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Contribution of Myocyte Enhancer Factor 2 Family Transcription
Factors to BZLF1 Expression in Epstein-Barr Virus Reactivation from
Latency

Takayuki Murata,* Yohei Narita, Atsuko Sugimoto, Daisuke Kawashima, Teru Kanda, Tatsuya Tsurumi

Division of Virology, Aichi Cancer Center Research Institute, Kanokoden, Chikusa-ku, Nagoya, Japan

Reactivation of Epstein-Barr virus (EBV) from latency is dependent on expression of the viral transactivator BZLF1 protein, whose
promoter (Zp) normally exhibits only low basal activity but is activated in response to chemical or biological inducers. Using a reporter
assay system, we screened for factors that can activate Zp and isolated genes, including those encoding MEF2B, KLF4, and some cellular
b-Zip family transcription factors. After confirming their importance and functional binding sites in reporter assays, we prepared re-
combinant EBV-BAC, in which the binding sites were mutated. Interestingly, the MEF2 mutant virus produced very low levels of
BRLF]1, another transactivator of EBV, in addition to BZLF1 in HEK293 cells. The virus failed to induce a subset of early genes, such as
that encoding BALF5, upon lytic induction, and accordingly, could not replicate to produce progeny viruses in HEK293 cells, but this
restriction could be completely lifted by exogenous supply of BRLF1, together with BZLF1. In B cells, induction of BZLF1 by chemical
inducers was inhibited by point mutations in the ZII or the three SP1/KLF binding sites of EBV-BAC Zp, while leaky BZLF1 expression

was less affected. Mutation of MEF?2 sites severely impaired both spontaneous and induced expression of not only BZLF1, but also
BRLF1 in comparison to wild-type or revertant virus cases. We also observed that MEF2 mutant EBV featured relatively high repres-
sive histone methylation, such as H3K27me3, but CpG DNA methylation levels were comparable around Zp and the BRLF1 promoter
(Rp). These findings shed light on BZLF1 expression and EBV reactivation from latency.

pstein-Barr virus (EBV) is a human gammaherpesvirus that

predominantly establishes latent infection in B lymphocytes.
Only a small percentage of infected cells switch from the latent
stage into the lytic cycle and produce progeny viruses (1). Al-
though the mechanism of EBV reactivation in vivo is not fully
understood, it is known to be elicited in vitro by treatment of
latently infected B cells with some chemical or biological reagents,
such as 12-O-tetradecanoylphorbol-13-acetate (TPA), calcium
ionophores, sodium butyrate, immunoglobulin (Ig), or trans-
forming growth factor beta. Stimulation of the EBV lytic cascade
with such reagents leads to the expression of two viral transcrip-
tional regulatory genes, encoding BZLF1 (also known as Zta, EB1,
ZEBRA, or Z) and BRLFI1 (Rta or R) (2, 3).

The BZLF1 protein is a transcriptional activator that shares
structural similarities with the basic leucine zipper (b-Zip) family
of transcriptional factors, and BZLF1 expression alone can trigger
the entire reactivation cascade (1-3). It forms homodimers di-
rectly binding to BZLF1-responsive elements in the lytic gene pro-
moters and thereby induces lytic gene expression (4, 5). Expres-
sion of the BZLF1 gene is tightly controlled at the transcriptional
level. The BZLF1 promoter (Zp) normally exhibits low basal ac-
tivity and is activated in response to TPA or the other reagents
described above by transcriptional factors, including myocyte en-
hancer factor 2D (MEF2D) (6) and SP1/3 (7). Cellular b-Zip-type
transcription factors, such as the cyclic AMP response element-
binding protein (CREB), activating transcription factor (ATF),
activator protein 1 (AP-1) (8-10), or a spliced form of the X-box
binding protein 1 [XBP-1(s)] (11-13), also play crucial roles. We
previously showed the importance of CREB and its calcineurin-
dependent activation by transducer of regulated CREB 2
(TORC2) (9). Once produced, BZLF1 itself can bind to and acti-
vate its own promoter (14, 15). Most of the positive factors have
been demonstrated or are presumed to upregulate the BZLF1 pro-
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moter by recruiting transcriptional coactivators, such as histone
acetylases. In fact, BZLF1 promoter activation is associated with epi-
genetic modifications, including high histone acetylation and
H3K4me3 levels (16). On the other hand, the activity of Zp is re-
stricted by repressive factors, including Jun dimerization protein 2
(JDP2) (8), zinc finger E-box binding factor (ZEB) (17), yin yang 1
(YY1) (18), and sumoylation of BZLF1 (15, 19), since these factors
facilitate the access of repressive transcriptional cofactors, such as
histone deacetylase (HDAC), to the promoter and/or block the bind-
ing or functions of the transcriptional activators noted above.

