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ABSTRACT Epigenetic modifications play a pivotal role in the expression of the
genes of Epstein-Barr virus (EBV). We found that de novo EBV infection of primary B
cells caused moderate induction of enhancer of zeste homolog 2 (EZH2), the major
histone H3 lysine 27 (K27) methyltransferase. To investigate the role of EZH2, we
knocked out the EZH2 gene in EBV-negative Akata cells by the CRISPR/Cas9 system
and infected the cells with EBV, followed by selection of EBV-positive cells. During
the latent state, growth of EZH2-knockout (KO) cells was significantly slower after in-
fection compared to wild-type controls, despite similar levels of viral gene expres-
sion between cell lines. After induction of the lytic cycle by anti-IgG, KO of EZH2
caused notable induction of expression of both latent and lytic viral genes, as well
as increases in both viral DNA replication and progeny production. These results
demonstrate that EZH2 is crucial for the intricate epigenetic regulation of not only
lytic but also latent gene expression in Akata cells.

IMPORTANCE The life cycle of EBV is regulated by epigenetic modifications, such as
CpG methylation and histone modifications. Here, we found that the expression of
EZH2, which encodes a histone H3K27 methyltransferase, was induced by EBV infec-
tion; therefore, we generated EZH2-KO cells to investigate the role of EZH2 in EBV-
infected Akata B cells. Disruption of EZH2 resulted in increased expression of EBV
genes during the lytic phase and, therefore, efficient viral replication and progeny
production. Our results shed light on the mechanisms underlying reactivation from
an epigenetic point of view and further suggest a role for EZH2 as a form of innate
immunity that restricts viral replication in infected cells.
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Epstein-Barr virus (EBV) is a human gammaherpesvirus that infects �90% of the
population worldwide. EBV is transmitted via saliva, typically from close family

members during infancy or childhood. EBV causes infectious mononucleosis and
several proliferative disorders of lymphocytes, such as Burkitt lymphoma, Hodgkin’s
lymphoma, posttransplant lymphoproliferative disorder (PTLD), chronic active EBV
infection (CAEBV), and T/NK cell lymphoma. It is also involved in several epithelial
cancers, including gastric carcinoma and nasopharyngeal carcinoma (NPC) (1).

EBV can establish two forms of infection in cells: latent and lytic. During latency, the
viral DNA genome exists as episomes in the nucleus, where it expresses a small number
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of latent viral genes, including EBV nuclear antigens (EBNAs), latent membrane proteins
(LMPs), and noncoding RNAs, such as EBV-encoded small RNAs (EBERs) and microRNAs
(miRNAs) in the BamHI-A rightward transcripts (BARTs) or the BHRF1 region. The latent
mode is further categorized into at least four types according to the pattern of the
expressed latent genes. Latent EBV-infected memory B cells express only EBERs (latency
type 0). Neoplasms such as Burkitt lymphoma and gastric carcinoma typically express
only EBERs and EBNA1 (type I), whereas some types of Hodgkin’s lymphoma, NPC,
CAEBV, and T/NK lymphomas, produce EBERs, EBNA1, LMP1, and LMP2 genes (type II).
In most cases of PTLD or lymphoblastoid cell lines (LCLs), EBNA2, EBNA3, and EBNA-LP
(type III) are expressed in addition to type II genes. Expression of BART miRNAs is higher
in latency I and II, whereas higher levels of BHRF1 miRNAs are expressed in latency III
(2–4).

During the lytic phase, all EBV genes are coordinately expressed. Induction with
chemical or biological reagents such as TPA, HDAC inhibitor, anti-Ig, or TGF-� leads to
the expression of two immediate early viral genes, BZLF1 and BRLF1. These genes
encode transcriptional activators that enhance transcription of a subset of viral genes
categorized as early class genes. Such early genes include viral DNA polymerase
catalytic subunit, single-stranded DNA-binding protein (BALF2), and the processivity
factor of DNA polymerase (BMRF1), resulting in potent amplification of the EBV DNA
genome. Then late class viral genes are produced that encode structural viral proteins,
such as gp350/220 and glycoprotein B (gB). With the newly synthesized viral genome
and structural proteins, progeny viruses are formed and produced (5, 6).

Virus life cycles are regulated by epigenetic mechanisms of the EBV genome. For
example, promoter usage of latent genes is controlled by CpG DNA methylation and
histone modifications. Complicated genome structures mediated by the chromatin
boundary factor CTCF also play an important role in the regulation of latent genes.
Promoters of lytic genes of EBV are associated with both heavy CpG DNA methylation
and histone modifications in latency. However, the level of CpG methylation is limited
in the BZLF1 promoter (7, 8) and is instead susceptible to silencing by histone
modifications (9–12), including trimethylation of histone H3 lysine 27 (H3K27me3). If
the BZLF1 promoter were associated with high levels of CpG methylation, the BZLF1
gene would not be immediately expressed, as reversal of CpG methylation would occur
too slowly, due to the lack of a demethylation enzyme for CpG methylation in humans.
Once expressed, the BZLF1 protein can induce transcription from other heavily CpG-
methylated lytic genes, owing to its extraordinary ability to bind to and activate a
subset of CpG-methylated viral lytic promoters (13–17).

The significance of CpG methylation by DNA methyltransferases (DNMTs) for EBV
gene expression has been clearly demonstrated (18–20); however, the role of histone
modification requires further elucidation. EZH2 is the catalytic subunit of polycomb
repressive complex 2 (PRC2), which mediates histone H3K27me3 methylation. It plays
a crucial role in many physiological or pathological activities, such as cell cycle
progression, differentiation, development, senescence, and oncogenesis (21, 22).

We and others have reported that the genome of EBV is modified by histone
H3K27me3, and this modification plays a crucial role in the maintenance of latency by
silencing the BZLF1 promoter (9, 10). While studies using knockdown methods and
small-molecular inhibitors have been informative, they have not ruled out the possi-
bility of unexpected off-target effects. In addition, these studies did not thoroughly
examine the effects of histone H3K27me3 on latent viral gene expression. Here, we
found that expression of the EZH2 gene, encoding the major methyltransferase of
histone H3K27me3, was induced by EBV infection in primary B cells. Comparisons of
EBV-infected wild-type (WT) and EZH2-KO cells revealed that this enzyme regulates not
only lytic genes but also latent genes such as LMP1 during the lytic state. Interestingly,
KO of EZH2 efficiently promoted viral lytic replication and production of progeny virus
particles. We also found that growth of EBV-positive cells was attenuated by EZH2 KO.
These results indicate that EZH2 plays an important role in Akata cells.
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RESULTS
Induction of EZH2 by EBV infection. In B cell immortalization by EBV, de novo EBV

infection in primary B cells induces the expression of several cellular genes, such as MYC
(23, 24). MYC is an important transcriptional component for viral latency type III and
promotion of cell growth (25). To investigate whether the expression of epigenetic
modification enzymes is induced by de novo EBV infection, we analyzed RNA expression
in primary B cells infected with or without the virus by RNA-seq (Fig. 1A). At 2 days after
infection, EBV markedly induced expression of MYC, CD21, CD23, HES1, and BATF
(Fig. 1A, positive controls) 10- to 20-fold, possibly through EBNA2 as reported previ-
ously (23, 24, 26, 27); in contrast, host housekeeping genes including �-2 microglobulin
(B2M) and RNA polymerase II (POLR2A) were unaffected. LMP1 expression has been
shown to induce several cellular genes, including ICAM1, A20, and TRAF1 (also termed
EBI6) (23, 28, 29). Similar results were observed here, with each of these genes

