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Epstein-Barr virus (EBV) latent antigen EBNA3C is implicated in B-cell immortalization and linked to several B-cell malignan-
cies. Deregulation of H2AX can induce genomic instability with increased chromosomal aberrations, which ultimately leads to
tumorigenesis. Here we demonstrated that EBNA3C can attenuate H2AX expression at the transcript and protein levels. A re-
duction of total H2AX levels was clearly observed upon infection of primary B cells with wild-type EBV but not with EBNA3C
knockout recombinant EBV. H2AX also interacted with EBNA3C through its N-terminal domain (residues 1 to 100). Further-
more, H2AX mutated at Ser139 failed to interact with EBNA3C. Luciferase-based reporter assays also revealed that the binding
domain of EBNA3C is sufficient for transcriptional inhibition of the H2AX promoter. EBNA3C also facilitated H2AX degrada-
tion through recruitment of components of the ubiquitin proteasome pathway. We further demonstrated that knockdown of
H2AX in lymphoblastoid cell lines (LCLs) led to the upregulation of the Bub1 oncoprotein and downregulated expression of p53.
Overall, our study provides additional insights into EBV-associated B-cell lymphomas, which are linked to the regulation of the
DNA damage response system in infected cells. The importance of these insights are as follows: (i) EBNA3C downregulates
H2AX expression at the protein and transcript levels in epithelial cells, B cells, and EBV-transformed LCLs, (ii) EBNA3C binds
with wild-type H2AX but not with the Ser139 mutant of H2AX, (iii) the N terminus (residues 1 to 100) of EBNA3C is critical for
binding to H2AX, (iv) localization of H2AX is predominantly nuclear in the presence of EBNA3C, and (v) H2AX knocked down
in LCLs led to enhanced expression of Bub1 and downregulation of the tumor suppressor p53, which are both important for
driving the oncogenic process.

Epstein-Barr virus (EBV) is a human gammaherpesvirus asso-
ciated with infectious mononucleosis, and it is estimated that

�95% of adults are carriers of EBV throughout their lifetime (1,
2). The contributory role of EBV in driving the oncogenic process
is continually being explored. EBV transforms latently infected
primary B cells into constantly proliferating lymphoblastoid cell
lines (LCLs) (3). EBV is also commonly involved in numerous
malignancies, including Burkitt’s lymphoma (BL), posttransplant
lymphoproliferative disorders (PTLDs), nasopharyngeal carci-
noma (NPC), HIV-associated lymphomas, some types of T-cell
lymphomas, and gastric cancer (4, 5).

Transformation of human B cells into LCLs by EBV establishes
a latent type of infection typically known as type III latency (6).
Three major viral latency programs have been described, with
deferential expression profiles of specific viral gene transcription
(7). EBV latency patterns are characterized by the expression of
different EBV nuclear antigens (EBNAs), including EBNA1, -2,
-3A, -3B, and -3C; LP/5; latent membrane protein 1 (LMP1);
LMP2A; and LMP2B (8). Importantly, these latent proteins are
significantly expressed during the latency III program (9, 10). Pre-
vious studies showed that EBNA2, EBNA3A, EBNA3C, and LMP1
play critical roles in B-cell transformation (11, 12).

Previous studies showed that one of the essential EBV latent
antigens, EBNA3C, is important for modulating B-cell activation.
For example, the B-cell activation marker CD21 was upregulated
in the presence of EBNA3C in Burkitt’s lymphoma cell lines (13,
14). EBNA3C binds to RBP-Jk, an important regulator of the
Notch signaling pathway, through an amino-terminal motif, and
the acidic domains are responsible for nuclear translocation due
to the presence of the nuclear localization signals (15). Recently,
we reported that the p53 tumor suppressor is negatively regulated

by EBNA3C at both the transcriptional and posttranscriptional
levels (16). Critically, EBNA3C has also been shown to regulate the
major cell cycle checkpoints (17). Recently, it was suggested that
EBV has a potential role in inducing genomic instability and that
viral proteins associated with the latency III program can regulate
the DNA damage response (DDR) (18). In addition, previous
studies from our laboratory demonstrated that EBNA3C binds to
Chk2, a major effector of the DDR, which also deregulates the cell
cycle of EBV-infected cells at the G2/M phase (19, 20).

EBV infection of primary B cells was shown to activate the
DDR by inducing phosphorylation of H2AX at Ser139 (�-H2AX)
(20). H2AX is a histone variant that has a key regulatory function
during induction of the DDR. Induction of �-H2AX is a hallmark
of the DDR, which recruits various DNA damage proteins, repair
proteins, as well as cell cycle checkpoints (21). Recently, we found
that H2AX phosphorylation is important for Kaposi’s sarcoma-
associated herpesvirus (KSHV)-induced oncogenesis, which is
mediated through one of its major latent proteins, LANA (22).
However, upon EBV infection, the mechanism by which cells trig-
ger the DDR and proceed toward oncogenesis is still not clearly
understood. Furthermore, it still has not been determined how the
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DDR progresses without repairing the damaged DNA to bypass
cell cycle arrest or apoptosis (16, 23, 24). In this study, we now
demonstrate that the EBV latent antigen EBNA3C deregulates to-
tal H2AX levels transcriptionally and posttranslationally through
involvement of the ubiquitin-mediated proteasome degradation
pathway. Additionally, our study also showed dramatic changes in
expression patterns of the tumor suppressor p53 and the oncopro-
tein Bub1 in H2AX knockdown LCLs. These results provide fur-
ther clues as to the biological relevance of H2AX deregulation in
EBV-induced oncogenesis. Overall, our study suggests that
EBNA3C can play an important role in EBV-mediated oncogen-
esis through downmodulation of H2AX.

MATERIALS AND METHODS
Ethics statement. The University of Pennsylvania School of Medicine
CFAR (Center for AIDS Research) Immunology Core provided us human
peripheral blood mononuclear cells (PBMCs) from unidentified donors,
with written consent, which was approved by the Institutional Review
Board (IRB) based on Declaration of Helsinki recommendations.