In addition to BZLF1, BRLF1 has also been implicated in tran-
scriptional activation of viral lytic genes by binding directly to
BRLFI1-responsive elements (20) and/or by indirectly binding to
DNA through other transcription factors (21), or even by simply
enhancing certain signal transduction cascades, such as that asso-
ciated with MAPK signaling (22). The BRLF1 gene is situated ad-
jacent to the BZLF1 gene in the EBV genome. The BZLF1 gene can
be transcribed from its own promoter, Zp, producing short
monocistronic mRNA, or from the upstream BRLF1 gene pro-
moter (Rp), creating long, bicistronic mRNA. However, transla-
tion of the second cistron, the BZLF1 gene of the bicistronic
mRNA, is not very efficient (23), and thus, the BZLF1 promoter
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rather than the BRLF1 promoter is believed to be the main regu-
lator of BZLF1 expression in EBV reactivation from latency.

In the present study, we carried out a screen for genes that enhance
transcription from Zp. MEF2, SP1/KLF family, and b-Zip-type tran-
scription factors were found to activate the promoter efficiently, as
well as several other factors. cis-regulatory elements in Zp were also
defined and mutated in the context of the virus genome. Thus, we
could demonstrate that MEF2 binding to Zp enhances the expression
of not only BZLFI, but also another regulatory gene, encoding
BRLF1. These results provide a clear overview ofhow the BZLF1 gene
is induced in EBV reactivation from latency.

MATERIALS AND METHODS

Cell culture and reagents. HeLa, HEK293T, and HEK293 EBV-BAC cells
were maintained in Dulbecco’s modified Eagle medium (Sigma) and Raji,
B95-8, and Akata(—) cells and lymphoblastoid cell lines (LCLs) in RPMI
1640 medium, both supplemented with 10% fetal bovine serum. Anti-
tubulin (number 2148) and anti-MEF2C (number 5030) antibodies were
from Cell Signaling, anti-histone H3 (ab1791) antibody was from Abcam,
and anti-H3K4me3 (no. 17-614) antibody was from Millipore. Anti-
acetylated H3K9 (H3K9Ac) (39137), anti-H3K9me2 (39375), and anti-
H3K9me3 (39161) antibodies were purchased from Active Motif. Anti-
MEF2A (TA303858) antibody was obtained from OriGene Technologies,
and anti-MEF2B (sc-98594) and anti-MEF2D (sc-271153) antibodies
were from Santa Cruz Biotechnology. Rabbit anti-BZLF1, anti-BRLF1,
anti-BMRF1, anti-BALF2, and anti-BALF5 antibodies were generated as
reported previously (24). Horseradish peroxidase (HRP)-linked goat an-
tibodies to mouse/rabbit IgG were from Amersham Biosciences.

Plasmid construction. The expression vector for BZLF1 was con-
structed previously (9). For library screening, a SuperScript Bone Marrow
(mixed-population) Premade cDNA Library was purchased from Invit-
rogen. The library is supplied as Escherichia coli glycerol stock, and each
bacterium contains one plasmid of unknown cDNA from bone marrow
cells. The bacteria were adequately diluted and colonized on LB plates
with ampicillin. Independent colonies were randomly picked up and cul-
tured overnight in LB solution with the antibiotic. Full-grown culture
medium was collected from 10 tubes and mixed to prepare one pool,
which thus contained 10 different species of cDNA, followed by plasmid
purification using a GeneElute Plasmid Miniprep Kit (Sigma). pCMV-RL
and pGL4.70(hRluc) were from Promega. pPCMV-SP1 was supplied by G.
Suske (25) and pcDNA3-Flag-CREB by K. Shimotohno (26). To make
pcDNAFlagATF-1, the coding region for human ATF-1 was amplified by
reverse transcription (RT)-PCR and cloned into the EcoRI and NotI sites
of the pcDNAFlag vector (24). The primers used for ATF-1 amplification were
5'-AGAGAATTCATGGAAGATTCCCACAAGAG-3' and 5 -ATGAGC
GGCCGCTCAAACACTTTTATTGGAATAAAG-3'. pcDNAFlagXBP1s
was made previously (8) by cloning the PCR fragment amplified from
pCMV-Myc-XBP1s, obtained from K. Mori. As for derivatives of pZp-luc,
point mutations were introduced as shown in Fig. 1 by the inverse-PCR
method using appropriate primers (9).

Transfection, luciferase assay, and immunoblotting. Plasmid DNA
was transfected into HEK293T cells using Lipofectamine 2000 reagent
(Invitrogen) or Microporator (Digital Bio). The total amounts of plasmid
DNAs were standardized by the addition of an empty vector. Proteins
were extracted from cells with the lysis buffer supplied in a Dual-Lu-
ciferase Reporter Assay System (Promega) kit, and luciferase activity was
measured using the kit. Counts for firefly luciferase were normalized to
those for Renilla luciferase. For immunoblotting (IB), protein samples
were subjected to SDS-PAGE, followed by IB with the indicated antibod-
ies as described previously (24).

