binding locations
were derived from ENCODE ChIP-seq data for 76 transcription factors in the GM12878 LCL. (B) EBNA3B-bound sites were analyzed for enriched motifs using
MEME-ChIP. The six motifs with the lowest P values are indicated, as well as any transcription factors predicted to recognize them.
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sites, which were nevertheless significantly above those at the
PPIA control site (P � 0.004; two-sample t test).

To more thoroughly evaluate the dependence of EBNA3A and
EBNA3B binding on IRF4, we did additional ChIP experiments
using the BJAB-E3A-FH and BJAB-E3B-FH cells. We first consid-
ered 4 sites that are cobound by EBNA3A and IRF4 in LCLs
(CDH1, HDAC7, BLK, and CCDC80). In the absence of IRF4
expression, there was detectible binding above that at the control
PPIA site at each of these four locations (Fig. 9A). However, we
observed no detectible change in EBNA3A binding with IRF4 co-
expression. Additional ChIP-qPCR experiments confirmed IRF4
binding at each site (Fig. 9A, bottom). Using the BJAB-E3B-FH
cells, we examined binding to four EBNA3B/IRF4-cobound sites
(STLA4, SHQ1, BLK, and SYTL3). Similar to our results for
EBNA3A, binding was above that at the PPIA control site at each
location, but there was no observed increase in EBNA3B binding
with IRF4 coexpression. We confirmed by ChIP-qPCR that IRF4
binding was detectible at each site (Fig. 9B, bottom). Taken to-
gether, our data provided direct evidence that IRF4 specifically
contributes to EBNA3C binding. In contrast, despite significant
overlap between IRF4 and EBNA3A or EBNA3B binding sites, we
found no evidence that IRF4 contributes to EBNA3A or EBNA3B
binding at any IRF4-cobound site examined in this study.

DISCUSSION

Here, we report a comprehensive survey of the genome-wide
binding of EBNA3 proteins in LCLs. We believe our approach
offers several advantages over prior studies, including distinguish-
ing among EBNA3A, EBNA3B, and EBNA3C binding on a ge-
nome-wide basis. In addition, using the same epitope tag to ChIP
each EBNA3 protein avoids confounding effects of differences in
antibody sensitivity and specificity when different sera are used for
each EBNA3. Furthermore, as our BJAB/IRF4 experiments high-
light, EBNA3 binding is a function of the cell’s transcription factor
milieu. Thus, the best opportunity to understand the role of
EBNA3 proteins in the transformation of resting B lymphocytes
into LCLs is afforded by binding data obtained from LCLs. These
results have provided important mechanistic insights into the role
of EBNA3s in LCL gene regulation. We found that EBNA3A,
EBNA3B, and EBNA3C bind to distinct, partially overlapping ge-
nome sites, a phenomenon that almost certainly underlies their
ability to regulate partially overlapping gene subsets. Second, we
demonstrate that EBNA3A and EBNA3C can regulate EBNA2
binding at unique RBPJ-cobound sites. Importantly, we provide
direct evidence that IRF4 is a critical determinant of EBNA3C
binding but does not affect EBNA3A or EBNA3B binding in BJAB
cells. This represents a significant advance in our understanding of
the mechanism by which EBNA3C regulates cell gene expression
but also supports a more general model where differences in
EBNA3 binding specificity are conferred by interactions with cell
transcription factors other than RBPJ.

The precise role played by RBPJ in EBNA3 function remains
controversial despite extensive study. Since the initial discovery
that EBNA3s, like EBNA2, target RBPJ, numerous studies have
confirmed that EBNA3s are highly associated with RBPJ in LCLs
(14, 16, 50). Each EBNA3 forms a distinct RBPJ complex, though
there is some evidence to suggest that they may interact with each
other (29, 34). Despite this high degree of association, our ChIP-
seq results and those of others reveal that only a minority of
EBNA3-bound sites are cobound by RBPJ. This limited overlap