FIG 1 Induction of the EZH2 gene by Epstein-Barr virus (EBV) infection in primary B cells. (A) B cells isolated from peripheral
blood mononuclear cells from a healthy donor were sorted using FACSAria II and infected or mock infected with WT EBV at
a multiplicity of infection of �1. RNA was collected from the infected and mock-infected cells after 2 days. The mRNA was
enriched, reverse transcribed, and subjected to RNA sequencing. Relative mRNA levels were calculated according to the
frequency per kilobase of exon per million read values after normalization by the values of mock-infected sample. KMT, lysine
methyltransferase; KDM, lysine demethylase. The RNA-seq data are available at the DDBJ Sequence Read Archive (accession
ID DRA006767). (B and C) Peripheral B cells from different donors were infected with EBV as in panel A and analyzed by
qRT-PCR. Relative EZH2 mRNA levels are shown after normalization with beta-2 microglobulin (B2M). Average and SD from
three independent infections are shown. Student’s t test was performed. (D and E) Akata(�) cells were infected with EBV as
in panel A and analyzed by qRT-PCR. Relative EZH1 and EZH2 mRNA levels are shown after normalization with beta-2
microglobulin (B2M). Average and SD from three independent infections are shown. Student’s t test was performed. *, P � 0.02;
**, P � 0.002.
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exhibiting moderate (2- to 3-fold) induction in response to viral infection (Fig. 1A,
positive controls).

Next, we examined lysine methyltransferases (KMTs) and demethylases (KDMs) to
assess the role of epigenetic regulation of EBV and the host gene expression, particu-
larly in the context of histone methylations. Although KMTs and KDMs were not
strongly induced by EBV infection, the expression of several KMTs was moderately
increased, with those of SUV39H2, DOTIL, and EZH2 genes increasing 3.6-, 4.5-, and
3.6-fold, respectively (Fig. 1A, KMT group). The level of EZH2 upregulation might be
similar to that of ICAM1 or other LMP1-induced genes.

To confirm the reproducibility, we prepared primary B cells from two other donors
and infected them with EBV for 2 days, with expression of the gene validated by
quantitative reverse transcription-PCR (qRT-PCR). In these samples, EBV infection re-
sulted in 7.5- and 5.8-fold induction of EZH2 mRNA (Fig. 1B and C, respectively). Taken
together, these results suggest that EZH2 may play a significant role in viral and cellular
gene expression and immortalization, similar to that of MYC and ICAM1.

　We also examined induction of EZH2, as well as EZH1, in another cell line,
Akata(�). Infection of EBV mildly increased mRNA levels of EZH1 and EZH2 (2.2- and
2.1-fold, respectively) (Fig. 1D and E).

Preparation of EZH2-KO cells. To further investigate the importance of EZH2 in the
EBV life cycle, we knocked out the EZH2 gene, taking advantage of CRISPR/Cas9
technology to determine the physiological functions of the gene product. Using an
EBV-negative Akata cell line, Akata(�), we successfully prepared two EZH2-KO cell lines
(cl1 and cl2), in which production of EZH2 was completely disrupted (Fig. 2A). Accord-
ingly, histone trimethylation at H3K27 (H3K27me3) was notably repressed in the KO
cells (Fig. 2A). We first compared proliferation of these cell lines before EBV infection
and found no evidence of cell growth defects in EZH2-KO cells (Fig. 2B). Next, we
infected KO and WT cells with EBV, which was originally produced in AGS/EGFP-EBV
cells (30). The virus from AGS/EGFP-EBV cells is a recombinant Akata virus encoding
EGFP and the G418 resistance gene. After culturing in the presence of G418, we
successfully obtained cells from both WT and EZH2-KO cell lines in which almost 100%
of cells emitted GFP fluorescence (not shown).

Growth property of EBV-positive EZH2-KO cells. To analyze whether KO of the
EZH2 gene affected cell growth, WT and EZH2-KO cells that were latently infected with
EBV were seeded at 1 � 105 cells/ml and incubated, and the cell number was counted
at 3 days (Fig. 2C). Due to preliminary data that suggested that growth was slower at
earlier time points after infection, we analyzed cell growth at several different time
points (0, 4, 8, and 12 weeks postinfection). By week 4, growth of EBV-positive EZH2-KO
cells was markedly slower than that of WT cells (Fig. 2C); however, beyond this point,
growth of EBV-positive WT and KO cells increased (Fig. 2C). Taken together, these data
show that the absence of EZH2 had a negative effect on cell growth in response to EBV
infection. Based on these results, we speculate that EBV lytic genes might not be
adequately silenced in the KO cells and that expression of lytic genes might be stressful
for cells. Alternatively, because EBNA3A/C suppresses the expression of tumor suppres-
sor genes, such as BIM, p14ARF, and p16INK4A, through EZH2 and H3K27me3 (31, 32), KO
of EZH2 might result in a decrease of EBNA3A/C function and slow cell growth.

Expression of viral genes in EZH2-KO cells during latency. We first analyzed the
latency pattern of EBV in WT and KO cells using MutuI and MutuIII cell lines as models
of latency I and III, respectively. LMP1 and EBNA2 mRNAs were abundantly expressed
in MutuIII, with minimal expression in MutuI, WT, and EZH2-KO cells. In contrast, EBNA1
was highly expressed in all four cell lines (not shown). Based on these results, the
EBV-positive cell lines used here most likely represent latency I, consistent with previous
results (33).

We quantified the mRNA levels of both latent and lytic EBV genes expressed during
latency (without lytic induction) by qRT-PCR (Fig. 3). Clonal variants were evident
between cell lines, with one KO cell line expressing significantly higher levels of EBNA1
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and EBNA2 than other lines (Fig. 3, hatched black bars). However, aside from a few
notable exceptions, expression levels of viral genes, including BZLF1, were broadly
similar between WT and EZH2-KO cells (Fig. 3). This result coincides with our previous
data that knockdown of EZH2 or pharmacological inhibition of EZH2 by DZNep failed

FIG 2 Knockout of EZH2 gene by CRISPR/Cas9 and stable infection of EBV. (A) Loss of EZH2 expression
in the EZH2-KO Akata(�) cells. Two independent clones were used (named cl1 and cl2) for both WT and
KO. Levels of EZH2, H3K27me3, histone H3, and �-actin in the samples from WT and EZH2-KO cells were
examined by Western blotting. (B) Growth kinetics of EZH2-KO Akata(�) cells. A quantity of 1.0 � 105

cells/ml was seeded and cultured. Cell numbers were counted after the indicated number of days. (C)
Reduced growth speed in the EZH2-KO cells. The WT and EZH2-KO Akata cells were infected with EBV
and cultured in the presence of G418. At 0, 4, 8, and 12 weeks postinfection, cells were seeded at
1.0 � 105 cells/ml, and cell numbers were counted after 3 days. The average and SD from 2 independent
replicates are shown as a ratio relative to the value of the starting point (0 week). Student’s t test was
performed, and asterisks indicate statistical significance (*, P � 0.05; **, P � 0.01; ***, P � 0.005) compared
to either of the WT clones. ns, not significant.