Constructs and transfection. The plasmid expressing full-length
EBNA3C or its various truncated domains was previously mentioned (25,
26). A plasmid expressing wild-type H2AX was previously described (27).
Constructs expressing Flag-tagged wild-type H2AX and its mutated ver-
sion, H2AX Ser139 [H2AX (S-A)], were kindly provided by Alvaro N. A.
Monteiro (H. Lee Moffitt Cancer Center, Tampa, FL) (28). The pGL3-
H2AX wild-type reporter construct was generously provided by Toru
Ouchi (Roswell Park Cancer Institute, Buffalo, NY) (29). All construct
sequences were further confirmed by DNA sequencing at the core facility
at the University of Pennsylvania. All transfection procedures were de-
scribed previously (30).

Cell cultures and antibodies. EBV-positive LCL1 and LCL2, BJAB
clones stably expressing EBNA3C (BJAB#7 and BJAB#10), and the EBV-
negative cell lines BJAB, DG75, and Ramos were cultured in RPMI 1640
medium and as described previously (22).

Rabbit anti-H2AX antibody was obtained from Bethyl Laboratories
Inc. (Montgomery, TX). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (anti-mouse) was purchased from U.S. Biological Corp.
(Swampscott, MA). Mouse antibodies reactive to the Myc epitope (9E10),
Flag epitope (M2), and EBNA3C (A10) were described previously (27).

Induction and infection of recombinant EBV. Bacterial artificial
chromosome (BAC) green fluorescent protein (GFP)-EBV was generated
as previously described (13). An EBNA3C null mutant (�EBNA3C BAC
GFP-EBV) was generated by deleting the EBNA3C region between bp
98370 and 102891 from a wild-type BAC GFP-EBV plasmid (J. Lu, H. C.
Jha, and E. S. Robertson, unpublished data). Southern blot analysis, PCR,
and sequencing confirmed that the mutation was correct. Cells harboring
BAC GFP-EBV and �EBNA3C GFP-EBV were induced with TPA (12-O-
tetradecanoylphorbol) and butyric acid (BA) (3 mM; Sigma-Aldrich
Corp., St. Louis, MO) for 4 to 5 days in Dulbecco’s modified Eagle’s
medium (DMEM). The cell suspension was centrifuged at 1,800 rpm for
15 min and filtered through 0.45-�m cellulose acetone filters. The viral
particles were concentrated by ultracentrifugation at 23,500 rpm at 4°C,
and viral particles were stored at �80°C.

For infection studies, we followed procedures similar to those de-
scribed previously (31). Ten million PBMCs were mixed with either the
wild-type or �EBNA3C virus supplemented with RPMI 1640 medium
containing 10% fetal bovine serum (FBS) and incubated overnight at
37°C. Cells were centrifuged at 2,000 rpm for 10 min. Pelleted cells were
resuspended in 2 ml of cell culture medium supplemented with 10% FBS.
GFP expression was visualized to monitor infection, and reverse tran-
scription-PCR (RT-PCR) of EBNA1 confirmed infection.

RNA interference. Short hairpin oligonucleotides directed against
EBNA3C (sh-EBNA3C) were designed (Dharmacon Research, Chicago,
IL). All short hairpin knockdown procedures and the sequence for the

sh-EBNA3C clone were described previously (28). To clone sh-H2AX, we
used strategies and sequences similar to those described previously (32).
Cell cultures were selected with puromycin.

Immunoprecipitation and Western blotting. Transiently transfected
cells were harvested and washed with ice-cold phosphate-buffered saline
(PBS), followed by lysis of cells using radioimmunoprecipitation assay
(RIPA) buffer (10 mM Tris [pH 7.5], 150 mM sodium chloride, 2 mM
EDTA, 1% NP-40), and a protease inhibitor cocktail was added before
lysis of the cells. The cell debris was removed by centrifugation at 21,000 �
g for 12 min (4°C), and the supernatant was transferred into autoclaved
microcentrifuge tubes. The lysates were then precleared by spinning with
normal mouse serum and a 1:1 mixture of protein A- and protein G-con-
jugated Sepharose beads for 1.5 h at 4°C. The beads were spun at low
speed, and the supernatant was transferred into a fresh microcentrifuge
tube. The specific protein of interest was incubated with 1 �g of suitable
interacting antibody overnight at 4°C in a rotating chamber. Immune
complexes were collected by binding with protein A and G beads, pelleted,
and washed with ice-cold RIPA buffer 3 times. Western blotting (WB) was
performed as described previously (33).

RNA isolation and quantitative real-time PCR. TRIzol reagent (In-
vitrogen Inc., Carlsbad, CA) was used to isolate total RNA according to
the manufacturer’s instruction. RNA to cDNA was prepared by using a
Superscript II reverse transcription kit (Invitrogen Inc., Carlsbad, CA).
The primers used for RT-PCR were as follows: 5=-GTTCCCAGTGGGCC
GTGTA-3= and 5=-CGGTGAGGTACTCCAGCACT-3= for H2AX, 5=-AG
AAGGGGAGCGTGTTTGT-3= and 5=-GGCTCGTTTTGACGTCGG
C-3= for EBNA3C, 5=-CATTGAGTCGTCTCCCCTTTGGAAT-3= and 5=-
TCATAACAAGGTCCTTAATCGCATC-3= for EBNA1, and 5=-TGCACC
ACCAACTGCTTAG-3= and 5=-CATGCAGGGATGATGTTC-3= for
GAPDH. Quantitative RT-PCR was carried out by using a Step One Plus
real-time PCR system (Applied BioSystems, Foster City, CA), and all ex-
periments were performed in triplicates.

Reporter assay. Ten million HEK293 cells were cotransfected with 10
�g of pGL3H2AX reporter plasmids and increasing concentrations of
EBNA3C. All procedures were performed as described previously (22).

Ubiquitination assay. HEK293 cells were transfected with the vector,
Flag-EBNA3C, the hemagglutinin (HA)-tagged ubiquitin moiety (HA-
Ub), and Myc-H2AX. Cells were treated with 20 �M the drug MG132
(Enzo Life Sciences Inc., Plymouth Meeting, PA). All procedures were
essentially performed as described previously (34). Briefly, after 36 h post-
transfection, cell lysates were taken and immunoprecipitated with specific
antibodies. Immunoprecipitated samples were resolved by SDS-PAGE
and transferred onto nitrocellulose membranes. Levels of ubiquitination
were evaluated by using an HA-specific antibody (12CA5). H2AX anti-
body was used for immunoprecipitation, and Western blots were per-
formed by using the specific antiubiquitin antibody.

