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Latent Epstein—Barr virus (EBV) infection and cellular hypermethy-
lation are hallmarks of undifferentiated nasopharyngeal carcinoma
(NPC). However, EBV infection of normal oral epithelial cells is con-
fined to differentiated cells and is lytic. Here we demonstrate that
the EBV genome can become 5-hydroxymethylated and that this
DNA modification affects EBV lytic reactivation. We show that
global 5-hydroxymethylcytosine (5ShmC)-modified DNA accumulates
during normal epithelial-cell differentiation, whereas EBV+ NPCs
have little if any 5ShmC-modified DNA. Furthermore, we find that
increasing cellular ten—eleven translocation (TET) activity [which
converts methylated cytosine (5mC) to 5hmC] decreases methyl-
ation, and increases 5hmC modification, of lytic EBV promoters in
EBV-infected cell lines containing highly methylated viral genomes.
Conversely, inhibition of endogenous TET activity increases lytic EBV
promoter methylation in an EBV-infected telomerase-immortalized
normal oral keratinocyte (NOKSs) cell line where lytic viral promoters
are largely unmethylated. We demonstrate that these cytosine mod-
ifications differentially affect the ability of the two EBV immediate-
early proteins, BZLF1 (Z) and BRLF1 (R), to induce the lytic form of viral
infection. Although methylation of lytic EBV promoters increases
Z-mediated and inhibits R-mediated lytic reactivation, 5hmC modifi-
cation of lytic EBV promoters has the opposite effect. We also iden-
tify a specific CpG-containing Z-binding site on the BRLF1 promoter
that must be methylated for Z-mediated viral reactivation and show
that TET-mediated 5hmC modification of this site in NOKs prevents
Z-mediated viral reactivation. Decreased 5-hydroxymethylation of
cellular and viral genes may contribute to NPC formation.
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pstein—Barr virus (EBV) is a gamma-herpesvirus that is the

causative agent of infectious mononucleosis. It also contrib-
utes to the development of epithelial- and B-cell malignancies
such as nasopharyngeal carcinoma (NPC) and Burkitt lymphoma
(1, 2). Like all herpesviruses, EBV has both latent and lytic forms
of infection. Latent EBV infection occurs in normal B lympho-
cytes, as well as in EBV-associated B-cell and epithelial-cell ma-
lignancies, and promotes transformation of EBV-infected tumor
cells (1, 2). Lytic EBV infection, which is required for horizontal
spread of the virus from host to host, occurs in differentiated
oropharyngeal epithelial cells, B-cell receptor-activated B cells,
and plasma cells (3-8).

The EBV genome becomes highly methylated following in-
fection of normal B cells and within B-cell and epithelial-cell
tumors (9). CpG methylation of the EBV genome is detectable
within 2 wk postinfection in B cells (10) and plays a critical role in
promoting the most stringent (and least immunogenic) form of viral
latency (reviewed in refs. 11, 12). In addition, methylation of the
viral genome is required for the ability of the EBV BZLF1 (Z)
immediate-early protein to induce the latent to Iytic switch, because
Z preferentially binds to and activates the methylated forms of lytic
EBYV promoters (reviewed in refs. 11, 13). Z (also known as EBI,
ZEBRA, and Zta) is a bZip protein homologous to AP-1 and binds
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to AP-1-like sites (Z-responsive elements, ZREs) that often contain
CpG motifs (11, 13-15). Once established, EBV genome methyl-
ation is maintained during latent viral genome replication (licensed
and mediated by host cell replication machinery) via the enzymatic
activity of DNA methyltransferases (1, 2). However, the virally
encoded replication machinery mediating the lytic form of viral
DNA replication does not preserve viral genome methylation (9, 11),
and therefore, packaged EBV genomes are always unmethylated.
EBV infection of normal differentiated epithelial cells is
completely lytic, and the viral genome does not become methyl-
ated in these cells (1-5, 7, 9, 10). Lytic viral gene expression
following EBV infection of normal epithelial cells likely reflects the
ability of the other EBV immediate-early (IE) protein, BRLF1 (R),
to efficiently activate unmethylated lytic viral promoters. We
recently showed that overexpression of R, but not Z, induces
Iytic EBV gene expression and replication in a latently infected
telomerase-immortalized normal oral keratinocyte (NOKs) line,
where the lytic viral promoters remain largely unmethylated (16,
17). R activates lytic gene expression by binding to R-response ele-
ments (RREs) with a consensus sequence of GNCCNyGGNG (Ny
is a nine-nucleotide spacer region that can be any sequence) (18) or
indirectly by interacting with cellular transcription factors (13). Z and
R activate one another’s promoters, and once both IE proteins are
expressed, they cooperate to induce fully lytic infection regardless of
whether the viral genome is methylated or unmethylated (13, 16).
Given the profound effect that cytosine methylation plays on
the ability of Z versus R to activate lytic EBV gene expression,
we have now explored whether another more recently described

Significance

Epstein-Barr virus (EBV) normally establishes a lytic infection in
differentiated epithelial cells. However, in the abnormal context
of nasopharyngeal carcinoma (NPC), EBV latently infects un-
differentiated epithelial cells. Here we demonstrate that the
EBV genome can become 5-hydroxymethylated and that this
DNA modification affects EBV lytic reactivation. We find that
5-hydroxymethylcytosine accumulates during differentiation of
normal epithelial cells but not in EBV+ NPCs. Furthermore, we
show that ten—eleven translocation (TET) enzymes dysregulate
lytic viral reactivation by altering the 5-methylcytosine and
5-hydroxymethylcytosine state of lytic promoters. These data
suggest that loss of TET activity may promote cellular hyper-
methylation and alter EBV gene regulation in NPC tumors.

Author contributions: C.K.W. and S.C.K. designed research; C.K.W., D.M.N., A.N.H., S.M.,,
K.M.O., and D.L. performed research; P.L. and E.C.J. contributed new reagents/analytic
tools; C.K.W., E.C.J., and S.C.K. analyzed data; and C.K.W. and S.C.K. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
To whom correspondence should be addressed. Email: skenney@wisc.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1513432112/-/DCSupplemental.

PNAS | Published online December 9, 2015 | E7257-E7265

%)
=2
o
a
w
<
=
[

>
O
=]
=
]
@
[=]
13
I~
=



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1513432112&domain=pdf
mailto:skenney@wisc.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1513432112/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1513432112/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1513432112

L T

/

1\

=y

cytosine modification, 5-hydroxymethylcytosine (ShmC), also
affects the ability of Z and/or R to regulate lytic EBV gene pro-
moters. The ShmC modification occurs as an intermediate during
active demethylation of cytosines in vivo, especially during early
zygote development (reviewed in ref. 19). Removal of CpG
methylation begins when one of the three ten—eleven translocation
(TET) enzymes (TET1, TET2, or TET3) hydroxylates 5-methyl-
cytosine (SmC), producing ShmC (20, 21). ShmC can then be lost
passively through multiple rounds of DNA replication, as the mark
is not recognized by DNMT1 (19). Alternatively, ShmC and further
oxidized forms of this modification can be actively removed
through multiple pathways, often involving base excision repair
(reviewed in refs. 19, 22). Although ShmC is rare in most cells, it is
relatively abundant in certain cell types such as Purkinje neurons,
embryonic stem cells, and others (19, 22). Additionally, ShmC
accumulates during differentiation of many cell types and is ex-
tremely low in undifferentiated cancer cells (23, 24). When ShmC
is maintained on the cellular genome, it is usually associated with
gene activation (19, 25).