FIG 3 Viral gene expression in WT and EZH2-KO Akata cells during latent infection. RNA was harvested
from WT and EZH2-KO cells (two clones each) latently infected with EBV and subjected to qRT-PCR. The
data are normalized to the value of �2-microglobulin and shown as fold change for the average and
standard deviation from three samples.
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to induce BZLF1 expression at least in Akata cells (9). Based on these data, EZH2 may
not be the major regulator of BZLF1 repression and maintenance of EBV latency in
Akata cells. The gp350/220 gene was undetectable (Fig. 3).

Low histone H3K27me3 levels in EZH2-KO cells during latency. To assess histone
H3K27me3 levels in the viral promoters in EZH2-KO cells latently infected with EBV, we
carried out ChIP assays followed by qPCR (Fig. 4). We quantified histone levels for the
following promoters: LMP1 (Lp), Q (Qp), and Cp latent promoters; Zp (BZLF1 promoter),
Mp (BMRF1 promoter), and Ap (BALF2 promoter) lytic promoters; and globin (Globinp)
and GAPDH (GAPDHp) host control promoters. When normal IgG was used for precip-
itation as a negative control, �0.03% of the input DNA was detected (Fig. 4A). Histone
H3 levels were almost comparable between WT and EZH2-KO (Fig. 4B), but histone
H3K27me3 modification was markedly lower in EZH2-KO (Fig. 4C). While a faint
H3K27me3 modification was observed in EZH2-KO cells (Fig. 4C), this residual H3K27

FIG 4 Prominent decrease in H3K27me3 modification in EZH2-KO cells. (A to C) WT and EZH2-KO Akata
cells latently infected with EBV (cl1) were subjected to chromatin immunoprecipitation (ChIP) analysis
using normal IgG (A), anti-histone H3 (B), or anti-histone H3K27me3 (C) antibodies. Data for normal IgG
and histone H3 are shown as the percentage of the input sample. Data for H3K27me3 (C) are shown after
normalization to the value of histone H3. Lp, LMP1 promoter; Qp, Q promoter; Cp, C promoter; Zp, BZLF1
promoter; Mp, BMRF1 promoter; Ap, BALF2 promoter; Globinp, globin promoter; GAPDHp, GAPDH
promoter. Student’s t test was performed. *, P � 0.01.
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methylation can be explained by the presence of a minor H3K27 methylation enzyme,
EZH1 (34). Similar reductions in H3K27me3 modifications were observed in other clones
of EZH2-KO cells (cl2) as well (see Fig. 7B).

Lytic induction caused higher transcription of viral genes in EZH2-KO cells.
After analyzing the effects of EZH2 disruption on viral gene expression in the latent
phase, we analyzed the levels of viral gene expression in KO cells after lytic induction
using anti-IgG (Fig. 5). Interestingly, qRT-PCR (Fig. 5A to H) and Western blot (Fig. 5I)
analyses revealed that almost all of the EBV genes we examined, including LMPs,
EBNAs, EBER1, BARTs, and lytic genes, were significantly higher in the KO cells than in
WT after lytic induction. Notably, both the lytic and latent genes responded strongly to
EZH2 KO after lytic induction (Fig. 5). These results suggest that EZH2 is involved in the
silencing of latent viral genes during the lytic phase.

Next, because EZH2 KO resulted in higher levels of viral gene expression, we
examined whether KO might augment viral lytic DNA replication and progeny produc-
tion (Fig. 6). Viral DNA levels were significantly higher in EZH2-KO cells infected with
EBV relative to WT cells, when induced with anti-IgG (Fig. 6A). Similarly, the progeny
production levels were consistent with DNA replication data in that EZH2-KO produced
more infectious virions than the WT by about one order of magnitude (Fig. 6B).

FIG 5 Increased viral gene expression in WT and EZH2-KO Akata cells during lytic phase. (A to H) WT and EZH2-KO cells latently infected
with EBV were treated with anti-IgG. RNA was harvested from the cells at 0 (latency), 1, and 2 days postinduction (dpi) and subjected to
qRT-PCR analysis. The data are normalized and shown as fold change for the average and SD from three samples. (I) WT and EZH2-KO
cells latently infected with EBV were treated with anti-IgG as in panels A to H. Protein samples were collected on days 0 and 2, and LMP1,
BZLF1, BRLF1, BALF2, BMRF1, gB, and �-actin levels were assessed by Western blotting. Student’s t test was performed, and asterisks
indicate statistical significance (*, P � 0.05; **, P � 0.01; ***, P � 0.005) compared to either of the WT clones.
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Low histone H3K27me3 levels in EZH2-KO cells in a lytic state. Next, we
examined levels of histone H3K27me3 during the lytic phase (Fig. 7). As expected,
histone H3K27me3 levels were markedly lower in the viral promoters of EZH2-KO cells
than in WT cells (Fig. 7B) even after lytic induction, while levels of total histone H3 were
similar or slightly lower in the KO (Fig. 7A). Levels of other negative and active marks,
including H3K9me3 (Fig. 7C), H3K4me3 (Fig. 7D), and H3ac (Fig. 7E), were comparable
or slightly lower in the viral promoters of the KO cells.

Effects of pharmacological inhibitor GSK343 on viral gene expression in Akata
cells. To extend our results from Akata KO cells, we examined viral gene expression in
WT Akata cells by taking advantage of an EZH2 inhibitor, GSK343 (Fig. 8). EBV-positive
Akata cells were pretreated with GSK343 for 3 days due to the delayed response of
H3K27me3 levels to inhibition by GSK343. Western blot and ChIP analyses confirmed
histone H3K27me3-specific inhibition (Fig. 8A and B). After 3 days of treatment with
GSK343, the cells were treated with anti-IgG on day 0 to induce the EBV lytic cycle. RNA
was harvested at 0 and 2 days postinduction (dpi) and examined by qRT-PCR. qRT-PCR
analyses did not reveal any obvious induction of viral genes by GSK343 alone, or in
combination with lytic induction, although lytic genes (BZLF1 and gp350/220), LMP1,
EBNA1, and BARTs were induced by anti-IgG to some extent (Fig. 8C). We also
confirmed that cell growth was not affected by the inhibitor (Fig. 8D). Although this
result seemingly contradicts some of the previous data presented here (Fig. 5), in which
many latent and lytic genes were influenced by EZH2 knockout, we speculate that
differences in method of inactivation of EZH2 may account for these seemingly
paradoxical results; GSK343 may not be able to perfectly inhibit the EZH2 activity.