Genetic manipulation of EBV-BAC DNA, cloning of HEK293 cells,
and preparation of LCLs with EBV-BAC. EBV-BAC DNA was provided
by W. Hammerschmidt (27). Homologous recombination was carried
out in E. coli as described previously (24).
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To prepare mutants of EBV-BAC, at the BZLF1 promoter, a transfer
DNA fragment for the first recombination was generated by PCR using
the rpsL-neo plasmid (Gene Bridges) as the template, with Neo/StFor
(5'-TGAAATC
TTGGATACATTTCTAAATGATGAATGTCTGCTGCATGCCATGCA
TATTTCAACTGGCCTGGTGATGATGGCGGGATC-3") and NeoStRev
(5'-GAGTTACCTGTCTAACATCTCCCCTTTAAAGCCAAGGCACCA
GCCTCCTCTGTGATGTCATCAGAAGAACTCGTCAAGAAGG-3') prim-
ers. After recombination, kanamycin-resistant colonies were selected and
checked by colony PCR using the primers 5'-AATGTCTGCTGCATGCC
ATG-3" and 5'-GTTTGGGTCCATCATCTTCAG-3' to make intermedi-
ate DNA. The Neo/St cassette in the intermediate DNA was then replaced
using the next transfer vector DNA, containing each mutation in the
BZLF1 promoter. These transfer vector DNAs were prepared by PCR
using derivatives of pZp-luc, point mutated as in Fig. 1, and the following
primers: for SP1 site mutation, 5'-ATTTGAATCTGGACTCCCCCCTG
ACCCCCGAACTTAATGAAATCTTGGATACATTTCTAAATGATGA
ATGTCTGCATGCCATGCATATTTCAACTAA-3' and 5'-AATGTTTA
GTGAGTTACCTGTCTAACATCT-3'; for MEF2 site mutation, 5 -ATT
TGAATCTGGACTCCCCCCTGACCCCCGAACTTAATGAAATCTTG
GATACATTTCTAAATGATGAATGTCTGCATGCCATGCAT
ATTTCAACTGG-3" and 5'-AATGTTTAGTGAGTTACCTGTCTAACA
TCT-3". Electroporation of E. coli was performed using a Gene Pulser I1I
(Bio-Rad), and purification of EBV-BAC DNA was achieved with Nucleo-
Bond Bacl00 (Macherey-Nagel). Recombination was confirmed with
PCR products of the promoter region, by electrophoresis of the BamHI-
or EcoRI-digested viral genome, and by sequencing analysis.

EBV-BAC DNA was transfected into HEK293 cells, in order to make
HEK293 EBV-BAC, using Lipofectamine 2000 reagent (Invitrogen), fol-
lowed by culture on 10-cm dishes with 100 to 150 p.g/ml of hygromycin B
for 10 to 15 days for cloning of green fluorescent protein (GFP)-positive
cell colonies. Briefly, for each recombinant virus, we picked up more than
10 hygromycin-resistant, GFP-positive cell colonies to obtain at least 3
typical clones exhibiting minimal spontaneous expression of viral lytic
proteins and significant induction of these upon BZLF1 transfection.

For LCLs, wild-type (wt) or mutant EBVs were collected from
HEK293 EBV-BAC cell supernatants. Virus titers in the media were de-
termined by infecting Akata(—) cells: viruses in 1 ml of sample medium
were adsorbed onto 1 X 10° Akata(—) cells for 2 h with rotation. After
centrifugation, the media were exchanged with fresh media, followed by
incubation for 2 days. Enhanced-GFP (EGFP)-positive cells were counted
by flow cytometry (FACSCalibur; Becton, Dickinson). Titers were nor-
malized according to the percentages by adding control media. Peripheral
blood monocytes (PBMCs) were infected with 10-fold dilutions of ad-
justed culture supernatant medium obtained from wild-type or mutant
HEK293 EBV-BAC cells and seeded onto 96-well plates at 1 X 10* cells per
well. For PBMCs, blood samples were obtained from healthy adult do-
nors, who gave written informed consent according to protocols ap-
proved by the institutional review board of Aichi Cancer Center, Nagoya,
Japan. The cells were cultured in the presence of cyclosporine. Half of the
medium was exchanged once a week with fresh medium containing cy-
closporine. After 5 weeks, 50% transforming doses were calculated.

ChIP assays. Chromatin immunoprecipitation (ChIP) assays (Up-
state Biotechnology, Inc.) were performed essentially as described previ-
ously with formaldehyde cross-linked chromatin from 1 X 10° cells for
each reaction. The cells were lysed, and chromatin was sonicated to obtain
DNA fragments with an average length of 300 bp. Following centrifuga-
tion, the chromatin was diluted 10-fold with ChIP dilution buffer and
precleared with protein A agarose beads containing salmon sperm DNA
(Upstate). Samples were then mixed with antibodies and incubated for 5 h
with rotation. Immune complexes were collected by addition of protein A
agarose beads, and the DNA was purified using a QIAquick PCR Purifi-
cation Kit (Qiagen) after uncoupling of the cross-links and proteinase K
digestion. The recovered DNA was quantified by real-time PCR using
reagents as previously noted (16). Most of the primers were as in the
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ZIA ZIB

wt 1 gccatgcatatttcaactgggctgTCTATTTTTGACACCagCTTATTTTAGACACTtctg 60
mSP1 1 gccatgcatatttcaacfAAACtgTCTATTTTTGACACCagCTTATTTTAGACACTtctg 60
mMEF2 1 gccatgcatatttcaactgggetgTCTATTGGCOGACACCagCTTATIGGOAGACACTtctg 60
mZll 1 gccatgcatatttcaactgggctgTCTATTTTTGACACCagCTTATTTTAGACACTtctg 60
mZlll 1 gccatgcatatttcaactgggctgTCTATTTTTGACACCagCTTATTTTAGACACTtctg 60
mZIL1I 1 gccatgcatatttcaactgggctgTCTATTTTTGACACCagCTTATTTTAGACACTtctg 60