Global reduction of 5-hydroxymethylation via various mecha-
nisms is commonly found in myeloid cancers, glioblastoma, and
melanoma, and recently 9% of NPC tumors were found to have a
mutation in TET1, TET2, or TET3 (22, 26-29). In addition to
mutations in the TET family members, mutations that disrupt
a-ketoglutarate production, which is required for the activity of all
TET enzymes, can also decrease ShmC accumulation. Such mu-
tations are found in over 70% of secondary glioblastomas and are
common in acute myeloid leukemia (22, 26). In particular, the
isocitrate dehydrogenase (IDH) 1 and 2 enzymes, which normally
convert isocitrate into o-ketoglutarate, are mutated to forms [in-
cluding IDH1(R132H) and IDH2(R172K)] that instead convert
isocitrate into the oncometabolite 2-hydroxyglutarate, which in-
hibits the function of all three TET enzymes (29).

Here we show that TET-mediated ShmC modification of lytic
EBV promoters inhibits Z binding and activation of these pro-
moters, while promoting R activation. Furthermore, we identify a
CpG-containing Z-binding site in the R promoter that is ShmC-
modified in EBV-infected NOKs and demonstrate that inhibition of
endogenous TET activity converts the ShmC mark into a SmC mark
and restores the ability of Z to induce lytic EBV reactivation in this
cell line. Finally, using ShmC-specific immunohistochemistry (IHC),
we confirm that global ShmC-modified DNA is very low or un-
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detectable in EBV+ NPCs but accumulates during differentiation of
normal tonsil epithelium. These results reveal that TET-mediated
5hmC modification of lytic EBV promoters regulates lytic viral
reactivation and suggest that decreased ShmC modification of both
cellular and viral genes may contribute to NPC tumors.

Results

5hmC-Modified DNA Accumulates in Differentiated Normal Tonsil
Epithelium and in Both Differentiated and Undifferentiated NOKs
but Not in NPC Tumors. Given the finding that the methylation
status of the EBV genome determines which viral-immediate
early protein can induce lytic reactivation, we examined the level of
global ShmC-modified DNA using IHC. ShmC-modifed DNA was
not detectable in undifferentiated normal tonsillar epithelium but
was easily detected in the more differentiated layers of the tonsillar
epithelium (Fig. 14). In contrast, ShmC-modified DNA was either
very low or not detected in nine undifferentiated NPC tumor
specimens examined (Fig. 1B and Fig. S1), although staining was
visible in the normal surrounding cells. Interestingly, NOKs (telo-
merase-immortalized NOKs), which support an unusually low level
of lytic EBV promoter methylation in comparison with other EBV-
infected epithelial cell lines (16, 17), had easily detectable ShmC-
modified DNA, even in the less differentiated basal cells (Fig. 1C).
These results suggest that high TET activity may explain the low
level of lytic EBV promoter methylation in stably EBV-infected
NOKSs. Furthermore, because global ShmC-modified cellular DNA
is strongly increased by differentiation of normal tonsillar epithelial
cells, the EBV genome may likewise be more likely to become
ShmC-modified in differentiated (versus undifferentiated) normal
epithelial cells. Conversely, the low level of global ShmC-modified
DNA in NPC tumor specimens, consistent with the undifferentiated
state of these tumors as well as the possible presence of TET gene
mutations, suggests that ShmC modification of the EBV genome
would be unlikely to occur in these tumors.

Z Binding to ZREs in Vitro Is Inhibited by 5hmC, but R Binding to RREs
Is Unaffected. Because cytosine methylation greatly enhances the
ability of Z to bind to certain CpG-containing ZREs, we next
examined how 5hmC modification of two different CpG-con-
taining ZREs affects Z binding in vitro. As shown in Fig. 2, ol-
igonucleotide probes containing ZRE motifs from either the
ZRE2 site in the EBV R promoter or the ZRE1 site in the EBV
BRRFI (Na) promoter were commercially synthesized to contain
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EBV+ Nasopharyngeal carcinoma

Fig. 1. 5hmC accumulates in differentiated tonsil epithelium but not in NPCs. (A) 5hmC level was assessed by IHC in normal tonsil epithelium; the un-
differentiated basal cell layer is outlined. (B) 5ShmC IHC (Left) and EBER in situ hybridization (Right) staining of two representative EBV+ NPCs. EBV-positive cells are
outlined on Left. (C) 5hmC staining of telomerase-immortalized NOKs cells differentiated in air-interface cultures. Original magnification of all figures, 40x.
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5hmC modification of CpG-containing binding motifs inhibits Z but not R binding in vitro. Z binding to unmodified, 5mC-modified, or 5hmC-modified

CpG-containing ZREs (A and B) or R binding to an unmodified or 5hmC-modified RRE (C) was examined using EMSA as described in Materials and Methods.
Z-DNA and R-DNA complexes are indicated with arrows, and binding of the cellular protein YY1 to the RRE is also denoted. ZRE and RRE sequences are shown
below each EMSA, with the modified cytosines indicated by asterisks and nucleotides where R directly contacts DNA boxed. R-binding studies were performed
with or without a supershifting anti-R antibody as indicated. (A) ZRE2 site from the BRLF1 (R) promoter. (B) ZRE1 site from the BRRF1 (Na) promoter. (C) RRE

motif from the SM promoter.

an unmodified cytosine, SmC, or ShmC at the nucleotide positions
indicated by an asterisk. Binding was assayed using reticulocyte ly-
sate-synthesized Z protein, compared with lysate as a control. As
previously described (30), Z bound to the unmethylated form of the
R promoter (Rp) ZRE2 motif, although binding was clearly in-
creased by methylation (Fig. 24). When the methylation mark on
the Rp ZRE2 motif was converted to a ShmC mark, Z binding was
reduced to a level similar to that of the unmethylated probe. In the
case of the Na promoter ZRE1 motif, which we previously showed
is almost totally methylation-dependent in regard to Z binding (31),
conversion of the methylated cytosine into a ShmC-modified cyto-
sine abrogated Z binding. These data suggest that Z “reads”
ShmC-modified ZREs similarly as unmodified ZREs and indicate
that TET-mediated ShmC modification of methylated ZREs in
vivo, should it occur, would reverse the ability of Z to bind to
these promoters.