Immunofluorescence analysis. Immunofluorescence (IF) analysis
was carried out essentially as described previously (35). Briefly, U2OS cells
layered onto coverslips were transiently transfected with the indicated plas-
mids by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). The B-cell
lines BJAB, BJAB#7, and BJAB#10 as well as LCL1 and LCL2 were air dried
and fixed. All procedures were performed as described previously (22).

GST pulldown assay. Escherichia coli BL21(DE3) was transformed (by
the heat shock method) with glutathione S-transferase (GST) and GST-
H2AX plasmid constructs. All procedures were performed as described
previously (22).

Colony formation assay (CFA). Ten million HEK293 cells were trans-
fected with EBNA3C and H2AX mutant and wild-type plasmids by elec-
troporation. At 36 h posttransfection, cells were selected with G418 in
DMEM supplemented with 5 �g/ml puromycin. The selection medium
was changed on alternate days. After 2 weeks, cells were fixed on the plates
by using 3% paraformaldehyde (PFA) for 30 min, followed by staining
with 0.1% crystal violet. The total intensity of colonies was calculated by
scanning the dish using the LiCor Odyssey system (LiCor Biosciences, Salt
Lake City, UT) and quantified.
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RESULTS
H2AX expression is downregulated in the presence of EBNA3C
during primary infection and latency. It was recently demon-
strated that the EBV essential antigen EBNA3C contributes to at-
tenuation of the DNA damage response (DDR) during latency
and is particularly active during early infection of naive B cells in
vitro by EBV (31). However, the mechanism of attenuation has
not been elucidated. H2AX is ubiquitously expressed in mamma-
lian cells, and the phosphorylation of H2AX at Ser139 is a well-
known marker for the DDR (36). This is supported by previous
studies which demonstrated that a reduction in H2AX levels is
associated with higher genomic instability and tumor predisposi-
tion (18, 23, 26). To investigate the effects of EBNA3C on H2AX
regulation, we evaluated H2AX levels in the presence of EBNA3C
expression as well as in EBV-infected B cells. We first compared
H2AX expression levels in EBV-transformed lymphoblastoid cell
lines (LCL1 and LCL2) with those in EBV-negative Burkitt’s lym-
phoma (BL), Ramos, and DG75 cells (Fig. 1A). The results showed
that cellular H2AX levels were downregulated by approximately
3- to 4-fold in LCL1 and LCL2 compared to the EBV-negative cell
lines DG75 and Ramos by Western blotting (Fig. 1A). To deter-
mine if EBNA3C alone can affect H2AX expression, we next in-
vestigated the levels of H2AX in BJAB cells stably expressing
EBNA3C (BJAB#7 and BJAB#10) compared to a BJAB vector con-
trol cell line (Fig. 1A). Our results from Western blot analysis
showed changes in H2AX levels with a drop of at least 2-fold in
BJAB#7 and BJAB#10 cells compared to BJAB cells (Fig. 1A). In
addition, when EBNA3C expression was stably knocked down
using specific lentiviral constructs in LCLs, a dramatic enhance-
ment of approximately 5-fold in H2AX levels was observed (Fig.
1A). These results strongly suggest that EBNA3C contributes di-
rectly to downregulation of H2AX in EBNA3C-expressing cells.

EBNA3C is a strong transcription factor capable of regulating
transcription of both viral and cellular genes (16, 30, 32, 35). To
determine if H2AX was directly modulated by EBNA3C at the
transcript level, we evaluated H2AX transcripts in EBV-trans-
formed and EBNA3C stable cell lines compared to EBV-negative B
cells. The cell lines included two lymphoblastoid cell lines (LCL1
and LCL2), two BL cell lines stably expressing EBNA3C (BJAB#7
and BJAB#10), and LCL1 stably knocked down for EBNA3C by
using a specific lentiviral construct along with its isogenic negative
cell line (Fig. 1B). The results from real-time PCR analysis indi-
cated that the H2AX levels were significantly reduced in both
EBV-positive as well as EBNA3C-positive cell lines, whereas this
was mostly reversed when EBNA3C was knocked down in an LCL
background (Fig. 1B). These results indicated that EBNA3C can
block H2AX expression under normal physiological conditions.

To provide another link to the physiological relevance of
H2AX expression during primary infection, we performed an in
vitro infection study using peripheral blood mononuclear cells
(PBMCs) with recombinant viruses, including both wild-type vi-
rus as well as an EBNA3C-deleted EBV (�EBNA3C) (Fig. 1C). Ten
million resting PBMCs were infected and grew over a period of 7
days post-EBV infection (Fig. 1C). The H2AX expression level was
attenuated by day 2 postinfection, and this decrease was recovered
at day 7 to just over 50% based on quantitation using a LiCor
Odyssey system in the linear range (Fig. 1C). However, PBMCs
infected with the �EBNA3C virus showed enhanced H2AX levels
in postinfection cells to almost 2-fold, which was similar for up to

7 days (Fig. 1C). The Western blot results were also supported by
subsequent real-time PCR results, where we observed an attenu-
ation of H2AX at the transcript level in EBV-infected PBMCs.
However, an increase in H2AX transcript levels was observed by

FIG 1 EBNA3C downregulates total H2AX levels in B cells. (A, left) Endoge-
nous expression of H2AX in EBV-positive cell lines (LCL1 and LCL2) and
EBV-negative Burkitt’s lymphoma cell lines (Ramos and DG75) was analyzed
at the protein level. (Middle) Endogenous expression of H2AX in BJAB (EBV-
negative) BJAB#7, and BJAB#10 (EBNA3C stably expressing) cells was ana-
lyzed by WB. (Right) LCL1 cells stably transduced for sh-control and
sh-EBNA3C were harvested to determine the protein expression levels of
H2AX. The relative density of H2AX was analyzed by normalization with
GAPDH. (B) All groups of cells were extracted by using TRIzol reagent, and the
RNA concentration was estimated by using a Nanodrop instrument (Eppendorf
Inc., Hamburg, Germany). Transcript levels for the H2AX gene are represented by
fold changes, and the experiments were performed in triplicates. (Left) Results of
LCL1 and LCL2 compared to Ramos and DG75 cells. (Middle and right) Results of
BJAB cells compared to BJAB#7 and BJAB#10 cells (middle) and LCL1 stably
knocked down for EBNA3C and the control vector (right). (C and D) PBMCs
were infected with wild-type (WT) EBV and �EBNA3C virus for up to 7 days.
Cells were harvested, and expression of H2AX was monitored in a time-dependent
manner for protein and transcript levels by performing WB analysis and real-time
PCR. All panels show representative data of repeated experiments.
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using EBNA3C-deleted recombinant EBV (Fig. 1D). These results
suggest that EBNA3C contributes to the reduction of total H2AX
levels and may be important during the early stages of EBV-me-
diated B-cell infection, which leads to transformation.