******************'..*********...*************'..***********

ZIC ZIIIA ZIIIB

wt 61 aaaactgcctcctCCTCTTTTAGAAACTatgcaTGAGCCAcaggecaTTGCTAAtgtacct 120
mSP1 61 aaaactgcctfAGGCCTCTTTTAGAAACTatgcaTGAGCCAcaggcaTTGCTAAtgtacct 120
mMEF2 61 aaaactgcctcctCCTCTTTTAGAAACTatgcaTGAGCCAcaggecaTTGCTAAtgtacct 120
mZll 61 aaaactgcctcctCCTCTTTTAGAAACTatgcaTGAGCCAcaggcaTTGCTAAtgtacct 120
mZlll 61 aaaactgcctcctCCTCTTTTAGAAACTatgcdGANTTICAcaggcdCOGCTAAtgtacct 120
mZIL I 61 aaaactgcctcctCCTCTTTTAGAAACTatgcdGAATTICAcaggcdCOGCTAAtgtacct 120

**********...********************..*..********..************

ZI1D Z11

wt 121 catagacacacCTAAATTTAGCACGTcccaaaccaTGACATCAcagaggaggctggtgecc 180
mSP1 121 catagdBaMldTCTAAATTTAGCACGT cccaaaccaTGACATCAcagaggaggctggtgce 180
mMEF2 121 catagacacacCTAAAGGOAGCACGTcccaaaccaTGACATCAcagaggaggctggtgee 180
mZlIl 121 catagacacacCTAAATTTAGCACGTcccaaadGdATTICATCAcagaggaggctggtgee 180
mZlll 121 catagacacacCTAAATTTAGCACGTcccaaaccaTGACATCAcagaggaggctggtgece 180
mZIL Il 121 catagacacacCTAAATTTAGCACGTcccaaad@dATTICATCAcagaggaggctggtgee 180

******.*.*.*****...**************.*...**********************

TATA

wt 181 ttggcTTTAAAggggagatgttagacaggtaactcactaaac
mSP1 181 ttggcTTTAAAggggagatgttagacaggtaactcactaaac
mMEF2 181 ttggcTTTAAAggggagatgttagacaggtaactcactaaac
mZll 181 ttggcTTTAAAggggagatgttagacaggtaactcactaaac
mZlIl 181 ttggcTTTAAAggggagatgttagacaggtaactcactaaac
mZlIlL1I 181 ttggcTTTAAAggggagatgttagacaggtaactcactaaac

3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k %k %k %k %k %k %k %k %k 3k %k %k %k %k %k %k %k %k k

FIG 1 Alignment of wild-type and mutated sequences of the EBV minimal BZLF1 promoter. cis-regulatory element sequences are shown in capitals. Mutated

nucleotides are boxed and shown in capitals.

previous report (16), except those for the region about 600 bp upstream of
the transcription start site of Rp (Rp-600) (5'-ACAGCATCGGAGTCAT
CGAG-3" and 5'-TCCTGAACATGTTGGTCCAC-3"), region around
transcription start site of Rp (Rp0) (5'-TCTCTGCTGCCCACTCATA
C-3" and 5'-TTATGAGCCATTGGCATGGG-3'), and terminal-repeat
(TR) (5'-GGCAATGGAGCGTGACGAAG-3" and 5'-GTCAGGGTTGC
CTGTGTCAC-3") sequence.

Real-time RT-PCR. Total cell RNA was purified using TriPure Isola-
tion Reagent (Roche) and subjected to real-time RT-PCR using a One
Step SYBR PrimeScript RT-PCR Kit II (TaKaRa) with the Real Time PCR
System 7300 according to the manufacturer’s instructions. PCR was per-
formed as described previously (8). The primers used for the RT-PCR
were as follows: for BZLF1 mRNA, 5-AACAGCCAGAATCGCTGGA
G-3" and 5'-GGCACATCTGCTTCAACAGG-3'; for BRLF1 mRNA, 5'-
ACAAACAGACGCAGCCATG-3" and 5'-TCTCAGAGTAATCTCCACA
C-3'; for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA,
5'-TGCACCACCAACTGCTAGC-3" and 5'-GGCATGGACTGTGGTC
ATGAG-3'.