We next explored how ShmC modification affects R DNA
binding, as many R-binding sites also contain CpG motifs. We
previously showed that CpG cytosine methylation does not affect
the ability of R to bind to lytic EBV promoters in vitro or in vivo,
although methylation of lytic promoters decreases R-mediated
transcriptional activation (16). A probe encoding an SM promoter
R-binding motif [RRE sequence shown below electrophoretic
mobility shift assay (EMSA) image] was commercially synthesized
to contain ShmC or unmodified cytosine (denoted with an asterisk)
within one of the core regions (boxed) required for R binding to
DNA (18). As demonstrated in Fig. 2C, R bound similarly to both
the unmodified and 5-hydroxymethylated probes (indicated with
arrows), although binding of cellular protein YY1 to the motif (18)
was decreased by ShmC modification. These results suggest that R
binds equally well to unmodified and 5-hydroxymethylated CpG-
containing binding motifs, even when they are located in the core
part of the motif where R makes direct contact with DNA. These
results, along with our previous findings (16), suggest that neither
5mC nor ShmC modification of R-binding motifs affects R binding.

TET2 Reduces Z- but Not R-Mediated Activation of Methylated CpG-
Containing Lytic EBV Promoters. Next we performed luciferase
assays to determine if cotransfection with a highly active TET2
expression vector (containing the catalytic domain of mouse
Tet2) inhibits the ability of Z to activate lytic EBV promoters
with methylated CpG-containing ZREs. TET2 converts methyl-
ated CpGs (but not unmodified CpGs) into ShmC-modified
CpGs (20, 21). Three different lytic EBV promoters [BRLF1
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(R), BRRF1 (Na), and BHLF1] were cloned upstream of the
luciferase gene in the pCpGL-basic vector, which lacks CpG
motifs in the vector backbone (32). The promoter vectors were
methylated or mock-treated in vitro using CpG methyltransferase
(M.SssI) and transfected with and without the TET2 vector into
EBV-negative HONE.1 cells. As we and others previously reported
(16, 30, 31, 33), methylation greatly enhances Z activation of the R
and Na promoters, both of which contain ZREs with CpGs (Fig.
34). Of note, consistent with the finding that Z does not bind well
to ShmC-modifed ZREs (Fig. 2), cotransfected TET2 inhibited Z
activation of the methylated R and Na promoters (Fig. 34), pre-
sumably by converting the methylated CpG motifs into ShmC-
modified CpG motifs. Consistent with this interpretation, TET2 did
not decrease (and in fact enhanced) Z activation of the methylated
BHLF1 promoter construct, in which all promoter ZREs are CpG-
free and hence cannot be 5SmC- or ShmC-modified. We have pre-
viously shown that the BHLF1 promoter is exceptional in that
methylation of the promoter at CpG sites outside of ZREs inhibits
Z-mediated transactivation (16, 33). Immunoblot analysis con-
firmed that similar levels of Z were expressed in the presence and
absence of TET2 (Fig. S2).

We likewise examined the effect of cotransfected TET2 on the
ability of R to activate three different lytic promoters (BALF2,
SM, and BHLF1) that have CpG-containing R-binding motifs.
We previously showed that although R binds equally well to the
unmethylated and methylated forms of these promoters, CpG
methylation greatly reduces the ability of R to activate these
promoters (16). As previously reported, we found that methyl-
ation substantially inhibited R activation of each promoter (Fig.
3B). Importantly, cotransfected TET2 restored the ability of R to
activate methylated lytic promoters (Fig. 3B). Immunoblot anal-
ysis confirmed that the level of R expression was similar in the
presence and absence of TET2 (Fig. S2).

Z Binding to the Endogenous Viral Genome Is Inhibited by TET-Mediated
5-Hydroxymethylation. To determine if 5-hydroxymethylation of the
intact EBV genome affects the ability of Z to bind to lytic pro-
moters in vivo, we transfected latently infected cells with the highly
active TET2 expression vector, which was previously shown to
greatly increase the global level of ShmC-modified cellular DNA
when transfected into cells (21). Using DNA immunoprecipitation
(DIP) assays, we confirmed that the transfected TET2 vector greatly
increases the amount of ShmC-modified and greatly decreases
the amount of SmC-modified EBV BRLF1 (R) promoter DNA
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Fig. 3. TET2 differentially affects Z versus R transactivation of lytic EBV
promoters. The ability of Z and R to induce expression of unmethylated,
methylated, and 5-hydroxymethylated lytic viral promoters was assessed by
luciferase assays. EBV promoter-luciferase constructs (containing various lytic
EBV promoters inserted upstream of the luciferase gene in a CpG-free vec-
tor) were methylated or mock-treated in vitro using M.Sssl as indicated and
transfected into EBV-negative HONE.1 cells with either vector controls, a Z
expression vector (with or without a TET2 expression vector) (A), or an R
expression vector (with or without a TET2 expression vector) (B). Luciferase
assays were performed 2 d posttransfection; the fold luciferase activation is
shown relative to the activity of the unmethylated promoter transfected
with control vectors (set at 1). The error bars indicate +1 SD calculated from
three replicate experiments.

in latently infected EBV-293T cells (Fig. 44). We next examined
the effect of cotransfected TET2 on the ability of Z to bind to
various different lytic EBV promoters in a 293 cell line stably
infected with an R-deleted EBV mutant; this line was chosen so
that Z binding to lytic EBV promoters could be examined in the
absence of any TET2 effect on R function. Importantly, in vivo
ChIP assays demonstrated that cotransfected TET2 greatly de-
creased Z binding to three different lytic EBV promoters
[BRLF1 (Rp), BALF2, and BMRF1] with CpG-containing ZREs
that are preferentially bound by Z in the methylated form but did

E7260 | www.pnas.org/cgi/doi/10.1073/pnas.1513432112

not substantially affect Z binding to an EBV promoter (BHLF1)
that has only CpG-free ZREs (Fig. 4B) (16, 33). Consistent with
the EMSA result shown in Fig. 2C, cotransfected TET2 had little
if any effect on R binding to five different lytic viral promoters
on the endogenous EBV genome in 293 cells infected with a
Z-deleted EBV mutant (Fig. 4C). Immunoblot analysis confirmed
that similar levels of Z or R were expressed in the presence and
absence of TET2 (Fig. S3).