Effects of GSK343 on viral gene expression in LCLs. Next, we examined viral gene
expression in LCLs, too, after GSK343 treatment (Fig. 9). LCLs were pretreated with
GSK343 for 3 days. Western blot and ChIP analyses confirmed inhibition of H3K27me3
(Fig. 9A and B). After 3 days of treatment with GSK343, the cells were treated with TPA,
A23187 (calcium ionophore), and sodium butyrate on day 0 to induce the EBV lytic
cycle. RNA was harvested at 0 and 2 days postinduction (dpi) and examined by
qRT-PCR. The result was quite similar to that of Akata cells (Fig. 8), in that GSK343 did
not markedly induce viral gene expression even after lytic induction (Fig. 9C). The cell
growth was comparable with or without GSK343 (Fig. 9D).

FIG 6 Promotion of the lytic cycle by EZH2-KO in Akata cells. (A) Increased viral DNA replication in
EZH2-KO. WT and EZH2-KO cells latently infected with EBV were inoculated with anti-IgG to induce the
lytic cycle. Two days after treatment with anti-IgG, the cells were harvested for DNA extraction, and
comparisons of viral and host DNA levels were examined by qPCR. The average and SD from 3
independent replicates are shown. The value of the WT day 0 sample (leftmost bar) was set as 1. (B)
Progeny virus production was increased by EZH2-KO. The WT and EZH2-KO cells latently infected with
EBV were inoculated with anti-IgG to induce the lytic cycle. Two days after treatment with anti-IgG, viral
particles present in the medium were harvested and used to infect to Akata(�) cells. As the EBV genome
encodes GFP, infected Akata(�) cells become GFP positive. The average and SD of the GFP-positive ratio
(%) from 3 independent replicates are shown. Student’s t test was performed. *, P � 0.001; **, P � 0.0005.
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FIG 7 Low H3K27me3 modification in the EZH2-KO cells during reactivation from latency. (A to E) WT
and EZH2-KO cells latently infected with EBV (cl2) were treated with anti-IgG. Cells were harvested at 0

(Continued on next page)
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It is noteworthy that expression of LMP1, a latent gene, was increased 2.6-fold in
response to GSK343 treatment before lytic induction, with expression further enhanced
8.3-fold in response to lytic induction (Fig. 9C, LMP1). In Akata cells, LMP1 was increased
to 3.8-fold by anti-IgG treatment, and the level further increased to 6.7-fold by GSK343

FIG 8 Effect of GSK343, an EZH2 inhibitor, on EBV gene expression in Akata cells. (A) EBV-positive Akata cells were
pretreated daily with DMSO (control) or 1 �M GSK343 for 3 days and harvested for Western blotting. (B) EBV-
positive Akata cells were treated daily with DMSO (Cont) or 1 �M GSK343 for 3 days and subjected to ChIP assays
using anti-histone H3 and -histone H3K27me3 antibodies. The data for H3K27me3 are shown after normalization
to the value of histone H3. Qp, Q promoter; Cp, C promoter; Zp, BZLF1 promoter; Ap, BALF2 promoter; Globinp,
globin promoter. Student’s t test was performed. *, P � 0.05; **, P � 0.01. (C) After GSK343 treatment for 3 days,
Akata cells were then induced with anti-IgG to induce the lytic cycle. RNAs were harvested at 0 and 2 days
postinduction (dpi) and subjected to qRT-PCR analysis. The data are normalized and shown as fold change for the
average and SD from three samples. Student’s t test was performed. *, P � 0.02. (D) EBV-positive Akata cells were
treated daily with DMSO (control) or 1 �M GSK343, and cell numbers were counted.

FIG 7 Legend (Continued)
(latency) and 10 hpi and analyzed by ChIP using anti-histone H3 (A), anti-histone H3K27me3 (B),
anti-histone H3K9me3 (C), anti-histone H3K4me3 (D), or anti-histone H3ac (E) antibodies. Data for histone
H3 are shown as the percentage of the input sample (A). The data for other markers (B to E) are shown
after normalization to the value of histone H3. Lp, LMP1 promoter; Qp, Q promoter; Cp, C promoter; Zp,
BZLF1 promoter; Mp, BMRF1 promoter; Ap, BALF2 promoter; Globinp, Globin promoter; GAPDHp, GAPDH
promoter. Student’s t test was performed. *, P � 0.05; **, P � 0.01.

Ichikawa et al.

November/December 2018 Volume 3 Issue 6 e00478-18 msphere.asm.org 10

https://msphere.asm.org


(Fig. 8C, LMP1). Because LMP1 transcription was also significantly activated by EZH2 KO
(Fig. 5A), these data suggest that LMP1 may be more susceptible to silencing by EZH2,
especially in the lytic state.

DISCUSSION

This study shows that EZH2, the major histone H3K27me3 methyltransferase, plays
a crucial role in the regulation of both lytic and latent gene expression, at least in Akata
cells. We also showed that EZH2 is important for promoting cell growth in Akata cells.

The expression level of EZH2 increased upon infection of primary B cells by EBV,
suggesting its importance in virus function (Fig. 1). Induction of MYC peaked at
19.6-fold 2 days after infection, while induction of ICAM and EZH2 was only 2.1- and

FIG 9 Effect of GSK343 on EBV gene expression in LCLs. (A) LCLs were pretreated daily with DMSO (control) or
1 �M GSK343 for 3 days and harvested for Western blotting. (B) LCLs were treated daily with DMSO (Cont) or 1 �M
GSK343 for 3 days and subjected to ChIP assays using anti-histone H3 and -histone H3K27me3 antibodies. The data
for H3K27me3 are shown after normalization to the value of histone H3. Qp, Q promoter; Cp, C promoter; Zp, BZLF1
promoter; Ap, BALF2 promoter; Globinp, globin promoter. Student’s t test was performed. *, P � 0.05; **, P � 0.01.
(C) LCLs with or without GSK343 treatment were then supplemented with TPA (50 ng/ml), A23187 (200 nM), and
sodium butyrate (5 mM) in order to induce the lytic cycle. RNAs were harvested at 0 and 2 days postinduction (dpi)
and subjected to qRT-PCR analysis. The data are normalized and shown as fold change for the average and SD from
three samples. Student’s t test was performed. *, P � 0.005. (D) LCLs were treated daily with DMSO (control) or 1 �M
GSK343, and cell numbers were counted.
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3.6-fold, respectively (Fig. 1A). It is speculated that this difference in induction is
dependent on the EBV gene responsible for the induction; MYC is induced by EBNA2
(24), which is abundantly expressed immediately after de novo infection, and ICAM1
expression is mediated through NF-�B activation by LMP1 (23), which is less abundant
for several days after infection in primary B cells (35). Like ICAM1, the EZH2 gene may
also be induced by the activation of NF-�B from LMP1, because NF-�B activation has
been reported to induce EZH2 gene expression (36, 37).