Bisulfite treatment and methylation analysis. For bisulfite modifica-
tion, total DNA was extracted from LCLs using a DNeasy Blood and
Tissue Kit (Qiagen). The purified DNA was then subjected to bisulfite
modification using an EpiSight Bisulfite Conversion Kit (Wako), followed
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by PCR with EpiSight Bisul Taqg DNA polymerase (Wako). Primer se-
quences for the PCR were as follows: for the BZLF1 promoter, 5'-GTAT
GAGTTATAGGTATTGTTAATG-3' and 5-AAAAAACACCTAATATA
AATCAAA-3'; for the BRLF1 promoter, 5'-GTTAGATGTTTAGGAATT
AAAATAA-3" and 5 -TCCTATATAATATTCTACTTTAAAAAAAC-3.
The DNA fragment was cloned into T-Vector pMD20 (TaKaRa) and se-
quenced using the primer 5'-CGCCAAGCTATTTAGGTGAC-3'.

RESULTS

Screening for factors that can activate transcription from EBV
Zp. In spite of a number of reports published on EBV BZLF1
transcription in vitro or in cultured cells, there still might be un-
known cellular factors that induce BZLF1 expression and EBV
reactivation. In order to exhaustively search for cellular factors
that might enhance BZLFI1 transcription, we screened a human
bone marrow cDNA expression library for the ability to enhance
Zp activity, using a reporter assay system, since we had success-
fully screened for transcriptional activators of LMP1 previously
(28). First, we prepared a reporter construct, pZp-luc, containing
Zp to drive the firefly luciferase gene (9). As a control, pPCMV-RL,
in which the cytomegalovirus (CMV) immediate-early (IE) pro-
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FIG 2 Library screening identified factors involved in BZLF1 promoter activa-
tion. (A) HEK293T cells were transfected with 10 ng of the reporter plasmid pZp-
lug, 1 ng of pPCMV-RL, and 100 ng of expression plasmids for the indicated genes.
(B) As in panel A, HEK293T cells were transfected with 10 ng of the reporter
plasmid pZp-luc (wt) or its promoterless parental vector, pGL4.10 (empty); 1 ng
of pPCMV-RL; and 100 ng of expression plasmids for the indicated genes. Lucifer-
ase assays were carried out as described in Materials and Methods. Luciferase
activity is shown as fold activation over that with the control vector. Each bar
represents the mean and standard deviation (SD) of three independent transfec-
tions.

moter was placed upstream of the Renilla luciferase gene, was used
to normalize for transfection efficiency. To maximize the number
of cDNAs that could be assayed while ensuring that no positive
clone would be missed, we generated cDNA pools with 10 cDNAs
per pool. Each DNA pool was transfected into HEK293T cells with
pZp-luc and pCMV-RL. A pool was considered positive when the
pZp-luc reporter was activated 2-fold or more compared with the
control pCMV-RL. Then, the positive pool was recloned and as-
sayed again to single out the positive clone, followed by sequenc-
ing (see reference 28 for more information). So far, we have
screened 2,000 pools, or 20,000 genes, and identified at least 9
genes, as shown in Fig. 2A.

Some of these 9 candidate genes turned out to be false positives.
The protein phosphatase 1 catalytic subunit alpha (PPP1CA) and
heterogeneous nuclear ribonucleoprotein A/B (hnRNPA/B) did
not actually enhance firefly luciferase activity from pZp-luc, in-
stead simply suppressing that from the control pCMV-RL (not
shown). As we normalized firefly luciferase activity from pZp-luc
using the Renilla luciferase activity from pCMV-RL, the two can-

September 2013 Volume 87 Number 18

MEF2 Activates BZLF1 Transcription

didates acted as if they increased firefly luciferase expression from
the Zp in the initial screening. Unlike PPP1CA and hnRNPA/B,
the p73 gene, a gene related to the p53 tumor suppressor gene, and
nuclear factor interleukin 3 regulated (NFIL3) clearly enhanced
firefly luciferase production from pZp-luc and did not decrease
Renilla luciferase expression from pCMV-RL. However, because
the factors enhanced firefly luciferase expression even from
pGL4.10, which is the promoterless vector of pZp-luc, as effi-
ciently as from pZp-lug, it is highly likely that Zp activation by p73
or NFIL3 was mediated through one or more sequence motifs in
the vector outside Zp (Fig. 2B and 3A, compare wt and empty).