TET2 Differentially Affects Z- Versus R-Induced Lytic Reactivation in
EBV-Infected Cell Lines. To determine if TET2 expression alters the
ability of the Z or R proteins to activate early lytic viral protein
expression in latently infected cell lines, we transfected cell lines
with either Z or R expression vectors, in the presence or absence of
cotransfected TET2, and performed immunoblots to examine the
level of various lytic viral proteins. Consistent with the ability of
TET?2 to decrease Z binding to lytic viral promoters (Fig. 4B), TET2
inhibited the ability of Z to induce lytic viral protein expression in
EBV-infected 293 cells, C666.1 cells, and HONE-Akata cells (Fig. 5
A-D). In contrast, cotransfected TET2 enhanced the ability of R to
induce lytic viral protein expression from the endogenous viral ge-
nome in the same three cell lines (Fig. 5 B-D). Cotransfected TET2
also differentially affected the ability of Z versus R to induce virion
release in HONE-AKkata cells (Fig. 5D). These results are similar to
those observed in the reporter gene assays (Fig. 3) and suggest that
5hmC modification of lytic EBV promoters, like CpG methylation,
has different effects on the ability of Z versus R to activate lytic
EBYV gene expression.

Inhibition of Endogenous TET Activity via Expression of the Mutant
IDH1(R132H) Protein Allows Z to Initiate Lytic Reactivation in EBV-
Infected NOKs. To date, the only EBV-infected cell line known
to be lytically reactivated by overexpression of R, but not Z, is
the NOKs line (16). We and others previously showed that a
number of lytic viral promoters, particularly the BRLF1 (Rp)
promoter, have relatively low methylation levels in EBV-positive
NOKs compared with other EBV-infected cell lines (16, 17).
This suggests that the inability of Z to activate lytic EBV pro-
moters (particularly the BRLF1 promoter) in NOKs may be due
to inadequate methylation of CpG-containing ZREs. Given our
finding that NOKs have a high level of global ShmC-modified
DNA (Fig. 1C), we hypothesized that TET enzymes may inhibit
Z binding to the EBV genome in this cell type by converting
5mC-modified cytosines in the viral genome into ShmC-modified
cytosines, which might then be converted into unmodified cyto-
sines following cellular replication.

To determine if constitutive TET activity contributes to the
low level of lytic EBV promoter methylation in EBV-infected
NOKs (which express both TET2 and TET1), we infected EBV-
positive NOKs with a retroviral vector expressing a mutant form
of IDH1 [IDH1(R132H)], which inhibits the activity of all three
cellular TET enzymes, or a control retroviral vector and selected
the cells in puromycin for at least 1 mo. A DNA dot blot, using
antibodies that specifically recognize only ShmC-modified DNA,
confirmed that by 1 mo after infection with the IDH1 mutant
protein, the level of ShmC-modified DNA was clearly decreased
(Fig. 64).

To determine if loss of TET activity results in enhanced meth-
ylation of the EBV Rp, we performed a DIP assay to compare
the levels of SmC at various promoters in the control vector
versus IDH1(R132H)-expressing lines. These assays revealed
that the EBV R promoter had increased methylation when TET
activity was inhibited (Fig. 6B). In contrast, the methylation status
of the EBV Cp promoter (a viral latency promoter that drives
EBNA gene expression in B cells but is not used in EBV-infected
NOKs) (17) was not affected, suggesting that this promoter is not a
major target for TET-mediated demethylation in this cell line. The
cellular UBE2B promoter, which contains an unmethylated CpG
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Fig. 4. Z binding to lytic promoters in vivo is inhibited by 5hmC modication of the EBV genome, whereas R binding is unaffected. (A) DIP assays were
performed in EBV-infected 293T cells transfected with pcDNA control vector (-) or a TET2 catalytic domain expression vector, using IgG isotype control ab
(white bars), anti-5mC ab (gray bars, Left), or anti-5hmC ab (black bars, Right), and then quantitative PCR (qPCR) amplification was done using primers
spanning the EBV R promoter (as described in Materials and Methods and listed in Table S1) to determine the effect of TET2 on the amount of 5SmC-modified
versus 5hmC-modified Rp. The percent immunoprecipitated DNA (compared with input DNA) is shown for each condition. (B) The 293 cells infected with an

R-deleted EBV mutant were transfected with control vector, Z alone, TET2 alone, or Z + TET2 as indicated, and ChlIP assays were performed using mouse IgG
isotype control (black bars) or anti-Z ab (gray bars). (C) The 293 cells infected with a Z-deleted EBV mutant were transfected with control vector, R alone, TET2
alone, or R + TET2 as indicated, and ChlIP assays were performed using rabbit IgG isotype control (gray bars) or anti-R ab (black bars). (B and C) The percent
input DNA bound by Z and R was determined with qPCR using primers spanning various EBV promoters as well as the negative control p-globin cellular
promoter. (A-C) The error bars indicate +1 SD calculated from three replicate experiments.

island in many cell types, served as a negative control for
methylation and as expected was not significantly methylated in
the vector control cells, although its methylation status was in-
creased by expression of the IDH1(R132H) mutant. Thus, the
UBE2B promoter may also be a target for TET activity in NOKs,
consistent with a previous report showing ShmC on the UBE2B
promoter in human embryonic stem cells (34).

To examine whether inhibition of TET activity restores the ability
of Z to induce lytic EBV gene expression in NOKs, cells were
transfected with a Z expression vector or a control vector, and the
level of R expression induced by Z was examined by immunoblot.
As previously reported by our group, transfected Z did not activate
R expression in EBV-positive NOKs infected with the control ret-
roviral vector (Fig. 6C). However, transfected Z activated R ex-
pression in NOKs when TET activity was inhibited for over 1 mo
using the mutant IDH1(R132H) protein (Fig. 6C). In addition,
inhibition of TET function restored the ability of transfected Z to
produce infectious virions in NOKs (Fig. 6D). Similar results were
obtained in three separate independently generated lines. Together,
these results suggest that TET activity plays an important role in
preventing methylation of the lytic EBV R promoter in EBV-
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infected NOKs and thereby inhibits Z-mediated lytic viral reac-
tivation. Interestingly, inhibition of TET2 function in EBV-infected
NOKs also increased the amount of constitutive virion production
as well as the amount of virions produced following R transfection
(Fig. 6D). This latter result can be explained by the fact that the
EBV genomes were still largely unmethylated after 1 mo of TET
inhibition (thus still providing a viral template for R-initiated lytic
expression), whereas R-induced Z protein was now able to induce
Iytic gene expression from the newly methylated EBV genomes.