FIG 7 Enriched motifs at sites bound uniquely by one EBNA protein. (A)
Venn diagram summarizing the overlap of EBNA2 binding sites with sites
bound by any EBNA3. Enriched motifs at sites bound only by EBNA2 (left
box) or bound by any EBNA3, but not by EBNA2 (right box) are indicated,
with corresponding P values and the names of any matching transcription
factors. (B) Motifs enriched at sites bound uniquely by EBNA3A, EBNA3B,
and EBNA3C (but not by EBNA2 or another EBNA3) are indicated, along with
corresponding P values and matching transcription factors.
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and the observation that EBNA3s can disrupt RBPJ binding to
DNA by electrophoretic mobility shift assay (EMSA) have led to
the interpretation that the RBPJ interaction is not involved in
EBNA3 binding to chromatin (18, 35). Several lines of evidence
suggest this is not the case. In a detailed study of EBNA3A regula-
tion of the CXCL9/CXCL10 locus, RBPJ expression was demon-
strated to be critical for EBNA3A binding to this bidirectional
promoter (53). Further, EBNA3A and EBNA3C mutants defective
for RBPJ interaction are unable to regulate the CDKN2A gene or
support LCL growth. Thus, a model where RBPJ is recruited to
DNA by EBNA3s (and not vice versa) seems improbable, since
neither EBNA3A nor EBNA3C can compensate for the loss of the

other in CDKN2A regulation (30–32). Finally, data presented in
Fig. 5 demonstrate that EBNA3A or EBNA3C inactivation pro-
duces a dramatic change in EBNA2 binding at multiple genomic
sites without significant effect on RBPJ binding. This result, and
the specificity with which EBNA3A and EBNA3C regulate RBPJ-
bound sites, suggests that EBNA3s are targeted to distinct RBPJ
sites via interactions with RBPJ and other cell transcription fac-
tors. In this model, the requirement for both EBNA3A and
EBNA3C to interact with RBPJ to perform unique roles in
CDKN2A coregulation is readily explained if they target two dis-
tinct RBPJ sites.

Our observation that EBNA3-EBNA2 competition occurs at

FIG 8 IRF4 is essential for EBNA3C binding to specific sites in the human genome. (A) (Top) ChIP-qPCR experiment demonstrating the extent of EBNA3A,
EBNA3B, or EBNA3C binding in BJAB cells expressing either Flag-HA-tagged EBNA3A, EBNA3B, or EBNA3C with or without stably coexpressed IRF4. Loci that
exhibited EBNA3C and IRF4 cobinding in LCLs and conformed to EICE or AICE, as indicated, were chosen. (Bottom) ChIP-qPCR demonstrating IRF4 binding
at the same sites. The error bars indicate SEM. (B) ChIP-qPCR assay demonstrating the extents of EBNA3C (left) and IRF4 (right) binding to the indicated EICE
and AICE sites in EBNA3C-F-HA LCLs.
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RBPJ sites where there is no apparent EBNA2 binding in LCLs has
important implications. This finding underscores the ability of
EBNA3 proteins to successfully compete for RBPJ-bound sites
despite the weaker correlation between EBNA3s and RBPJ bind-
ing than with EBNA2. Whether EBNA3 competition for RBPJ
affects the ability of Notch to signal in LCLs is an important, un-
resolved question. In addition, our results imply that the degree to
which EBNA3 and EBNA2 compete for genomic sites is underes-
timated by static ChIP-seq experiments. Thus, gene repression
due to binding at EBNA3-only sites may still be attributable to
impaired (abrogated) EBNA2 binding. This phenomenon may
explain the recent discovery that the increased transforming ef-
fects of EBNA2 from type I EBV compared to that from type II
EBV are due to increased binding of EBNA2 at ETS/IRF4 sites
(12). The “novel” binding sites observed with type I EBNA2 may
actually be due to an enhanced ability to compete with EBNA3C
for binding at ETS/IRF4 sites. Given the strong transcriptional
activation properties of EBNA2, effective competition for RBPJ by
EBNA3s should almost always result in repression of target cell
genes. At non-RBPJ sites, EBNA3s likely target chromatin via the
same factors that determine RBPJ subset specificity. Since compe-
tition for EBNA2 binding is infrequent at these sites, EBNA3 bind-
ing may cause either activation or repression, depending on the
chromatin context (Fig. 10).

The finding that IRF4 expression is a critical mediator of
EBNA3C binding to specific genome sites represents an important
advance in our understanding of EBNA3 binding specificity. Al-
though IRF4/EBNA3C cobinding has been previously reported,
the significance of this correlation remained to be demonstrated.