Enhancement of EBV Zp by cellular b-Zip transcriptional
factors. We realized that some of the clones in Fig. 2A, such as
growth factor independent 1B (GFI1B), NFIL3, and MAFB, en-
code b-Zip-type transcription factors. Previous papers also dem-
onstrated that some b-Zip factors, including CREB/ATF/AP1 (8-
10) and XBP-1s (11-13), are involved in BZLF1 promoter
activation through the ZII cis-element in the promoter during
EBV reactivation from latency (9, 10). Therefore, we examined if
these b-Zip transcription factors could stimulate the BZLF1 pro-
moter in our reporter assays using the pZp-luc reporter and its
derivatives (Fig. 3A). Here, we used pZp-luc (Fig. 3A, wt), which
contains wild-type Zp in pGL4.10; pZpmZII-luc, in which the
cellular b-Zip factor binding motif ZII is mutated; pZpmZIII-luc
(mZIII), bearing a point mutation in the binding site of the viral
b-Zip factor BZLF1; pZpmZI1+ZIII-luc (mZILIII), in which both
ZII and ZIII are mutated; and the promoterless empty vector
pGL4.10 (empty). The sequences of the site-directed mutations of
the promoter are aligned in Fig. 1. All mutations were introduced
in accordance with previous reports (9, 29, 30). As expected from
our previous findings (9), BZLF1 induced its own promoter activ-
ity by 5.8-fold (wt) and 5.0-fold (mZII), but the enhancement was
diminished by mutations in the ZIII motif (mZIII and mZII,ZIII)
or when the promoterless empty vector was used (Fig. 3A,
BZLF1). Although this system proved applicable to the viral b-Zip
factor BZLF1, that was not the case when it was applied to cellular
b-Zip factors, because their expression caused upregulation of lu-
ciferase activity even when the promoterless empty vector
pGL4.10 was used (Fig. 3A). For example, one of the typical b-Zip
factors, CREB, enhanced luciferase gene expression from the pro-
moterless empty vector 10-fold (Fig. 3A, CREB, white bar). We
speculate that this unexpected artificial enhancement was medi-
ated through a sequence motif(s) somewhere in the empty vector.
At the same time, the wild-type BZLF1 promoter was activated by
CREB 26-fold (Fig. 3A, CREB, black bar), and with the point mu-
tation in the ZII cis-element, where cellular b-Zip factors bind, it
was induced 8.9-fold (Fig. 3A, CREB, darkest gray bar), almost
comparable to the enhancement for the promoterless empty vec-
tor. Introduction of mutations at ZIII had little effect on the acti-
vation by CREB (Fig. 3A, CREB, intermediate gray bar). Similar
patterns were observed for most of the b-Zip factors, GFI1B,
MAFB, ATF1, and XBP1s (Fig. 3A), suggesting that although the
background level was high in the reporter assays, cellular b-Zip
factors are involved in Zp activation, and the activation is medi-
ated through the ZII cis-element. As mentioned above, we assume
NFIL3 was an artificial hit, because the response with the promot-
erless empty vector (Fig. 3A, NFIL3, white bar) reached the same
level as with wild-type pZp-luc (Fig. 3A, NFIL3, black bar).

In addition to the reporter assays, we already had confirmed
the importance of cellular b-Zip transcription factors for BZLF1
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FIG 3 Effects of b-Zip, SP1/KLF, and MEF2 family transcription factors on the
BZLF1 promoter. (A) b-Zip family transcription factor activation of the BZLF1 pro-
moter. HEK293T cells were transfected with 10 ng of the reporter plasmid pZp-luc or
its derivatives, 1 ng of pPCMV-RL, and 100 ng of expression plasmids for the indicated
genes. Luciferase assays were carried out as described in Materials and Methods. Lucif-
erase activity is shown as fold activation over that with the control vector (Cont). Each
bar represents the mean and SD of three independent transfections. Derivatives of
pZp-luc (wt), pZpmZII-luc (mZII), or pZpmZIII-luc (mZIII) contained point muta-
tions in the binding motifs for cellular b-Zip transcription factors or for the viral b-Zip
transcription factor BZLF1. The pZpmZII+ZIII-luc vector (mZILIII) contained both
mutations. (B) KLF4, SP1, and MEF2B activation of the BZLF1 promoter. HEK293T
cells were transfected with 10 ng of the reporter plasmid pZp-luc (wt), 100 ng of
pGLA4.70(hRluc), and 100 ng of expression plasmid for KLF4, SP1,or MEF2B. pZp-luc
reporters with point mutations in SP1-binding sites (mSP1) and MEF2 (mMEF2)
binding sites were also used. Luciferase assays were carried out as described in Materials
and Methods. Luciferase activity is shown as fold activation over that with control
vector and pZp-luc (wt). Each bar represents the mean and SD of three independent
transfections. Diagrams below the graphs show constructs of the reporter plasmid
pZp-luc and its derivatives.
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expression in the context of the viral genome in HEK293 cells.
Introduction of point mutations into the ZII cis-element of Zp in
EBV-BAC caused a loss of BZLF1 production and, accordingly,
viral early gene production (8). The levels of early gene expression
with the ZIT mutant virus were restored to the levels in the wild
type or its revertant strain by exogenous supply of BZLF1 (8).

Enhancement of EBV Zp by MEF2 and SP1/KLF family tran-
scriptional factors. We found expression of Kruppel-like factor 4
(KLF4) and MEF2B enhanced Zp by 17.8- and 7.3-fold, respec-
tively, in our initial screening (Fig. 2).

KLF4 is a member of the SP1/KLF family of zinc finger tran-
scription factors (31) which recognize and specifically bind to GC-
rich sites or CACC boxes, and the BZLF1 promoter actually con-
tains binding sites for SP1 in the ZIA, ZIC, and ZID motifs (7).
Although we did not clone SP1 as a candidate activator in our
screening experiment, we confirmed that SP1 could enhance wild-
type Zp by 5.4-fold and KLF4 by 9.3-fold (Fig. 3B, black bars).