Expression of EBNA3C leads to downregulation of H2AX in
Burkitt’s lymphoma and epithelial cells. To determine the in-
volvement of other viral oncoproteins in the effects of EBNA3C on
H2AX expression, we performed expression analysis with both
Burkitt’s lymphoma (BL) and epithelial cells. First, an EBNA3C-
expressing plasmid was cotransfected along with a GFP control
vector into three virus-negative BL cell lines, namely, BJAB,
DG75, and Ramos (Fig. 2A). A GFP expression vector was used to

determine the overall transfection efficiency. Western blot results
demonstrated that there was an approximately 2- to 4-fold reduc-
tion in H2AX protein levels in the presence of EBNA3C (Fig. 2A).
In agreement with these Western blot results, H2AX transcript
levels analyzed by using real-time PCR also showed a significant
decrease of about 2- to 3-fold in the presence of EBNA3C com-
pared to two EBV-negative BL cell lines (Fig. 2B). To determine
whether the effect of EBNA3C on H2AX is cell type specific, we
performed experiments similar to those described above for epi-
thelial cells using HEK293 cells in a dose-dependent manner. As
expected, H2AX levels were significantly attenuated with increas-
ing expression of EBNA3C at the transcript and protein levels (Fig.
2C and D, respectively).

Importantly, coexpression of H2AX tagged with the Myc
epitope and EBNA3C tagged with the Flag epitope from heterol-
ogous promoters also showed attenuation of H2AX at the protein
level using the Myc-specific mouse monoclonal antibody (Fig.
2E). These results indicated that EBNA3C can also deregulate
H2AX at the transcriptional level.

EBNA3C forms a complex with H2AX. In an attempt to un-
derstand whether this attenuation of H2AX levels in the presence
of EBNA3C expression is regulated through an interaction be-
tween these two molecules, we further investigated their binding
activities in B cells. To support this, we performed immunopre-
cipitation assays with anti-H2AX antibody in BJAB, BJAB#7,
BJAB#10, LCL1, and LCL2 cells (Fig. 3A). The results demon-
strated that H2AX was stably associated with EBNA3C in both
cells stably expressing EBNA3C (BJAB#7 and BJAB#10) as well as
LCL1 and LCL2 (Fig. 3A). Furthermore, to support our interac-
tion results, we performed a reverse immunoprecipitation assay,
where we used the A10 mouse monoclonal antibody specific for
EBNA3C and cell lines similar to those described above (Fig. 3B).
These association studies provided strong evidence that EBNA3C
interacted with H2AX in both EBV-transformed cells as well as
EBNA3C-positive Burkitt’s lymphoma cells (Fig. 3A).

H2AX autophosphorylation plays a critical role in the inter-
action between H2AX and EBNA3C. H2AX phosphorylation at
Ser139 has previously been shown to be critical for maintenance of
latency during multiple gammaherpesviruses infections, includ-
ing mouse gammaherpesvirus 68 (MHV-68) and KSHV (22, 37).
The interaction between EBNA3C and H2AX prompted us to fur-
ther evaluate whether mutation at the Ser139 residue of H2AX was
critical for complex formation with EBNA3C (Fig. 3C). To ad-
dress this question, we performed an immunoprecipitation assay
using HEK293 cells where Flag-tagged Ser139 H2AX (where the
serine residue was replaced by an alanine residue) was coexpressed
with Myc-tagged EBNA3C (Fig. 3D). Subsequently, immunopre-
cipitation was performed by using anti-Myc antibody to target
Myc-tagged EBNA3C (Fig. 3D). The immunoprecipitated bands
were visualized with anti-Flag antibody. Interestingly, no signal
was detected for EBNA3C when H2AX was mutated at the Ser139
residue (Fig. 3D). This indicated that the Ser139 residue of H2AX
was important for complex formation of H2AX with EBNA3C.
Moreover, we found reduced expression levels of �-H2AX in
EBV-positive LCL1 and LCL2 compared to EBV-negative DG75
and Ramos cells (data not shown).

The first 100 residues of EBNA3C are responsible for the in-
teraction of EBNA3C with H2AX. To identify the binding resi-
dues of EBNA3C important for the interaction with H2AX, we
performed further similar immunoprecipitation experiments in a

FIG 2 EBNA3C attenuates H2AX levels in Burkitt’s lymphoma and epithelial
cells. (A) Approximately 30 million BJAB, DG75, and Ramos cells were har-
vested for WB analysis of H2AX, EBNA3C, GAPDH, and GFP levels after
transient transfection of EBNA3C and GFP constructs. (B) Endogenous ex-
pression of H2AX levels in Burkitt’s lymphoma cell lines transfected with
EBNA3C was analyzed for transcript levels by real-time PCR. Approximately
15 million BJAB, DG75, and Ramos cells were cotransfected with the GFP-
expressing vector with either EBNA3C or the control vector. Transcript levels
of the H2AX gene are represented as fold changes. The experiments were
performed in triplicate. (C) H2AX in HEK293 cells transfected with EBNA3C
in a dose-dependent manner was analyzed at the transcript level by RT-PCR.
Transcript levels of the H2AX gene are represented as fold changes from ex-
periments performed in triplicate. (D) H2AX in HEK293 cells transfected with
EBNA3C in a dose-dependent manner was analyzed at the protein level. (E)
H2AX and EBNA3C constructs were transfected into HEK293 cells and ana-
lyzed for the detection of H2AX protein levels. HEK293 cells were transfected
with GFP, EBNA3C-Flag, or the vector with Myc-H2AX. Data in all panels are
representative of repeat experiments.
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heterologous expression system using HEK293 cells. Cells were
transfected with plasmids expressing Flag-tagged full-length
EBNA3C (residues 1 to 992), the N-terminal region (residues 1 to
365), the middle (M) region (residues 366 to 620), and the C-ter-
minal region (residues 621 to 992) along with a Myc-tagged H2AX
expression vector (Fig. 4A). Immunoprecipitation assays were
performed by using a Flag-specific mouse monoclonal antibody
(M2). The results revealed that H2AX forms a complex with res-
idues within the N-terminal region of EBNA3C but not with the
middle or carboxyl-terminal domains (Fig. 4A).