We prepared and analyzed the EZH2-KO cell lines derived from an EBV-negative
Burkitt lymphoma B cell line, Akata(�) (Fig. 2 to 7). In addition, we prepared KO cells
from HEK293 cells, but unexpectedly, the disruption of EZH2 in HEK293 had little or no
effect on the life cycle of EBV (not shown). It remains unclear why the effects of EZH2
on EBV gene expression appear to be more explicit in B cells. It is possible that other
suppressive histone-modifying enzymes might play a dominant role in HEK293. For
example, EZH1, rather than EZH2, might be more important for histone H3K27 meth-
ylation in HEK293.

We observed low histone H3K27me3 modification in both the host and viral genomes
in the EZH2-KO cells (Fig. 4), but these changes did not result in differences in viral gene
expression during latency (Fig. 3). Therefore, it is likely that H3K27me3 is not the only
determinant of the observed expression pattern in latent cells, and other epigenetic
modifications also play roles in regulation of EBV gene transcription in Akata cells.

Unlike comparable gene expression observed in EZH2-KO cells during latency (Fig. 3),
lytic induction by anti-IgG treatment caused potent global induction of EBV genes (Fig. 5),
which was correlated with the ubiquitous decrease in H3K27me3 (Fig. 7). We do not know
why the effect of the EZH2 KO was more emphasized during the lytic cycle, but we
speculate that the viral genome may be more active in terms of epigenetic situation during
the lytic state, which can have more influence on the KO cells. In addition, the EBV genome
can replicate during lytic replication, and thus, it is possible that the newly synthesized viral
genome DNA can be regulated by EZH2 more efficiently.

In addition to EBV, other herpesviruses utilize H3K27 methylation for suppression of
lytic genes. For example, PRC proteins mediate repressive H2K27 methylation to
maintain the latency of herpes simplex virus (38, 39). The lytic cycles of Kaposi
sarcoma-associated herpesvirus and human cytomegalovirus are also restricted by PRC
proteins (40–42). Here, we showed that EZH2 KO increased expression of lytic and
latent genes, as well as viral multiplication (Fig. 5 and 6). The data presented here
suggest that EZH2 may act as a part of the innate immune system due to its ability to
neutralize or restrict exogenous DNA, particularly that of DNA viruses and retroviruses.
However, herpesviruses like EBV have evolved ways of avoiding detection through use
of viral latency. Mechanisms of viral latency have even evolved to exploit host silencing
systems as a means of avoiding immune detection. Similar mechanisms are seen here,
with WT cells exhibiting less damage than EZH2-KO when infected with EBV (Fig. 2C).

Our results indicate that EZH2 and histone H3K27 methylation are profoundly involved
in the regulation of viral latent and lytic genes in reactivation. Treatment with pharmaco-
logical inhibitors of EZH2 may represent a promising clinical application for the treatment
of various cancers (22, 43); however, such an approach may not be appropriate for
EBV-positive cancers, as EZH2-KO caused increased viral replication and progeny produc-
tion (Fig. 5 and 6), which may exacerbate viral transmission and disease burden.

MATERIALS AND METHODS
Cells and reagents. Peripheral blood mononuclear cells (PBMCs), primary B cells, LCLs, Akata(�) cells

(44), and AGS/EGFP-EBV cells (30) were cultured in RPMI 1640 medium (Sigma-Aldrich) supplemented
with 10% fetal bovine serum and antibiotics. HEK293 EBV-BAC cells were maintained in DMEM (Sigma-
Aldrich) supplemented with 10% fetal bovine serum and antibiotics. Antibodies against histone H3 and
histone H4 were purchased from Abcam. Antibodies against EZH2, histone H3K27me3, H4K20me3,
and H3K9ac were from Active Motif. Anti-histone H3K4me3 and �-actin antibodies were from Millipore
and Sigma-Aldrich, respectively. Other antibodies for viral proteins were previously described (45).

RNA sequence analysis. PBMCs from EBV-negative healthy donors were prepared, and CD19-
positive, CD56-negative, and CD3-negative primary B cells were sorted by FACSAria II (BD Biosciences).
EBV was prepared from HEK293 EBV-BAC WT and concentrated by ultracentrifugation, followed by
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titration. Primary B cells were mock infected or infected with EBV and incubated. After 2 days, RNA was
isolated using the RNeasy minikit (Qiagen). Poly(A) RNA enrichment was performed using the Poly(A)
RNA Magnetic Isolation Module (NEB), with the resulting mRNA samples subjected to RNA sequencing
and data analysis. Sequencing libraries were prepared using an NEBNext Ultra RNA Prep kit for Illumina
(NEB), according to the manufacturer’s instructions (46), and sequenced on a HiSeq 2500 next-generation
sequencer (Illumina). Data were processed using TopHat and Cufflinks (47, 48) to obtain gene expression
profiles expressed as fragments per kilobase of exon per million mapped reads (FPKM).

KO of EZH2 gene by CRISPR/Cas9. The oligonucleotides corresponding to the RNA sequence for the
human EZH2 gene (CACCGCAATGAGCTCACAGAAGTC and AAACGACTTCTGTGAGCTCATTGC) were hy-
bridized and inserted into the BbsI site of pX330 (Addgene). The resulting pX330-EZH2 plasmid vector
was electroporated into an EBV-negative cell line, Akata(�), using the Neon transfection system (Thermo
Fisher Scientific). Then the transfected cells were subjected to limiting dilution. The EZH2 gene in the
isolated cells was confirmed by PCR and sequencing using the primers TGATTGTTAGTTTGCTGCGG and
GAGTATGTTTAGTTCCAATC. We first isolated a cell line in which one of the alleles gained a frameshift
mutation [EZH2 (�/�)]. The cell line was again transfected with the pX330-EZH2 vector and subjected
to limiting dilution, cloning, and sequencing. Finally, EZH2KO cells were obtained [EZH2 (�/�)].
Off-target clones were used as WT. EBV of the Akata strain with G418 resistance and GFP genes was
produced from AGS/EGFP-EBV cells and infected the WT and EZH2-KO Akata(�) cells. Two clones were
used for WT and EZH2KO cells (cl1 and cl2).

Western blotting, quantitative reverse transcription (qRT)-PCR, and ChIP assays. Western blot
analyses were carried out as reported previously (49). The qRT-PCR analyses for LMP1, LMP2, EBNA1, EBNA2,
EBER1, BARTs, BZLF1, and gp350/220 genes were carried out using a multiplex real-time PCR system (50). ChIP
assays were performed as reported previously (9), using the antibodies described above.

Accession number(s). The RNA-seq data are available at DDBJ Sequence Read Archive (accession ID
DRA006767).

ACKNOWLEDGMENTS
We are grateful to T. Tsurumi, Y. Kondo, and other lab members for scientific

discussions and materials. We acknowledge the Division for Medical Research Engi-
neering, Nagoya University Graduate School of Medicine, for technical support in cell
sorting and next-generation sequencing.

This work was supported by grants-in-aid for Scientific Research from the Ministry of
Education, Culture, Sports, Science and Technology (to T.M. [15K08494]), the Japan
Agency for Medical Research and Development (to T.M. [Japanese Initiative for Progress
of Research on Infectious Disease for Global Epidemic, JP17fm0208016] and H.K.
[Practical Research Project for Rare/Intractable Diseases, JP16ek0109098]), and partly by
the Takeda Science Foundation (to T.M.).