Indeed, other transcription factors, including RUNX3 and ATF2
were more strongly correlated with EBNA3C-bound sites. More-
over, EBNA3A- and EBNA3B-bound sites are also enriched for
IRF4 binding (Fig. 6A; see Fig. S2 in the supplemental material)

FIG 9 IRF4 cobinding does not promote EBNA3A or EBNA3B at specific sites in the human genome. (A) (Top) ChIP-qPCR assay for EBNA3A (HA) in BJAB
cells expressing Flag-HA-tagged EBNA3A alone or with IRF4. (Bottom) ChIP-qPCR assay for IRF4 from the same cells. Binding was assessed at multiple sites
cobound by EBNA3A and IRF4 in LCLs (CDH1, HDAC7, BLK, and CCDC80). A site near the PPIA that is not bound by EBNAs or IRF4 was included as a
negative control. (B) (Top) ChIP-qPCR assay for EBNA3B (HA) in BJAB cells expressing Flag-HA-tagged EBNA3B alone or with IRF4. (Bottom) IRF4
ChIP-qPCR. Representative EBNA3B/IRF4-cobound sites based on LCL data were selected (CTLA4, SHQ1, BLK, and SYTL3), as well as the PPIA negative
control. All qPCR signals are reported as percentages of DNA ChIPed relative to the input. The results are shown as means � SEM of three independent
experiments.

FIG 10 Working model of EBNA3 binding and gene regulation. (Top) At
RBPJ sites, EBNA3 binding limits EBNA2 access, resulting in cell gene repres-
sion. The specific sites bound by each EBNA3 are determined by interactions
with other cell transcription factors, including IRF4 in the case of EBNA3C, as
depicted. (Bottom) At non-RBPJ sites, EBNA3 binding would not generally
affect EBNA2 binding and produces activation or repression in a context-
dependent manner.
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(51). However, some lines of evidence suggested that the IRF4
interaction might be more important for EBNA3C, including the
increased EBNA3C binding signals at IRF4 sites compared to non-
IRF4 sites and the ability of EBNA3C to bind directly to IRF4 and
promote its stabilization (35, 55). When we restricted our analysis
to sites uniquely bound by EBNA3A, EBNA3B, or EBNA3C, we
observed enrichment for the IRF4 binding motif only in the
EBNA3C subset. Using an IRF4-negative BJAB cell line, we pro-
vide experimental evidence that IRF4 is determinative of EBNA3C
binding. In the absence of IRF4 expression, we observed little to
no EBNA3C binding signal at genomic sites normally cobound by
EBNA3C and IRF4 in LCLs. Upon IRF4 expression at levels com-
parable to that seen in LCLs, EBNA3C binding was readily de-
tected. This occurs at both AICEs and EICEs. In contrast, at sites
cobound by EBNA3A/IRF4 or EBNA3B/IRF4 in LCLs, we ob-
served no increase in EBNA3A or EBNA3B binding, respectively,
upon IRF4 expression. It is important to note that EBNA3C bind-
ing was observed by ChIP-seq at only two of the EBNA3B/IRF4
sites (SHQ1 and STYL3) and none of the EBNA3A/IRF4 sites.
Thus, IRF4 binding alone does not appear sufficient to confer
EBNA3C binding to chromatin. Nevertheless, these results pro-
vide strong evidence that IRF4 is a critical mediator of EBNA3C
binding specificity. Furthermore, this finding lends implicit sup-
port for the model that other cell transcription factors underlie
EBNA3A and EBNA3B binding specificity.

The dependence of EBNA3C on IRF4 is further demonstration
of EBV targeting of intrinsic B lymphocyte growth and survival
pathways. IRF4 suppression of BCL6 and Pax5 is a critical event for B
lymphocyte exit from germinal-center reactions (56, 57). Further in-
creases in IRF4 expression upregulate PRDM1 (Blimp1) and XBP1
expression, promoting differentiation into antibody-secreting
plasma cells. Although we do not currently know the extent to
which EBNA3C effects depend on IRF4, transcriptional-profiling
studies suggest that they coregulate many transcription factors
responsible for B cell fate, including repression of PAX5, BACH2,
NFATC1, SPIB, EBF1, and IL7R, and activation of PRDM1
(Blimp1), AICDA and IL6R (23, 24, 58). This suggests that many
key EBNA3C transcriptional effects are dependent on IRF4 and/or
EBNA3C and accentuates the IRF4 program. In addition to its role
in follicular B cell differentiation, IRF4 has also been found to play
a role in marginal-zone B cell development (59). Marginal-zone B
cells are unique among B cell subsets in their dependence on
Notch signaling and respond rapidly to blood-borne pathogens
(60, 61). Interestingly, IRF4-null mice exhibited both increased
NOTCH2 expression and enhanced ICN activation in response to
CD40 and BCR signaling (59). Although the mechanism of the
latter effect is incompletely defined, it suggests that EBNA3C tar-
geting of IRF4 may have been selected for, in part, to limit ICN-
like effects due to EBNA2. Given the central role of Notch signal-
ing, and especially RBPJ, in EBNA3 effects, cell transcription
factors that modulate Notch signaling in B cells are attractive can-
didates for transcription factors that, like IRF4, determine EBNA3
specificity.
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