To further confirm the above-described results of association
studies, we performed GST pulldown experiments using bacteri-
ally purified GST-fused H2AX with HEK293 cell extracts tran-
siently transfected with plasmids expressing full-length EBNA3C
and the three major truncated domains of EBNA3C (N-terminal,

M, and C-terminal domains) (Fig. 4B). The results from GST
pulldown assays also confirmed a strong interaction of full-length
EBNA3C and the N-terminal residues (amino acids [aa] 1 to 365)
with H2AX (Fig. 4B, top). The amounts of control GST and the
GST-H2AX fusion protein used in the GST pulldown experiment
were similar, as shown by corresponding Coomassie brilliant
blue-stained SDS-PAGE gels (Fig. 4B, bottom). Additionally, to
narrow down the binding residues in the N-terminal domain of
EBNA3C, we further performed GST pulldown assays using vari-
ous truncated regions of the EBNA3C N-terminal region (Fig.
4C). A strong association between GST-fused H2AX and EBNA3C
residues 1 to 300, 1 to 200, and 1 to 100 was clearly detected, while
no association was found beyond the first 100 amino acid residues
of EBNA3C (Fig. 4C). These results demonstrate that the EBNA3C
residues 1 to 100 are responsible for the formation of a stable complex

FIG 3 H2AX associates with EBNA3C in cells. (A) Complex formation between EBNA3C and H2AX was evaluated by using anti-H2AX antibody in Burkitt’s
lymphoma cells (left) and LCLs (right). (B) The association between EBNA3C and H2AX was evaluated by using an anti-EBNA3C (A10) antibody in Burkitt’s
lymphoma cells (left) and LCLs (right). (C) Schematic showing wild-type H2AX and a specific serine 139 mutation with alanine in the full-length protein. (D)
The Flag-H2AX Ser139 [H2AX (S-A)] mutant was cotransfected with either Myc-EBNA3C or the control vector. WB was performed with anti-Myc and anti-Flag
antibodies. IP, immunoprecipitation.
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with H2AX in cells. The schematic in Fig. 4D represents the mapping
of the H2AX interaction domain within EBNA3C and further out-
lines the studies to identify the interacting residues.

EBNA3C colocalizes with H2AX in EBV-transformed LCLs.
Our results from both immunoprecipitation as well as GST pull-
down assays strongly supported the formation of a complex be-

tween EBNA3C and H2AX under physiological conditions using
EBV-transformed B cells. This prompted us to investigate whether
EBNA3C and H2AX can colocalize within similar cellular com-
partments. Immunofluorescence (IF) studies were performed by
using B cells stably expressing EBNA3C as well as EBV-trans-
formed LCLs and EBV-negative controls (Fig. 5). First, IF was

FIG 4 The first 100 amino acid residues of the EBNA3C protein are critical for complex formation with H2AX. (A) Complex formation between EBNA3C and
H2AX in HEK293 cells was investigated by immunoprecipitation. Approximately 10 million HEK293 cells were transfected with either the control vector,
full-length EBNA3C, or different truncations of EBNA3C (amino-terminal, middle, and carboxy-terminal regions) tagged with the Flag vector. (B) A GST
pulldown assay was performed by using EBNA3C truncations (full-length EBNA3C [aa 1 to 992], N-terminal aa 1 to 365, middle domain aa 366 to 620, and
C-terminal aa 621 to 992) fused to GST. Smaller truncations of the N-terminal region of EBNA3C (aa 1 to 300, 1 to 200, 100 to 200, 1 to 100, 1 to 50, and 130 to
190) were cloned into the pA3M vector and monitored for binding activity with H2AX (right). A Coomassie-stained gel is shown for the GST control and the
GST-H2AX fusion protein. RD, relative density. (C) Schematic showing different EBNA3C domains associated with other reported proteins as well as its binding
domain for H2AX.
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carried out with BJAB control cells along with the isogenic
EBNA3C-expressing cells (BJAB#7 and BJAB#10) (data not
shown). The assay was carried out by using specific antibodies
against EBNA3C (A10; mouse monoclonal) and H2AX (rabbit
polyclonal) along with Texas Red mouse and fluorescein isothio-
cyanate (FITC) anti-rabbit secondary antibodies for visualization
of the complexes. The results showed a strong colocalization be-
tween H2AX and EBNA3C in similar nuclear compartments (data
not shown). Furthermore, an analysis of the fluorescence intensity
of H2AX signals in EBNA3C-expressing BJAB cells demonstrated
a significant reduction compared to control BJAB cells (data not
shown). This further corroborated our biochemical studies dis-
cussed above, which showed reduced H2AX levels in the presence
of either EBV or EBNA3C.

Importantly, IF analysis using LCL1 and LCL2 showed a simi-
lar colocalization pattern of H2AX and EBNA3C (Fig. 5A and B).
To further validate this observation, we performed similar IF ex-
periments using GFP-tagged EBNA3C and Myc-tagged H2AX in
U2OS epithelial cells at 36 h posttransfection (Fig. 5C). Monitor-
ing of the GFP signal of EBNA3C and a specific mouse monoclo-
nal antibody against H2AX tagged with the Myc epitope clearly
showed a punctuate pattern of colocalization between H2AX mol-
ecules and EBNA3C in similar nuclear compartments (Fig. 5C).

Our above-described binding results demonstrated that phos-
phorylation of H2AX at Ser139 is crucial for binding with

EBNA3C. To further determine whether this residue was also im-
portant for colocalization, we next performed an IF study with
GFP-tagged EBNA3C and a Flag-tagged mutated version of H2AX
[H2AX (S-A)] in U2OS cells (Fig. 5D). At 36 h posttransfection, IF
was performed by using the specific mouse monoclonal Flag an-
tibody (M2) along with GFP fluorescence at a 488-nm excitation
(Fig. 5D). Interestingly, the IF signals for H2AX (S-A) were ob-
served mostly at the periphery of the nucleus, instead of the punc-
tuate dots seen for the wild-type version (compare Fig. 5C and D).
Consequently, little or no association of EBNA3C was observed in
nuclear compartments with H2AX (S-A) (Fig. 5D). In agreement
with our binding studies, the IF results once again showed that
Ser139 of H2AX may play a critical role in the formation of a
complex as well as colocalization with EBNA3C in similar nuclear
compartments.