REFERENCES
1. Young LS, Rickinson AB. 2004. Epstein-Barr virus: 40 years on. Nat Rev

Cancer 4:757–768. https://doi.org/10.1038/nrc1452.
2. Kang MS, Kieff E. 2015. Epstein-Barr virus latent genes. Exp Mol Med

47:e131. https://doi.org/10.1038/emm.2014.84.
3. Klinke O, Feederle R, Delecluse HJ. 2014. Genetics of Epstein-Barr virus

microRNAs. Semin Cancer Biol 26:52–59. https://doi.org/10.1016/j
.semcancer.2014.02.002.

4. Young LS, Arrand JR, Murray PG. 2007. EBV gene expression and regu-
lation, p 461– 489. In Arvin A, Campadelli-Fiume G, Mocarski E, Moore PS,
Roizman B, Whitley R, Yamanishi K (ed), Human herpesviruses: biology,
therapy, and immunoprophylaxis. Cambridge University Press, Cam-
bridge, United Kingdom.

5. McKenzie J, El-Guindy A. 2015. Epstein-Barr virus lytic cycle reactivation.
Curr Top Microbiol Immunol 391:237–261. https://doi.org/10.1007/978
-3-319-22834-1_8.

6. Murata T. 2014. Regulation of Epstein-Barr virus reactivation from la-
tency. Microbiol Immunol 58:307–317. https://doi.org/10.1111/1348
-0421.12155.

7. Fernandez AF, Rosales C, Lopez-Nieva P, Grana O, Ballestar E, Ropero S,
Espada J, Melo SA, Lujambio A, Fraga MF, Pino I, Javierre B, Carmona FJ,
Acquadro F, Steenbergen RD, Snijders PJ, Meijer CJ, Pineau P, Dejean A,
Lloveras B, Capella G, Quer J, Buti M, Esteban JI, Allende H, Rodriguez-
Frias F, Castellsague X, Minarovits J, Ponce J, Capello D, Gaidano G,
Cigudosa JC, Gomez-Lopez G, Pisano DG, Valencia A, Piris MA, Bosch FX,
Cahir-McFarland E, Kieff E, Esteller M. 2009. The dynamic DNA methyl-
omes of double-stranded DNA viruses associated with human cancer.
Genome Res 19:438 – 451. https://doi.org/10.1101/gr.083550.108.

8. Woellmer A, Arteaga-Salas JM, Hammerschmidt W. 2012. BZLF1 governs

CpG-methylated chromatin of Epstein-Barr Virus reversing epigenetic
repression. PLoS Pathog 8:e1002902. https://doi.org/10.1371/journal
.ppat.1002902.

9. Murata T, Kondo Y, Sugimoto A, Kawashima D, Saito S, Isomura H, Kanda
T, Tsurumi T. 2012. Epigenetic histone modification of Epstein-Barr virus
BZLF1 promoter during latency and reactivation in Raji cells. J Virol
86:4752– 4761. https://doi.org/10.1128/JVI.06768-11.

10. Ramasubramanyan S, Osborn K, Flower K, Sinclair AJ. 2012. Dynamic
chromatin environment of key lytic cycle regulatory regions of the
Epstein-Barr virus genome. J Virol 86:1809 –1819. https://doi.org/10
.1128/JVI.06334-11.

11. Murata T, Narita Y, Sugimoto A, Kawashima D, Kanda T, Tsurumi T. 2013.
Contribution of myocyte enhancer factor 2 family transcription factors to
BZLF1 expression in Epstein-Barr virus reactivation from latency. J Virol
87:10148 –10162. https://doi.org/10.1128/JVI.01002-13.

12. Imai K, Kamio N, Cueno ME, Saito Y, Inoue H, Saito I, Ochiai K. 2014. Role
of the histone H3 lysine 9 methyltransferase Suv39 h1 in maintaining
Epstein-Barr virus latency in B95-8 cells. FEBS J 281:2148 –2158. https://
doi.org/10.1111/febs.12768.

13. Hammerschmidt W. 2015. The epigenetic life cycle of Epstein-Barr virus.
Curr Top Microbiol Immunol 390:103–117. https://doi.org/10.1007/978
-3-319-22822-8_6.

14. Murata T, Tsurumi T. 2013. Epigenetic modification of the Epstein-Barr
virus BZLF1 promoter regulates viral reactivation from latency. Front
Genet 4:53. https://doi.org/10.3389/fgene.2013.00053.

15. Niller HH, Tarnai Z, Decsi G, Zsedenyi A, Banati F, Minarovits J. 2014. Role
of epigenetics in EBV regulation and pathogenesis. Future Microbiol
9:747–756. https://doi.org/10.2217/fmb.14.41.

EZH2 Regulates EBV Gene Expression

November/December 2018 Volume 3 Issue 6 e00478-18 msphere.asm.org 13

https://www.ncbi.nlm.nih.gov/sra/?term=DRA006767
https://doi.org/10.1038/nrc1452
https://doi.org/10.1038/emm.2014.84
https://doi.org/10.1016/j.semcancer.2014.02.002
https://doi.org/10.1016/j.semcancer.2014.02.002
https://doi.org/10.1007/978-3-319-22834-1_8
https://doi.org/10.1007/978-3-319-22834-1_8
https://doi.org/10.1111/1348-0421.12155
https://doi.org/10.1111/1348-0421.12155
https://doi.org/10.1101/gr.083550.108
https://doi.org/10.1371/journal.ppat.1002902
https://doi.org/10.1371/journal.ppat.1002902
https://doi.org/10.1128/JVI.06768-11
https://doi.org/10.1128/JVI.06334-11
https://doi.org/10.1128/JVI.06334-11
https://doi.org/10.1128/JVI.01002-13
https://doi.org/10.1111/febs.12768
https://doi.org/10.1111/febs.12768
https://doi.org/10.1007/978-3-319-22822-8_6
https://doi.org/10.1007/978-3-319-22822-8_6
https://doi.org/10.3389/fgene.2013.00053
https://doi.org/10.2217/fmb.14.41
https://msphere.asm.org


16. Sinclair AJ. 2013. Epigenetic control of Epstein-Barr virus transcription—
relevance to viral life cycle? Front Genet 4:161. https://doi.org/10.3389/
fgene.2013.00161.

17. Tempera I, Lieberman PM. 2014. Epigenetic regulation of EBV persis-
tence and oncogenesis. Semin Cancer Biol 26:22–29. https://doi.org/10
.1016/j.semcancer.2014.01.003.

18. Hughes DJ, Marendy EM, Dickerson CA, Yetming KD, Sample CE, Sample
JT. 2012. Contributions of CTCF and DNA methyltransferases DNMT1 and
DNMT3B to Epstein-Barr virus restricted latency. J Virol 86:1034 –1045.
https://doi.org/10.1128/JVI.05923-11.