TET Activity Enhances 5hmC Modification and Decreases 5mC
Modification at a Specific ZRE CpG Motif in the EBV R Promoter.
To determine if TET2 globally modifies ShmC and 5mC levels on
CpG-containing ZREs in Rp or only affects specific CpG motifs,
CpG methylation was quantified using bisulfite treatment of DNA
followed by pyrosequencing (Fig. 74). To distinguish between SmC-
versus ShmC-modified sites, the DNA was pretreated with an oxi-
dizing agent, KRuO, (Oxi), or mock-treated (Mock), as oxidation
of ShmC, but not 5SmC, results in conversion of the base into uracil
such that 5-hydroxymethylated sites are read like unmodified cy-
tosines after this treatment (35). Therefore, comparison of the
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Fig. 5. 5hmC modification of the EBV genome inhibits Z-mediated but not
R-mediated lytic reactivation. The effect of TET2 overexpression on Z- and
R-induced lytic gene expression from the endogenous viral genome was ana-
lyzed using immunoblots. EBV+ (A) 293-RKO cells were transfected with
control vector, Z alone, TET2 alone, or Z and TET2 together. (B) 293-EBV cells
(B95.8 strain), (C) C666.1 cells, and (D, Left) HONE-Akata cells were trans-
fected with Z or R expression vectors in the presence or absence of cotrans-
fected TET2. Immunoblot analysis was performed 2 d posttransfection to
compare the levels of Z- or R-induced EBV lytic expression of the following
proteins: BMRF1 (A-D), R (D), Z (D), and late viral protein p18 (D), as well as
transfected Z or R and TET2 (A-D). p-actin or tubulin served as a loading
control. (D, Right) HONE-Akata cells were transfected with Z or R expression
vectors in the presence and absence of cotransfected TET2. Media was
harvested 3 d posttransfection, and released EBV virions were quantified by
qPCR as described in Materials and Methods. The error bars indicate SE
calculated from three replicate experiments.

reference DNA sequence to the mock and oxidized samples re-
veals which sites are methylated versus 5-hydroxymethylated.
We previously showed that the Rp contains two different
CpG-containing ZREs (ZRE2 and ZRE3), both of which are
required for efficient Z activation of the methylated form of the
promoter (30). Pyrosequencing results revealed that methylation
of the single CpG site within the Rp ZRE2 motif was increased

E7262 | www.pnas.org/cgi/doi/10.1073/pnas.1513432112

approximately twofold in the presence of the mutant IDH1(R132H)
protein; however, ShmC modification of this site could not be de-
tected, suggesting that this modification is very transient at this site,
and presumably rapidly removed by cellular DNA replication and/
or via the base excision repair pathway (19, 22) (Fig. 74). Never-
theless, the increased methylation at this site that occurs following
inhibition of TET activity suggests that the ShmC pathway plays a
role in preventing SmC modification at this site.

Interestingly, in the case of the Rp ZRE3 site (TCGCGA),
which contains two adjacent CpG motifs, low-level constitutive
5hmC modification was detectable on the second CpG motif
(shown in bold), but not the first, in EBV-infected NOKs, and this
modification was lost when TET activity was inhibited by the
IDH1 mutant protein. Furthermore, loss of TET function in-
creased the level of SmC modification at the second CpG (which
can be ShmC-modified), but not significantly affecting the amount
of SmC modification at the adjacent CpG motif (Fig. 74). Of note,
in silico modeling of Z binding to the Rp ZRE3 motif predicts that
Z interacts directly with the second (potentially ShmC-modified)
CpG motif but not the adjacent first CpG motif (31). To confirm
that methylation of the second CpG motif in the Rp ZRES3 site is
specifically required for Z binding, we performed EMSA assays
using oligonucleotide probes containing different combinations of
methylated and unmethylated CpG motifs in the Rp ZRE3 se-
quence (Fig. 7B). These results confirmed that methylation of the
second (bolded) CpG motif in RpZRE3 (TCGCGA), but not the
first CpG motif, is specifically required for Z binding to this motif.
In addition, ShmC modification of the Rp ZRE3 probe abrogated
Z binding. Together, these results suggest that TET-mediated
5hmC modification of the second (but not first) CpG motif in
the Rp ZRE3 site inhibits Z binding to this motif and prevents
Z-mediated activation of R expression. These results also show
that the effect of TET loss on the EBV genome CpG methylation
state is extremely context-dependent.

Discussion

The undifferentiated form of NPC is almost universally associ-
ated with EBV infection, and a recently published genomic
landscape of NPC demonstrated that mutations in the cellular
TET1, TET2, or TET3 genes occur in 9% of NPC tumors (28).
TET enzymes convert methylated cytosines into 5-hydroxymethy-
lated cytosines, which can then lead to cytosine demethylation fol-
lowing DNA replication. Here we show that ShmC modification of
the EBV genome differentially affects the ability of the two EBV IE
proteins to activate lytic gene expression and demonstrate that
endogenous TET activity regulates EBV lytic reactivation in EBV-
infected NOKs. In addition, we find that differentiation of normal
epithelial cells leads to increased global ShmC. These results are the
first, to our knowledge, to show that constitutive ShmC modification
of a viral genome substantially alters viral gene regulation and
furthermore suggest that loss of ShmC in NPC tumors (via TET
gene mutations or other mechanisms) not only affects cellular gene
expression but also alters EBV gene regulation.

We previously showed that although cytosine methylation is
commonly required for the ability of Z to activate Iytic EBV pro-
moters, it has the opposite effect on the ability of R to activate the
same promoters (16). As a “pioneer” factor, once Z is bound to
DNA, it can activate promoters even in the presence of inhibitory
chromatin modifications normally associated with SmC modifica-
tion (36). In the case of R, CpG methylation does not affect R
binding to RREs on lytic promoters but decreases R-mediated
acetylation of histone 3 lysine 9 (16). Therefore, R, but not Z, ap-
pears to require open chromatin to induce lytic gene expression.

Here we show that ShmC modification also produces different
effects on Z- versus R-mediated activation of lytic EBV promoters.
Although 5ShmC modification of CpG-containing Z-binding motifs
prevents efficient Z binding to, and activation of, lytic EBV pro-
moters, the ShmC modification does not inhibit R binding to RREs
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Fig. 6. Inhibition of TET activity enhances methylation of the EBV R promoter and restores Z-mediated activation of R expression in EBV-infected NOKs. EBV-
positive NOKs were infected with control or IDH1(R132H)-expressing retrovirus vectors and selected with puromycin for 1 mo. (A) A dot blot was performed to
measure global levels of 5ShmC-modified DNA in control versus IDH1(R132H)-expressing cells as described in Materials and Methods. (B) DIP assays were
performed on DNA isolated from EBV-positive NOKs infected with retrovirus control vector (white bars) or the IDH1(R132H)-expressing retrovirus (gray bars)
using mouse IgG isotype control or anti-5mC antibody, and then qPCR was performed using primers spanning the EBV R or C promoters, or the cellular UBE2B
promoter. The error bars indicate +1 SD calculated from three replicate experiments. (C) EBV+ NOKs infected with control retrovirus or IDH1(R132H)-
expressing retrovirus were transfected with a Z expression vector (or vector control), and immunoblot analysis was performed to examine the level of
transfected Z, induced R expression (from the latent EBV genome), mutant IDH1(R132H) expression, and tubulin (loading control). (D) EBV+ NOKs infected
with control retrovirus or IDH1(R132H)-expressing retrovirus were transfected with vector control, a Z expression vector, or an R expression vector. Media was
harvested 3 d posttransfection, and production of infectious virions was quantified using a green Raji assay as described in Materials and Methods. The error
bars indicate SE calculated from three replicate experiments.