EBNA3C inhibits the transcription activity of the H2AX pro-
moter. The above-described results showed that H2AX tran-
scripts were downregulated in the presence of EBNA3C. To more
specifically investigate this phenomenon, we performed lucifer-
ase-based reporter assays using the wild-type H2AX promoter
linked to the luciferase reporter gene in the presence of EBNA3C
(Fig. 6). First, the H2AX reporter plasmid H2AX-pGL3 was tran-
siently transfected into HEK293 cells in the presence of the vector
or full-length Myc-tagged EBNA3C (Fig. 6A). Cells were also
transfected with the GFP control plasmid to monitor the transfec-

FIG 5 EBNA3C colocalizes with H2AX in nuclear compartments. (A and B) In vitro EBV-transformed B-cell lines LCL1 and LCL2 were plated onto slides and
subsequently air dried at room temperature. Cells were fixed by using 3% PFA and blocked with 5% skimmed milk. Protein expression were detected by using
anti-mouse EBNA3C monoclonal antibody A10 (1:150) and anti-rabbit H2AX antibody (1:500) followed by anti-mouse Alexa Fluor 594 (red) for EBNA3C and
anti-rabbit Alexa Fluor 488 (green) for H2AX. DAPI (4=,6-diamidino-2-phenylindole) was used for nuclear staining. (C) A total of 0.3 million epithelial U2OS
cells were transfected with GFP-EBNA3C and Myc-H2AX plasmids by using Lipofectamine. H2AX was detected by using anti-Myc (9E10) antibody (1:200)
followed by anti-rabbit Alexa Fluor 594 (red) secondary antibody. Colocalization of H2AX with GFP-EBNA3C was monitored by using an Olympus confocal
microscope. (D) A total of 3 � 105 U2OS cells were seeded onto a coverslip and transfected with GFP-EBNA3C and mutant H2AX (S-A) plasmids by using
Lipofectamine.
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tion efficiency in this experiment. The results demonstrated that
EBNA3C dramatically attenuated transcriptional activity from the
H2AX promoter in a dose-dependent fashion in HEK293 cells
(Fig. 6A). The levels of EBNA3C and GAPDH were analyzed by
WB (Fig. 6A). Furthermore, to evaluate whether the binding do-
main of EBNA3C is necessary to control H2AX transcription, we
performed similar reporter assays using various truncation do-
mains of EBNA3C (Fig. 6B to F). The results showed that the
N-terminal binding region (residues 1 to 365) but not the non-
binding domains (residues 366 to 992) of EBNA3C substantially
attenuated transcription from the H2AX promoter (Fig. 6B to D).
In agreement, the smaller N-terminal binding region of EBNA3C
at residues 1 to 100 also showed a similar inhibitory trend of tran-
scriptional regulation at the H2AX promoter (Fig. 6E). This indi-
cated that the amino-terminal binding residues of EBNA3C are
required as well as sufficient for transcriptional inhibition of the
H2AX promoter. To further validate the above-described results,
we transfected HEK293 cells with the N-terminally deleted region
of EBNA3C (�N EBNA3C) along with the reporter and GFP ex-
pression plasmids (Fig. 6F). This result supported our above-de-
scribed data showing that the N-terminal binding residues of
EBNA3C are important for regulating H2AX transcription. All
reporter experiments were carefully examined by WB analysis to
monitor the expression levels of EBNA3C and GAPDH as an in-
ternal loading control (Fig. 6).

EBNA3C can induce degradation of H2AX by recruiting the
ubiquitin-proteasome system. To establish latency, EBV has
evolved strategies for targeted inactivation of cellular factors to
escape from the DDR induced during early infection (38–41).
However, the underlying mechanism is still not clear. Overall, our
results described above strongly suggested that in addition to tran-
scriptional regulation, EBNA3C can also attenuate H2AX at the
protein level. Moreover, it has also been reported that the H2AX

protein level can be regulated through polyubiquitination (23).
Interestingly, EBNA3C has been previously shown to utilize a
ubiquitin-mediated proteasome degradation strategy for target-
ing and degrading multiple tumor suppressor proteins to establish
successful latent infection in infected B cells (31, 32). Along these
lines, we wanted to determine whether downregulation of H2AX
protein levels was associated with EBNA3C-mediated degradation
through the ubiquitin-proteasome pathway. To explore this pos-
sibility, HEK293 cells were transfected with EBNA3C or the vector
alone and subsequently treated with either the dimethyl sulfoxide
(DMSO) control or MG132 over a period of 12 h at 48 h posttrans-
fection (Fig. 7A). MG132 blocks the degradation of ubiquitin-
conjugated proteins in mammalian cells by the 26S proteasome
complex (42). The results demonstrated that the reduced levels of
endogenous H2AX in the presence of EBNA3C were rescued by
MG132 compared to control cells treated with DMSO (Fig. 7A,
compare lanes 2 and 4). This observation was further validated by
using transient expression of Myc-tagged H2AX expressed from a
heterologous promoter in HEK293 cells (Fig. 7B). These results also
demonstrated a rescue of H2AX protein levels from EBNA3C-medi-
ated reduction in the presence of MG132 (Fig. 7B). These results
indicate that EBNA3C can contribute to H2AX degradation through
recruitment of the ubiquitin-proteasome machinery, the function of
which was blocked by MG132 (Fig. 7A and B).