19. Salamon D, Takacs M, Ujvari D, Uhlig J, Wolf H, Minarovits J, Niller HH. 2001.
Protein-DNA binding and CpG methylation at nucleotide resolution of
latency-associated promoters Qp, Cp, and LMP1p of Epstein-Barr virus. J
Virol 75:2584–2596. https://doi.org/10.1128/JVI.75.6.2584-2596.2001.

20. Schaefer BC, Strominger JL, Speck SH. 1997. Host-cell-determined meth-
ylation of specific Epstein-Barr virus promoters regulates the choice
between distinct viral latency programs. Mol Cell Biol 17:364 –377.
https://doi.org/10.1128/MCB.17.1.364.

21. Kadoch C, Copeland RA, Keilhack H. 2016. PRC2 and SWI/SNF chromatin
remodeling complexes in health and disease. Biochemistry 55:
1600 –1614. https://doi.org/10.1021/acs.biochem.5b01191.

22. Kim KH, Roberts CW. 2016. Targeting EZH2 in cancer. Nat Med 22:
128 –134. https://doi.org/10.1038/nm.4036.

23. Busson P, Zhang Q, Guillon JM, Gregory CD, Young LS, Clausse B, Lipinski
M, Rickinson AB, Tursz T. 1992. Elevated expression of ICAM1 (CD54) and
minimal expression of LFA3 (CD58) in Epstein-Barr-virus-positive naso-
pharyngeal carcinoma cells. Int J Cancer 50:863– 867. https://doi.org/10
.1002/ijc.2910500605.

24. Kaiser C, Laux G, Eick D, Jochner N, Bornkamm GW, Kempkes B. 1999.
The proto-oncogene c-myc is a direct target gene of Epstein-Barr virus
nuclear antigen 2. J Virol 73:4481– 4484.

25. Faumont N, Durand-Panteix S, Schlee M, Gromminger S, Schuhmacher
M, Holzel M, Laux G, Mailhammer R, Rosenwald A, Staudt LM, Bornkamm
GW, Feuillard J. 2009. c-Myc and Rel/NF-kappaB are the two master
transcriptional systems activated in the latency III program of Epstein-
Barr virus-immortalized B cells. J Virol 83:5014 –5027. https://doi.org/10
.1128/JVI.02264-08.

26. Johansen LM, Deppmann CD, Erickson KD, Coffin WF, Thornton TM,
Humphrey SE, Martin JM, Taparowsky EJ. 2003. EBNA2 and activated
Notch induce expression of BATF. J Virol 77:6029 – 6040. https://doi.org/
10.1128/JVI.77.10.6029-6040.2003.

27. Wang F, Gregory C, Sample C, Rowe M, Liebowitz D, Murray R, Rickinson
A, Kieff E. 1990. Epstein-Barr virus latent membrane protein (LMP1) and
nuclear proteins 2 and 3C are effectors of phenotypic changes in B
lymphocytes: EBNA-2 and LMP1 cooperatively induce CD23. J Virol
64:2309 –2318.

28. Laherty CD, Hu HM, Opipari AW, Wang F, Dixit VM. 1992. The Epstein-
Barr virus LMP1 gene product induces A20 zinc finger protein expression
by activating nuclear factor kappa B. J Biol Chem 267:24157–24160.

29. Siegler G, Meyer B, Dawson C, Brachtel E, Lennerz J, Koch C, Kremmer E,
Niedobitek E, Gonnella R, Pilch BZ, Young LS, Niedobitek G. 2004.
Expression of tumor necrosis factor receptor-associated factor 1 in na-
sopharyngeal carcinoma: possible upregulation by Epstein-Barr virus
latent membrane protein 1. Int J Cancer 112:265–272. https://doi.org/
10.1002/ijc.20367.

30. Katsumura KR, Maruo S, Wu Y, Kanda T, Takada K. 2009. Quantitative
evaluation of the role of Epstein-Barr virus immediate-early protein
BZLF1 in B-cell transformation. J Gen Virol 90:2331–2341. https://doi.org/
10.1099/vir.0.012831-0.

31. Maruo S, Zhao B, Johannsen E, Kieff E, Zou J, Takada K. 2011. Epstein-Barr
virus nuclear antigens 3C and 3A maintain lymphoblastoid cell growth
by repressing p16INK4A and p14ARF expression. Proc Natl Acad Sci
U S A 108:1919 –1924. https://doi.org/10.1073/pnas.1019599108.

32. Paschos K, Parker GA, Watanatanasup E, White RE, Allday MJ. 2012. BIM
promoter directly targeted by EBNA3C in polycomb-mediated repres-
sion by EBV. Nucleic Acids Res 40:7233–7246. https://doi.org/10.1093/
nar/gks391.

33. Komano J, Sugiura M, Takada K. 1998. Epstein-Barr virus contributes to
the malignant phenotype and to apoptosis resistance in Burkitt’s lym-
phoma cell line Akata. J Virol 72:9150 –9156.

34. Shen X, Liu Y, Hsu YJ, Fujiwara Y, Kim J, Mao X, Yuan GC, Orkin SH. 2008.

EZH1 mediates methylation on histone H3 lysine 27 and complements
EZH2 in maintaining stem cell identity and executing pluripotency. Mol
Cell 32:491–502. https://doi.org/10.1016/j.molcel.2008.10.016.

35. Price AM, Tourigny JP, Forte E, Salinas RE, Dave SS, Luftig MA. 2012.
Analysis of Epstein-Barr virus-regulated host gene expression changes
through primary B-cell outgrowth reveals delayed kinetics of latent
membrane protein 1-mediated NF-kappaB activation. J Virol 86:
11096 –11106. https://doi.org/10.1128/JVI.01069-12.

36. De Donatis GM, Pape EL, Pierron A, Cheli Y, Hofman V, Hofman P, Allegra
M, Zahaf K, Bahadoran P, Rocchi S, Bertolotto C, Ballotti R, Passeron T.
2016. NF-kB2 induces senescence bypass in melanoma via a direct
transcriptional activation of EZH2. Oncogene 35:2735–2745. https://doi
.org/10.1038/onc.2015.331.

37. Iannetti A, Ledoux AC, Tudhope SJ, Sellier H, Zhao B, Mowla S, Moore A,
Hummerich H, Gewurz BE, Cockell SJ, Jat PS, Willmore E, Perkins ND.
2014. Regulation of p53 and Rb links the alternative NF-kappaB pathway
to EZH2 expression and cell senescence. PLoS Genet 10:e1004642.
https://doi.org/10.1371/journal.pgen.1004642.

38. Cliffe AR, Garber DA, Knipe DM. 2009. Transcription of the herpes
simplex virus latency-associated transcript promotes the formation of
facultative heterochromatin on lytic promoters. J Virol 83:8182– 8190.
https://doi.org/10.1128/JVI.00712-09.

39. Kwiatkowski DL, Thompson HW, Bloom DC. 2009. The polycomb group
protein Bmi1 binds to the herpes simplex virus 1 latent genome and
maintains repressive histone marks during latency. J Virol 83:8173– 8181.
https://doi.org/10.1128/JVI.00686-09.

40. Abraham CG, Kulesza CA. 2013. Polycomb repressive complex 2 silences
human cytomegalovirus transcription in quiescent infection models. J
Virol 87:13193–13205. https://doi.org/10.1128/JVI.02420-13.