and in fact enhances R-mediated activation of promoters. ShmC  when TET activity is inhibited (Fig. 7). Additionally, we can
modification may increase R-mediated activation of methylated detect the “footprint” of transient ShmC modification at the Rp
Iytic promoters both by removing the inhibitory cytosine methyl- ZRE2 site, as inhibition of TET activity also results in a twofold
ation mark and by inducing an open chromatin conformation. In  gain of SmC at this site, although ShmC was not detected at this
glioblastoma cells, ShmC recruits a complex that methylates argi-  site by pyrosequencing. Even though the level of Rp methylation
nine 3 of histone 4, thus activating the expression of genes involved  at the ZRE3 CpG2 motif remains relatively low (5%) following
in glioblastomagenesis (37). Another recent report by Mendonca 1 mo of TET inhibition, the fact that EBV-infected cells generally
et al. showed that ShmC-modified DNA may convert chromatin to  have many copies of the genome per cell, combined with an
a more open and active state by weakening the DNA-H2A-H2B  absolute necessity for ZRE3 CpG2 methylation for Z binding
dimer interaction (38). (Fig. 7), presumably allows even this low level of methylation to
EBV-infected NOKs are so far unique among stably EBV-  substantially increase Z-mediated viral reactivation in NOKs,
infected cell lines with regard to their dependence upon R, but  where this site normally has no detectable methylation.
not Z, expression to convert to a lytic form of infection, and our At this point, it is not clear how TET proteins direct ShmC to a
results here suggest that this may reflect the unusually high level  specific CpG within the Rp ZRE3 motif, while sparing the ad-
of constitutive ShmC modification and TET activity in this cell jacent CpG motif. Increasing evidence suggests that cellular
line. This phenotype may reflect the relatively “normal” state of  transcription factors can interact with TET proteins and tether
the NOKs line, which can differentiate in air—interface cultures  them to promoters (reviewed in ref. 22), and we suspect this is
(Fig. 1) and in response to calcium/serum. We previously sug-  likewise the case for the EBV Rp, although the exact transcription
gested that insufficient methylation of the R promoter in NOKs  factor playing this role remains unknown. Importantly, we show that
inhibits Z-mediated EBV reactivation (16, 17). Both Z and R the ZRE3 CpG2 motif targeted by ShmC must be methylated for Z
transcriptional function are required to activate many lytic EBV  to bind to ZRE3, whereas methylation of the adjacent CpG1 motif
promoters, and thus activation of R expression is the essen-  (not modified by ShmC) is not required.
tial first step in Z-mediated lytic reactivation. We demonstrate Our results here suggest the following model in regard to how
here that global inhibition of TET activity in NOKs [using the  loss of TET activity in EBV-infected epithelial cells, or the presence
IDH1(R132H) mutant] reverses low-level constitutive ShmC mod-  of other modifications that decrease the amount of global 5ShmC,
ification of a specific CpG motif (CpG2) within an essential  might promote NPC. First, we predict that absence of TET activity
Z-binding motif (ZRE3) in the R promoter (Fig. 7). Furthermore, in EBV-infected normal differentiated epithelial cells initially en-
we show that this specific CpG motif switches from having no  hances EBV latency by increasing SmC modification of lytic viral
detectable methylation to having detectable methylation (5%) promoters. In normal differentiated epithelial cells, R, rather than
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Fig. 7. The R promoter ZRE3 site is 5-hydroxymethylated in EBV-infected
NOKs via a TET-dependent mechanism. (A) DNA was isolated from EBV-
positive NOKs infected with either the retrovirus control vector or the
IDH1(R132H)-expressing retrovirus, and then the DNA was either mock-
treated (Mock) or oxidized with KRuO4 (Oxi), followed by bisulfite con-
version and pyrosequencing as described in Materials and Methods. The
sequences of each ZRE motif are shown above the respective graph, with
the CpG sites bolded; the two adjacent CpGs in ZRE3 are numbered 1 and 2.
The error bars indicate SE calculated from two replicate experiments where
each sample was pyrosequenced in triplicate. (B) The ability of Z to bind to
the Rp ZRE3 site containing various patterns of methylation and 5-hydroxy-
methylation was examined using EMSA; the cytosine modification status
in each lane is shown above the EMSA image. Z-DNA complexes are indi-
cated with an arrow.

Z, is likely to drive lytic gene expression, as the incoming viral ge-
nome is unmethylated, and viral latency does not normally occur in
these cells. As shown here, SmC modification of lytic EBV pro-
moters inhibits the ability of R to activate lytic gene expression
(Figs. 3 and 5), and TET loss promotes SmC modification of lytic
EBV promoters (Figs. 6 and 7). Given our finding that normal
undifferentiated tonsillar epithelial cells have very little ShmC
modification even in the absence of TET mutations (Fig. 1), TET
mutations in NPC may initially occur in the differentiated epithe-
lium, perhaps even before EBV infection. Loss of TET function
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would likely result in a selective growth advantage in newly EBV-
infected differentiated epithelial cells not only by inducing
methylation of cellular tumor suppressor genes but also by re-
ducing R-mediated lytic EBV infection (which eventually results
in cell death) and decreasing viral immunogenicity. Whether loss
of TET function and/or the establishment of latent EBV infection
also promotes dedifferentiation of epithelial cells is an important
unanswered question.

Subsequently, as the viral genome becomes progressively more
methylated in TET-deficient epithelial cells, we predict EBV
acquires susceptibility to Z-mediated lytic reactivation, as meth-
ylation of lytic viral promoters greatly increases Z binding to, and
activation of, Iytic EBV promoters (Figs. 2-7). Furthermore, as
shown here (Figs. 2 and 3), TET-induced ShmC modification of
Iytic viral promoters inhibits Z binding to, and activation of, these
promoters, and the ShmC modification would no longer occur
when TET activity is lost. Consistent with this part of the model,
the EBV genome is highly methylated in NPC tumors, and NPC
patients characteristically have unusually high IgA antibody titers
to lytic EBV antigens even before the tumors become clinically
apparent (39).

Finally, later on during NPC evolution, we propose that Z
expression in tumors must be largely turned off to reduce the
immunogenicity associated with lytic viral protein expression and
to prevent virally induced lytic cell death. Consistent with this
part of the model, NPC tumors commonly have only rare cells
expressing lytic viral proteins, despite the high level of antibody
titers to lytic viral proteins in NPC patients. Loss of Z expression
in NPCs may reflect the absence of differentiation-dependent
cellular transcription factors (BLIMP1 and KLF4) that syner-
gistically activate the Z and R promoters (40). In conclusion, our
results here suggest that loss of TET function in EBV-infected
epithelial cells, or the presence of other mutations that globally
inhibit 5ShmC, may initiate a series of events that promote EBV-
induced NPC not only by enhancing methylation of cellular tumor
suppressor genes but also by altering SmC and 5ShmC modification
of lytic EBV promoters.