To support these results, we next performed in vivo ubiquiti-
nation experiments. HEK293 cells were cotransfected with plas-
mids expressing the HA-tagged ubiquitin moiety (HA-Ub), Flag-
tagged EBNA3C, and Myc-tagged H2AX (Fig. 7C). The levels of
H2AX ubiquitination were monitored by performing specific im-
munoprecipitation of H2AX molecules using an anti-Myc mouse
monoclonal antibody (9E10) followed by WB analysis (Fig. 7C).
The results demonstrated a significant difference in polyubiquiti-
nation levels of H2AX in the MG132-treated group compared to

FIG 6 The N-terminal binding residues of EBNA3C are sufficient for suppressing H2AX transcription. HEK293 cells were transfected with 10 �g of pGL3-H2AX
and 1, 2, and 4 �g of EBNA3C truncations (EBNA3C aa 1 to 992, aa 1 to 365, aa 366 to 620, and aa 621 to 992). The N-terminally deleted region of EBNA3C
(�EBNA3C-N) was also included. Data from the reporter assays are represented as relative luciferase units (RLU), with means and standard deviations
represented by error bars. The fold activation was calculated by comparison of the promoter activity in the presence of the pGL3-H2AX promoter with the value
of the pA3M vector alone.
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the DMSO control group (Fig. 7C, compare left and right panels).
This is due to an impairment of proteasomal function, which re-
sulted in an increase in the levels of ubiquitinated proteins. A
dramatic enhancement in H2AX polyubiquitination was repro-
ducibly observed in the presence of EBNA3C with MG132 treat-
ment but not with the DMSO control (Fig. 7C, compare left and
right panels, lanes 3). To support the above-described findings,
ubiquitination experiments were also carried out with BJAB,
BJAB#7, and BJAB#10 cells by performing H2AX immunopre-
cipitation using a specific anti-H2AX antibody (Fig. 7D). The re-
sults further demonstrated a relatively higher level of H2AX
polyubiquitination in EBNA3C-expressing BJAB#7 and BJAB#10
cells than in BJAB control cells (Fig. 7D, compare lane 1 with lanes
2 and 3). This provided additional evidence to suggest that
EBNA3C can facilitate H2AX destabilization through ubiquitin-
mediated proteasomal degradation.

EBNA3C inhibits the growth-suppressive activity of H2AX.
The spindle assembly checkpoint (SAC) and DDR are two critical
mechanisms by which mammalian cells can maintain genomic
stability (43). Moreover, H2AX was shown to induce cell cycle
arrest via the p53/p21 pathway (44). In addition, knockdown of

H2AX was shown to strongly suppress apoptosis in lung cancer
cells (45). To elucidate the biological significance of H2AX degra-
dation through EBNA3C in LCLs as well as to explore the under-
lying molecular mechanism of this DNA damage protein in EBV-
induced B-cell lymphomagenesis, we used H2AX knockdown
LCL1 cells compared to the control vector LCL1. Interestingly,
H2AX knockdown resulted in a reduction in levels of the p53
tumor suppressor protein of about 2- to 3-fold, while the level of
Bub1, a critical kinetochore protein essential for the SAC, was
upregulated about 3- to 5-fold (Fig. 8A). These results now pro-
vide a potential molecular strategy for H2AX downregulation in
LCLs and highlights a critical role for EBNA3C in regulating the
DDR during B-cell lymphomagenesis.

To specifically explore the inhibitory effects of EBNA3C on
H2AX-mediated growth-suppressive properties, we carried out
colony formation assays (CFAs) with HEK293 cells (Fig. 8B). Cells
were transfected with either the vector control or vectors express-
ing wild-type H2AX, mutated H2AX (S139A), or EBNA3C alone
or were cotransfected with combinations of EBNA3C and wild-
type H2AX or EBNA3C and mutated H2AX (S139A) (Fig. 8B). At
24 h posttransfection, cells were further selected with G418 for 2

FIG 7 EBNA3C facilitates H2AX degradation through the ubiquitin-mediated proteasomal pathway. (A) HEK293 cells were transfected with plasmids and
treated with either MG132 (20 �g/ml) or DMSO as a control for 30 h posttransfection to inhibit proteasome activity. (B) HEK293 cells were transfected with
plasmids expressing EBNA3C-Flag or Myc-H2AX. (C) HEK293 cells were transfected with various combinations of expression vectors, as shown. (D) In vivo
ubiquitination assays were carried out by using 50 million BJAB (EBNA3C-negative), BJAB#7, and BJAB#10 (EBNA3C-positive) cells. H2AX antibody (2 �g) was
used for pulldown experiments and subsequently detected by using ubiquitin- and H2AX-specific antibodies. The input was also analyzed as a loading control
by using an anti-GAPDH antibody.
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weeks. Both media and antibiotics were changed every 2 days. The
total colony formation was scanned and quantitated by using Od-
yssey Image analysis software (Fig. 8B). The results showed that
expression of wild-type H2AX caused an approximately 70% re-
duction in colony formation of HEK293 cells compared to the
vector control. However, minimal effects were observed in the
presence of the mutated version of H2AX (Fig. 8B, compare pan-
els 1 to 3). This again signifies the importance of the Ser139 resi-
due to the growth-suppressive properties of H2AX. Importantly,
coexpression of EBNA3C with wild-type H2AX demonstrated an
almost complete reversion of H2AX-mediated growth-suppres-
sive activity, which was similar to that of the vector control (Fig.
8B, compare panels 1, 3, and 5). Interestingly, EBNA3C expres-
sion alone showed a dramatic enhancement of colony formation
(Fig. 8B, panels 4 and 6), which further strengthens a role for
EBNA3C as a dominant viral oncoprotein. Overall, these results
describe a model where EBNA3C can play a critical role in regu-
lating H2AX stability through ubiquitin-mediated degradation
and can therefore contribute to modulating its activity during the
DDR induced by viral infection. This ultimately drives establish-
ment of the EBV latency program in infected primary B cells.

DISCUSSION

Viral infection and the cellular DDR have been widely debated and
explored in recent years (24, 46). Viruses have evolved complex
regulatory mechanisms to persist in infected cells by manipulating

several DNA repair mechanisms (47). H2AX plays a key role in the
DDR (48). H2AX is well known for its positive regulation of DNA
repair and activation of the DNA damage checkpoints (49). H2AX
also varies from H2A with a unique C-terminal region (23), which
contains a highly conserved SQE motif (50). However, it has been
suggested that H2AX is not utterly important for recognition of
DNA damage but facilitates the damage response through inter-
action with proteins that recognize the phosphorylated form of
H2AX (�-H2AX) (49). However, previous studies by Bassing et al.
reported that cells from H2AX-deficient mice are more prone to
chromosomal instability and less efficient in DNA double-strand
break repair (38).

Previously, it was reported that EBV latent proteins, EBNAs
and LMPs, can contribute toward chromosomal instability and
cellular DNA damage by inhibiting as well as facilitating degrada-
tion of DNA repair elements or through mislocalization (51, 52).
Reports from our laboratory and others also revealed that
EBNA3C can contribute to the oncogenic process through degra-
dation of p53 or interaction with Chk2 (16, 20). However, limited
information is available for demonstrating a role for EBNA3C in
modulating H2AX.