41. Gunther T, Grundhoff A. 2010. The epigenetic landscape of latent Kaposi
sarcoma-associated herpesvirus genomes. PLoS Pathog 6:e1000935.
https://doi.org/10.1371/journal.ppat.1000935.

42. Toth Z, Maglinte DT, Lee SH, Lee HR, Wong LY, Brulois KF, Lee S, Buckley
JD, Laird PW, Marquez VE, Jung JU. 2010. Epigenetic analysis of KSHV
latent and lytic genomes. PLoS Pathog 6:e1001013. https://doi.org/10
.1371/journal.ppat.1001013.

43. Kondo Y. 2014. Targeting histone methyltransferase EZH2 as cancer
treatment. J Biochem 156:249 –257. https://doi.org/10.1093/jb/mvu054.

44. Shimizu N, Tanabe-Tochikura A, Kuroiwa Y, Takada K. 1994. Isolation of
Epstein-Barr virus (EBV)-negative cell clones from the EBV-positive
Burkitt’s lymphoma (BL) line Akata: malignant phenotypes of BL cells are
dependent on EBV. J Virol 68:6069 – 6073.

45. Watanabe T, Tsuruoka M, Narita Y, Katsuya R, Goshima F, Kimura H,
Murata T. 2015. The Epstein-Barr virus BRRF2 gene product is involved in
viral progeny production. Virology 484:33– 40. https://doi.org/10.1016/j
.virol.2015.05.010.

46. Suzuki K, Okuno Y, Kawashima N, Muramatsu H, Okuno T, Wang X, Kataoka
S, Sekiya Y, Hamada M, Murakami N, Kojima D, Narita K, Narita A, Sakaguchi
H, Sakaguchi K, Yoshida N, Nishio N, Hama A, Takahashi Y, Kudo K, Kato K,
Kojima S. 2016. MEF2D-BCL9 fusion gene is associated with high-risk acute
B-cell precursor lymphoblastic leukemia in adolescents. J Clin Oncol 34:
3451–3459. https://doi.org/10.1200/JCO.2016.66.5547.

47. Kim D, Salzberg SL. 2011. TopHat-Fusion: an algorithm for discovery of
novel fusion transcripts. Genome Biol 12:R72. https://doi.org/10.1186/gb
-2011-12-8-r72.

48. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ,
Salzberg SL, Wold BJ, Pachter L. 2010. Transcript assembly and quanti-
fication by RNA-Seq reveals unannotated transcripts and isoform switch-
ing during cell differentiation. Nat Biotechnol 28:511–515. https://doi
.org/10.1038/nbt.1621.

49. Murata T, Sato Y, Nakayama S, Kudoh A, Iwahori S, Isomura H, Tajima M,
Hishiki T, Ohshima T, Hijikata M, Shimotohno K, Tsurumi T. 2009. TORC2,
a coactivator of cAMP-response element-binding protein, promotes
Epstein-Barr virus reactivation from latency through interaction with
viral BZLF1 protein. J Biol Chem 284:8033– 8041. https://doi.org/10.1074/
jbc.M808466200.

50. Iwata S, Wada K, Tobita S, Gotoh K, Ito Y, Demachi-Okamura A, Shimizu
N, Nishiyama Y, Kimura H. 2010. Quantitative analysis of Epstein-Barr
virus (EBV)-related gene expression in patients with chronic active EBV
infection. J Gen Virol 91:42–50. https://doi.org/10.1099/vir.0.013482-0.

Ichikawa et al.

November/December 2018 Volume 3 Issue 6 e00478-18 msphere.asm.org 14

https://doi.org/10.3389/fgene.2013.00161
https://doi.org/10.3389/fgene.2013.00161
https://doi.org/10.1016/j.semcancer.2014.01.003
https://doi.org/10.1016/j.semcancer.2014.01.003
https://doi.org/10.1128/JVI.05923-11
https://doi.org/10.1128/JVI.75.6.2584-2596.2001
https://doi.org/10.1128/MCB.17.1.364
https://doi.org/10.1021/acs.biochem.5b01191
https://doi.org/10.1038/nm.4036
https://doi.org/10.1002/ijc.2910500605
https://doi.org/10.1002/ijc.2910500605
https://doi.org/10.1128/JVI.02264-08
https://doi.org/10.1128/JVI.02264-08
https://doi.org/10.1128/JVI.77.10.6029-6040.2003
https://doi.org/10.1128/JVI.77.10.6029-6040.2003
https://doi.org/10.1002/ijc.20367
https://doi.org/10.1002/ijc.20367
https://doi.org/10.1099/vir.0.012831-0
https://doi.org/10.1099/vir.0.012831-0
https://doi.org/10.1073/pnas.1019599108
https://doi.org/10.1093/nar/gks391
https://doi.org/10.1093/nar/gks391
https://doi.org/10.1016/j.molcel.2008.10.016
https://doi.org/10.1128/JVI.01069-12
https://doi.org/10.1038/onc.2015.331
https://doi.org/10.1038/onc.2015.331
https://doi.org/10.1371/journal.pgen.1004642
https://doi.org/10.1128/JVI.00712-09
https://doi.org/10.1128/JVI.00686-09
https://doi.org/10.1128/JVI.02420-13
https://doi.org/10.1371/journal.ppat.1000935
https://doi.org/10.1371/journal.ppat.1001013
https://doi.org/10.1371/journal.ppat.1001013
https://doi.org/10.1093/jb/mvu054
https://doi.org/10.1016/j.virol.2015.05.010
https://doi.org/10.1016/j.virol.2015.05.010
https://doi.org/10.1200/JCO.2016.66.5547
https://doi.org/10.1186/gb-2011-12-8-r72
https://doi.org/10.1186/gb-2011-12-8-r72
https://doi.org/10.1038/nbt.1621
https://doi.org/10.1038/nbt.1621
https://doi.org/10.1074/jbc.M808466200
https://doi.org/10.1074/jbc.M808466200
https://doi.org/10.1099/vir.0.013482-0
https://msphere.asm.org

	RESULTS
	Induction of EZH2 by EBV infection. 
	Preparation of EZH2-KO cells. 
	Growth property of EBV-positive EZH2-KO cells. 
	Expression of viral genes in EZH2-KO cells during latency. 
	Low histone H3K27me3 levels in EZH2-KO cells during latency. 
	Lytic induction caused higher transcription of viral genes in EZH2-KO cells. 
	Low histone H3K27me3 levels in EZH2-KO cells in a lytic state. 
	Effects of pharmacological inhibitor GSK343 on viral gene expression in Akata cells. 
	Effects of GSK343 on viral gene expression in LCLs. 

	DISCUSSION
	MATERIALS AND METHODS
	Cells and reagents. 
	RNA sequence analysis. 
	KO of EZH2 gene by CRISPR/Cas9. 
	Western blotting, quantitative reverse transcription (qRT)-PCR, and ChIP assays. 
	Accession number(s). 

	ACKNOWLEDGMENTS
	REFERENCES