The MEF2 family of transcription factors was first identified as
a regulator of muscle development and differentiation and later
was shown to have diverse functions in various types of cells and
tissues (32). MEF2B is a potent transcriptional activator that binds
to the same DNA sequence element as other MEF2 family mem-
bers (33, 34). Liu and others have demonstrated involvement of
MEEF2D in the activation of the BZLF1 promoter through binding
to ZIA, -B, and -D cis-elements (6). Although we isolated MEF2B
as a positive candidate activator in our screening, we could not
clone MEF2D, which has been reported to bind to the BZLF1
promoter (6, 35). Therefore, we tested if MEF2D expression acti-
vates Zp. However, for unknown reasons, MEF2D did not en-
hance transcription from Zp in our reporter system (data not
shown). This result does not contradict the previous report (6),
because the authors observed that induction by TPA/ionophore
correlated with MEF2D binding to Zp but did not test if expres-
sion of MEF2D could increase BZLF1 transcription.

Introduction of mutations into the SP1 binding sites at ZIA,
ZIC, and ZID of the pZp-luc vector (Fig. 1) almost completely
eliminated SP1- or KLF4-dependent transcriptional activation
from the promoter (Fig. 3B, mSP1, light-gray bars), which con-
firmed that the binding sites for SP1/KLF family transcription
factors in the BZLF1 promoter are ZIA, ZIC, and ZID elements, as
reported previously (7). In Fig. 3B, we show bars normalized with
pGL4.70(hRluc) instead of pCMV-RL because functional SP1
binding sites are also present in the CMV IE promoter (36, 37),
and thus, the enhancement of Zp by SP1 did not stand out when
normalized with the CMV promoter. Interestingly, KLF4 did not
increase transcription from the CMV IE promoter while it did
induce Zp activity, which made it possible to clone the factor in
our initial screening (Fig. 2).

Point mutations at the MEF2 binding sites in the ZIA, ZIB, and
ZID cis-elements (Fig. 1) of pZp-luc clearly diminished the acti-
vation by MEF2B (Fig. 3B, mMEF2, dark-gray bar), as expected
from the previous report (6).

Because we have identified SP1/KLF family transcriptional
factors and MEF2 transcriptional factors as important regula-
tors of Zp, and the binding sites for both factors are located
very close together in ZIA and ZID cis-elements of the pro-
moter, we examined whether they could act synergistically.
While SP1 and MEF2B alone enhanced BZLF1 promoter activ-
ity by 3.3-fold and 5.0-fold, respectively, coexpression of both
increased the promoter activity only 3.6-fold (data not shown).
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In addition, the result in Fig. 3B also suggested that the binding
sites for MEF2B and KLF4 or SP1 are functionally separable
and do not affect each other. This is the first evidence that SP1
and MEF2 function independently, but not synergistically,
even though the binding sites for the two are adjacent to each
other in the BZLF1 promoter. However, we admit that SP1
might act synergistically with MEF2D or other members be-
sides MEF2B, especially when inducing reagents, such as TPA,
ionophore, butyrate, or anti-Ig, are added.

Point mutations in MEF2 binding sites of Zp cause loss of
both BZLF1 and BRLF1 expression in the context of viral ge-
nome in HEK293 cells. Because the above-documented results
implicated SP1/KLF and MEF2 family transcription factors in Zp
activation, we generated recombinant EBVs with point mutations
in the SP1/KLF or MEF2 binding motifs, as shown in Fig. 1, for
further verification (Fig. 4A and B). To this end, we first replaced
the Zp region with a marker cassette (NeoSt+) and then ex-
changed it with mutated sequences to prepare EBV-BAC mSP1 or
mMEF2. The mutated mSP1 or mMEF?2 sequence of the EBV was
again swapped with a NeoSt+ cassette, followed by replacement
with the wild-type sequence, to generate a revertant strain, EBV-
BAC mSP1/R or mMEF2/R. Sequencing analysis confirmed that
the EBV-BAC mSP1 or mMEF2 DNA had mutations and that the
EBV-BAC revertants had the same sequence as the wild-type vi-
rus, as intended. The integrity of the BAC DNA was checked by
BamHI and EcoRI digestion, followed by electrophoresis to confirm
that the recombinant viruses did not carry obvious deletions or inser-
tions (Fig. 4, BamHI and EcoRI). Shifting of bands by the insertion of
the cassette could not be detected by BamHI or EcoRI digestion. We
therefore performed PCR using forward (F) and reverse (R) primers
located outside the minimal BZLF1 promoter, as indicated in Fig. 4.
Since the NeoSt cassette was about 1.6 kb, insertion of the cassette
into the minimal BZLF1 promoter region could clearly be detected in
the intermediate BAC constructs (Fig. 4, PCR).