Here we identified H2AX as an interacting partner of EBNA3C
during EBV infection. We showed that in both EBV- as well as
EBNA3C-positive B-cell lines, cellular H2AX levels were signifi-
cantly downregulated. This initial observation was further corrob-
orated by using an RNA interference strategy by knocking down

FIG 8 EBNA3C blocks H2AX-mediated growth-suppressive activity. (A) Knockdown in H2AX cells was evaluated to determine H2AX, EBNA3C, Bub1, and p53
expression levels using their respective antibodies. Experiments were independently performed three times, with similar results. (B) Colony formation assays was
performed with HEK293 cells. Cells were transfected with the control vector, wild-type H2AX, the H2AX (S-A) mutant, EBNA3C, and EBNA3C combined with
wild-type H2AX or H2AX (S-A). At 24 h posttransfection, the cells were selected with G418 for 2 weeks. On alternate days, the media and antibiotics were replaced. Cells
were fixed with 3% PFA and stained with 0.1% crystal violet. The total number of colonies was measured by using Odyssey Image analysis software. (C) Schematic
showing the role of EBNA3C in degradation of H2AX, which results in modulation of p53 and Bub1 levels. These changes can contribute to EBV-induced oncogenesis.
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EBNA3C expression in EBV-transformed LCLs. Using an in vitro
model system for resting B-cell infection with an EBNA3C-de-
leted recombinant virus in comparison to wild-type EBV infec-
tion, we confirmed that EBNA3C was directly involved in regulat-
ing H2AX levels. The attenuation of H2AX levels was clearly more
significant in wild-type virus infection, whereas EBNA3C-deleted
EBV did not show any significant change in H2AX expression
levels. These results supported our hypothesis that through mod-
ulation of the total H2AX levels, EBNA3C can contribute to EBV
latency and cell proliferation.

These initial findings were further corroborated using HEK293
cells, further strengthening our initial hypothesis that EBNA3C is
directly involved in deregulating H2AX expression. The reduction
of H2AX levels was found to be inversely proportional to the in-
crease in EBNA3C at the protein and transcript levels. While un-
able to bind DNA directly, EBNA3C was previously shown to be a
strong transcriptional factor that can regulate the transcription of
multiple cellular and viral genes. EBNA3C formed a stable com-
plex with H2AX through interactions with its amino-terminal first
100 amino acid residues. Interestingly, we know that the N-termi-
nal region of EBNA3C interacts with various cell cycle regulatory
molecules, such as cyclin D1, cyclin A, p53, Mdm2, E2F1, IRF4,
and Aurora kinase B (16, 30, 32, 34, 35).

Phosphorylation of Ser139 of H2AX (referred to as �-H2AX) is
indispensable for recruitment of DNA repair elements (53). Fur-
thermore, H2AX is phosphorylated by ATM in response to dou-
ble-strand breaks (53). More specifically, mutation at Ser139
completely abolished the interaction between H2AX and
EBNA3C. This suggests that H2AX phosphorylation may play an
important role in EBNA3C-regulated cell proliferation. This also
suggests the involvement of EBNA3C in regulating the DDR and
consequently also opens a new avenue for further exploration.
Our reporter analysis of the H2AX promoter demonstrated that
the N-terminal binding residues were sufficient for blocking
H2AX transcription. Furthermore, H2AX localization is strictly
confined to the nucleosomes (54). However, some reports dem-
onstrated that H2AX also functions outside the nucleosomes (55,
56). Our results demonstrated that EBNA3C can localize with
H2AX within similar nuclear compartments in EBV-transformed
LCLs as well as EBNA3C-expressing stable cell lines. The staining
intensity of H2AX in EBNA3C-negative and EBNA3C-positive
cell lines showed a reduction in the levels of H2AX in the presence
of EBNA3C, further supporting our hypothesis that EBNA3C can
attenuate H2AX expression.

In addition to transcriptional regulation, our results also indi-
cated that EBNA3C can regulate H2AX protein levels. Previous
reports showed that H2AX is degraded by polyubiquitination
through the proteasome degradation pathway and that inhibition
of the proteasome can stabilize H2AX (41, 57, 58). We hypothe-
sized that EBNA3C-mediated H2AX deregulation may occur
through polyubiquitination and degradation, since our previous
studies showed that EBNA3C recruits the ubiquitin-proteasome
machinery for targeted proteolysis of multiple tumor suppressor
proteins through its N-terminal residues (31, 59). Recently, Feng
and Chen hypothesized that Ubc13 and RNF8 are involved in
DDR-induced H2AX ubiquitination (60). How these proteins are
involved in the functional regulation of H2AX levels in EBV-pos-
itive cells remains undetermined. In addition to this, monoubiq-
uitination of H2AX was shown to be an essential epigenetic
marker during the DNA damage response (61, 62). It would be

interesting to determine whether EBNA3C could also initiate
H2AX monoubiquitination to regulate nucleosomal activity and,
thereby, gene transcription. For now, our results demonstrated
that EBNA3C efficiently induces H2AX degradation, most likely
through polyubiquitination.

To determine the biological implications of H2AX deregula-
tion in EBV-driven oncogenesis, we generated LCLs knocked
down for H2AX and evaluated the expression levels of the p53
tumor suppressor and the oncoprotein Bub1. Previously, Fragkos
et al. suggested that H2AX was required for cell cycle arrest
through p53 (44). There is a growing body of evidence for cross
talk between the DDR elements and SAC components (43). More-
over, Bub1 was shown to be an essential mitotic protein in gam-
maherpesvirus-induced oncogenesis (63). Depletion of H2AX ex-
pression in LCLs led to a significant downregulation of p53 and
upregulation of Bub1. This supports an antiproliferative role for
H2AX in the context of EBV-induced transformation of B cells.
Subsequent colony formation assays further supported the anti-
proliferative properties of H2AX. Our results also clearly demon-
strated that EBNA3C can effectively neutralize the growth-sup-
pressive effects of H2AX. Therefore, the essential latent antigen
EBNA3C may have evolved to modulate the DDR and thus con-
tribute to viral latency in addition to all its other functions. Over-
all, this study provides strong evidence to support a role for
EBNA3C-mediated attenuation of total H2AX levels upon EBV
infection (Fig. 8C) and may be important for targeted therapeutic
strategies against EBV-associated B-cell lymphomas
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