Materials and Methods

IHC and EBER studies were performed with formalin-fixed, paraffin-embedded
tissue sections and cells. Samples were deparaffinized, hydrated, and treated
with 10 mM citrate buffer (0.05% Tween 20, pH 6.0) for 20 min in a water bath
at 98 °C. To detect 5hmC, slides were treated with 2N HCI for 30 min after
antigen retrieval, rinsed in distilled water, and then treated with 100 mM
Tris-HCI (pH 8.5) for 10 min. Endogenous peroxidase activity was blocked
with 0.3% hydrogen peroxidase solution, and nonspecific labeling was
blocked in a 2.5% (vol/vol) normal horse serum blocking solution (Vector
Labs). Sections were incubated with the primary antibody for 1 h at room
temperature. The anti-5hmC polyclonal primary antibody (Active Motif,
39769; 1:500-1:3,000) was used. An ImmPRESS Anti-Rabbit Ig (Peroxidase)
Polymer Detection Kit (Vector Labs) was used by following the manufac-
turer’s instructions. Colors were developed with the diaminobenzidine
tetrachloride substrate kit (Vector Laboratories Inc.) by following the
manufacturer’s instructions. EBER in situ hybridization studies were con-
ducted using the Peptide Nucleic Acid (PNA) Probe/Fluorescein Detection
Kit (DakoCytomation) according to the manufacturer’s protocol as pre-
viously described (41). Human normal tonsil tissue slides (IHC World
TS-H5024) and NPC panel slides (US Biomax NPC111 and NPC481) were com-
mercially purchased. NOKs slides were prepared and sectioned as described in
SI Materials and Methods (kindly provided by Paul Lambert and Dennis Lee,
University of Wisconsin-Madison, Madison, Wisconsin).

A detailed description of all experimental methods is provided in S/ Ma-
terials and Methods.

ACKNOWLEDGMENTS. We thank Karl Munger (Harvard University), Ron Glaser
(Ohio State University), Lawrence Young (Warwick Medical School, University of
Warwick), Henri-Jacques Delecluse [German Cancer Research Centre (DKFZ)],
Wolfgang Hammerschmidt [Research Unit Gene Vectors, Helmholtz Zentrum
Mdunchen, German Research Center for Environmental Health, and German Centre
for Infection Research (DZIF)], and Bill Sugden (University of Wisconsin-Madison)
for cell lines; Yi Zhang (Boston Children’s Hospital, Harvard Medical School) for

Wille et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1513432112/-/DCSupplemental/pnas.201513432SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1513432112/-/DCSupplemental/pnas.201513432SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1513432112/-/DCSupplemental/pnas.201513432SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1513432112

L T

/

1\

=y

the TET2 expression vector; Michael Rehli (Universitatsklinikum Regensburg) for
the pCpGL-basic luciferase vector; Bill Sugden (University of Wisconsin-Madison)
for the pPCMMP retrovirus; Harlene Edwards (University of Wisconsin-Madison)
for histochemical assistance; Yonga Xing (University of Wisconsin-Madison) for

1.

v

Rickinson AB, Kieff E (2007) Epstein-Barr virus. Fields Virology, eds Knipe DM,
Howley PM (Wolters Kluwer Health/Lippincott Williams & Wilkins, Philadelphia), 5th
Ed, pp 2655-2700.

. Kieff E, Rickinson AB (2007) Epstein-Barr virus and its replication. Fields Virology, eds

Knipe DM, Howley PM (Wolters Kluwer Health/Lippincott Williams & Wilkins, Phila-
delphia), 5th Ed, pp 2603-2654.

. Li QX, et al. (1992) Epstein-Barr virus infection and replication in a human epithelial

cell system. Nature 356(6367):347-350.

. Temple RM, et al. (2014) Efficient replication of Epstein-Barr virus in stratified epi-

thelium in vitro. Proc Natl Acad Sci USA 111(46):16544-16549.

. Greenspan JS, et al. (1985) Replication of Epstein-Barr virus within the epithelial cells

of oral “hairy” leukoplakia, an AlDS-associated lesion. N Engl J Med 313(25):1564-1571.

. Young LS, et al. (1991) Differentiation-associated expression of the Epstein-Barr virus

BZLF1 transactivator protein in oral hairy leukoplakia. J Virol 65(6):2868-2874.

. Niedobitek G, et al. (1991) Epstein-Barr virus infection in oral hairy leukoplakia: Virus

replication in the absence of a detectable latent phase. J Gen Virol 72(Pt 12):3035-3046.

. Laichalk LL, Thorley-Lawson DA (2005) Terminal differentiation into plasma cells

initiates the replicative cycle of Epstein-Barr virus in vivo. J Virol 79(2):1296-1307.

. Fernandez AF, et al. (2009) The dynamic DNA methylomes of double-stranded DNA

viruses associated with human cancer. Genome Res 19(3):438-451.

. Kalla M, Schmeinck A, Bergbauer M, Pich D, Hammerschmidt W (2010) AP-1 homolog

BZLF1 of Epstein-Barr virus has two essential functions dependent on the epigenetic
state of the viral genome. Proc Natl/ Acad Sci USA 107(2):850-855.

. Woellmer A, Hammerschmidt W (2013) Epstein-Barr virus and host cell methylation:

regulation of latency, replication and virus reactivation. Curr Opin Virol 3(3):260-265.

. Tempera |, Lieberman PM (2014) Epigenetic regulation of EBV persistence and on-

cogenesis. Semin Cancer Biol 26:22-29.

. Kenney SC, Mertz JE (2014) Regulation of the latent-lytic switch in Epstein-Barr virus.

Semin Cancer Biol 26:60-68.

. Flower K, et al. (2011) Epigenetic control of viral life-cycle by a DNA-methylation

dependent transcription factor. PLoS One 6(10):25922.

. Yu K-P, et al. (2013) Latency of Epstein-Barr virus is disrupted by gain-of-function

mutant cellular AP-1 proteins that preferentially bind methylated DNA. Proc Nat/
Acad Sci USA 110(20):8176-8181.

16. Wille CK, et al. (2013) Viral genome methylation differentially affects the ability of
BZLF1 versus BRLF1 to activate Epstein-Barr virus lytic gene expression and viral
replication. J Virol 87(2):935-950.

17. Birdwell CE, et al. (2014) Genome-wide DNA methylation as an epigenetic conse-
quence of Epstein-Barr virus infection of immortalized keratinocytes. J Virol 88(19):
11442-11458.

18. Chen L-W, Chang P-J, Delecluse H-J, Miller G (2005) Marked variation in response of
consensus binding elements for the Rta protein of Epstein-Barr virus. J Virol 79(15):
9635-9650.

19. Pastor WA, Aravind L, Rao A (2013) TETonic shift: Biological roles of TET proteins in
DNA demethylation and transcription. Nat Rev Mol Cell Biol 14(6):341-356.

20. Tahiliani M, et al. (2009) Conversion of 5-methylcytosine to 5-hydroxymethylcytosine
in mammalian DNA by MLL partner TET1. Science 324(5929):930-935.

21. Ito S, et al. (2010) Role of Tet proteins in 5mC to 5ShmC conversion, ES-cell self-renewal
and inner cell mass specification. Nature 466(7310):1129-1133.

22. Delatte B, Deplus R, Fuks F (2014) Playing TETris with DNA modifications. EMBO J
33(11):1198-1211.

23. Yang H, et al. (2013) Tumor development is associated with decrease of TET gene
expression and 5-methylcytosine hydroxylation. Oncogene 32(5):663-669.

24. Liu R, et al. (2013) Ten-eleven translocation-2 (TET2) is a master regulator of smooth
muscle cell plasticity. Circulation 128(18):2047-2057.

25. Nestor CE, et al. (2012) Tissue type is a major modifier of the 5-hydroxymethylcytosine
content of human genes. Genome Res 22(3):467-477.

26. Mohr F, Déhner K, Buske C, Rawat VPS (2011) TET genes: New players in DNA de-
methylation and important determinants for stemness. Exp Hematol 39(3):272-281.

27. Lian CG, et al. (2012) Loss of 5-hydroxymethylcytosine is an epigenetic hallmark of
melanoma. Cell 150(6):1135-1146.

Wille et al.

analysis of Z binding to the BRLF1 ZRE3 site; and members of the E.C.J.,
S.C.K.,, P.L., and Mertz laboratories (University of Wisconsin-Madison) for sug-
gestions and discussions. This work was supported by NIH Grants 5-PO1-
CA022443-38 and 5-R01-DE023939-02.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Lin D-C, et al. (2014) The genomic landscape of nasopharyngeal carcinoma. Nat Genet
46(8):866-871.

Figueroa ME, et al. (2010) Leukemic IDH1 and IDH2 mutations result in a hyper-
methylation phenotype, disrupt TET2 function, and impair hematopoietic differen-
tiation. Cancer Cell 18(6):553-567.

Bhende PM, Seaman WT, Delecluse H-J, Kenney SC (2004) The EBV lytic switch pro-
tein, Z, preferentially binds to and activates the methylated viral genome. Nat Genet
36(10):1099-1104.

Dickerson SJ, et al. (2009) Methylation-dependent binding of the Epstein-Barr virus
BZLF1 protein to viral promoters. PLoS Pathog 5(3):e1000356.

Klug M, Rehli M (2006) Functional analysis of promoter CpG methylation using a CpG-
free luciferase reporter vector. Epigenetics 1(3):127-130.

Bergbauer M, et al. (2010) CpG-methylation regulates a class of Epstein-Barr virus
promoters. PLoS Pathog 6(9):e1001114.

Robertson AB, et al. (2011) A novel method for the efficient and selective identifi-
cation of 5-hydroxymethylcytosine in genomic DNA. Nucleic Acids Res 39(8):e55.
Booth MJ, et al. (2012) Quantitative sequencing of 5-methylcytosine and 5-hydrox-
ymethylcytosine at single-base resolution. Science 336(6083):934-937.

Woellmer A, Arteaga-Salas JM, Hammerschmidt W (2012) BZLF1 governs CpG-meth-
ylated chromatin of Epstein-Barr Virus reversing epigenetic repression. PLoS Pathog
8(9):1002902.

Takai H, et al. (2014) 5-Hydroxymethylcytosine plays a critical role in glioblastoma-
genesis by recruiting the CHTOP-methylosome complex. Cell Reports 9(1):48-60.
Mendonca A, Chang EH, Liu W, Yuan C (2014) Hydroxymethylation of DNA influences
nucleosomal conformation and stability in vitro. Biochim Biophys Acta 1839(11):
1323-1329.

Chan KH, et al. (2003) EBV specific antibody-based and DNA-based assays in serologic
diagnosis of nasopharyngeal carcinoma. Int J Cancer 105(5):706-709.

Nawandar DM, et al. (2015) Differentiation-dependent KLF4 expression promotes
lytic Epstein-Barr Virus infection in epithelial cells. PLoS Pathog 11(10):e1005195.
Ma S-D, et al. (2012) An Epstein-Barr Virus (EBV) mutant with enhanced BZLF1 ex-
pression causes lymphomas with abortive lytic EBV infection in a humanized mouse
model. J Virol 86(15):7976-7987.

Feederle R, et al. (2000) The Epstein-Barr virus lytic program is controlled by the co-
operative functions of two transactivators. EMBO J 19(12):3080-3089.

Robinson AR, Kwek SS, Hagemeier SR, Wille CK, Kenney SC (2011) Cellular tran-
scription factor Oct-1 interacts with the Epstein-Barr virus BRLF1 protein to promote
disruption of viral latency. J Virol 85(17):8940-8953.

Cheung ST, et al. (1999) Nasopharyngeal carcinoma cell line (C666-1) consistently
harbouring Epstein-Barr virus. Int J Cancer 83(1):121-126.

Strong MJ, et al. (2014) Comprehensive high-throughput RNA sequencing analysis
reveals contamination of multiple nasopharyngeal carcinoma cell lines with HeLa cell
genomes. J Virol 88(18):10696-10704.

Piboonniyom SO, Timmermann S, Hinds P, Munger K (2002) Aberrations in the MTS1
tumor suppressor locus in oral squamous cell carcinoma lines preferentially affect the
INK4A gene and result in increased cdk6 activity. Oral Oncol 38(2):179-186.

Sarisky RT, et al. (1996) A replication function associated with the activation domain
of the Epstein-Barr virus Zta transactivator. J Virol 70(12):8340-8347.

Hardwick JM, Lieberman PM, Hayward SD (1988) A new Epstein-Barr virus trans-
activator, R, induces expression of a cytoplasmic early antigen. J Virol 62(7):2274-2284.
Lambert PF, et al. (2005) Using an immortalized cell line to study the HPV life cycle in
organotypic “raft” cultures. Methods Mol Med 119:141-155.

Reusch JA, Nawandar DM, Wright KL, Kenney SC, Mertz JE (2015) Cellular differen-
tiation regulator BLIMP1 induces Epstein-Barr virus lytic reactivation in epithelial and
B cells by activating transcription from both the R and Z promoters. J Virol 89(3):
1731-1743.

Hong GK, et al. (2004) The BRRF1 early gene of Epstein-Barr virus encodes a tran-
scription factor that enhances induction of lytic infection by BRLF1. J Virol 78(10):
4983-4992.

PNAS | Published online December 9, 2015 | E7265

%)
=2
o
a
w
<
=
[

MICROBIOLOGY