Recombinant EBV-BAC DNA was introduced into HEK293
cells, followed by hygromycin selection, to establish cell lines in
which multiple copies were maintained as an episome. More than
10 cell colonies from each recombinant virus were obtained, and
viral protein expression levels were examined. Figure 5 shows im-
munoblotting data for typical cells. In the absence of an exogenous
supply of BZLF1, levels of the viral genes, including BZLFI, in
EBV-BAC mMEF2 cells were noticeably lower than those in wild-
type or revertant cells, while EBV-BAC mSP1 cells exhibited sim-
ilar levels of BZLF1 or other gene products. Interestingly, even
when the BZLF1 expression vector was transfected, levels of early
genes, such as the BALF2, BALF5, or BMRFI1 gene, were lower
than those in wild-type or revertant cells (Fig. 5, mMEF2,
BZLF1+). Thus, introduction of point mutations into the SP1
binding elements in the Zp of the viral genome did not influence
BZLF1 expression, but mutations in the MEF2 binding motifs
caused repression of BZLF1 gene expression in HEK293 cells.
Moreover, this appeared to have a greater effect than simply loss of
BZLF1 expression, since the exogenous BZLF1 supply did not
fully restore early gene expression. In fact, the mMEF2 mutant
virus showed markedly lower expression of BRLF1 even with
BZLF1 (Fig. 5, mMEF2, BZLF1+).

Suppression of early genes in the MEF2 mutant virus could
be restored by coexpression of BRLF1 in HEK293 cells. In the
previous section, we reported that the mMEF2 mutant EBV failed
to induce a subset of early genes even when BZLF1 was supplied
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exogenously, a phenotype reminiscent of BRLF1-deficient viruses
(38-40). Heilmann and others clearly showed, employing the
ChIP-sequencing (ChIP-seq) technique, that the BALF5 pro-
moter is induced by BRLF1 (41). We therefore checked the levels
of BRLF1 in cells with wild-type and mMEF2 viruses (Fig. 5 and
6A). In Fig. 6A, a typical clone of the wt and two clones of mMEF2
were transfected with the BZLF1 and/or BRLF1 expression vec-
tor(s). BRLFI could not be detected in any of the tested cells in the
absence of the BZLF1 expression vector (Fig. 5 and 6A, lanes 2, 6,
and 10). When BZLF1 was transfected, while BRLF1 was faintly
but certainly produced in the wild type, the mMEF2 cells ex-
pressed little or no BRLF1 protein (Fig. 5 and 6A, BRLF1 dense,
lanes 3, 7, and 11). Expression of early genes from the mMEF2
virus was lower than that from the wild type with BZLF1 overex-
pression, but coexpression of BZLF1 and BRLF1 markedly re-
stored the expression of early genes from the mMEF2 virus, par-
ticularly that of the BALF5 gene (Fig. 6A, lanes 8 and 12). To
further verify the effect of exogenous expression of BRLF1, pro-
duction of progeny virus in the cells was measured, as shown in
Fig. 6B. Three days after transfection of BZLF1, alone or with
BRLF1, the supernatant was collected from the HEK293 EBV-
BAC cells and was then infected with EBV-negative Akata cells. If
the supernatant contains EBV, naive Akata cells can be infected
and start expressing GFP. BZLF1 overexpression in wild-type vi-
rus cells induced high levels of progeny virus production (2.6%),
while it did not in mMEF2 cells. However, cotransfection of
BZLF1 and BRLF1 rescued the infectivity to comparable levels (2.2
and 2.4%). In addition, viral DNA replication levels were also
measured. Transfection of BZLF1 alone to mMEF2 cells did not
increase viral DNA (0.86-fold of mock transfection), and coex-
pression of BRLF1 with BZLFI restored the levels (15.1-fold) 2
days after transfection. These results suggest that binding of MEF2
proteins to the BZLF1 promoter induces transcription of both the
BZLF1 gene and its adjacent IE gene, the BRLF1 gene.

Point mutations in MEF2 binding sites of Zp cause loss of
both BZLF1 and BRLF1 expression in the context of the viral
genome in B cells. As documented above, mutagenesis experi-
ments were carried out in HEK293 cells, since they serve as an
efficient tool in producing progeny virus. However, since HEK293
is a very artificial cell line, prepared from the kidney, which is not
anatural host for EBV, here, we established LCLs latently infected
with recombinant EBVs. To this end, we infected human PBMCs
from a healthy donor with recombinant viruses prepared from
HEK293 EBV-BAC cells and cultured them in the presence of
cyclosporine. Recombinant viruses from HEK293 EBV-BAC cells
were prepared by inducing lytic infection by transfecting BZLF1,
but in regard to mMEF2 mutant EBV, the lytic replication cycle
was induced by transfecting BRLF1 and BZLFI, as described
above (Fig. 6B). All the mutant and repaired strains of EBV we
tested here could transform B cells.

In Fig. 7, viral BZLF1 (Fig. 7A and C) and BRLF1 (Fig. 7B and
D) levels were measured by real-time RT-PCR. As for Fig. 7A and
B, here, we examined IE gene expression of the wild-type, SP1
mutant, MEF2 mutant, and revertant strains, since these LCLs
were prepared simultaneously and were cultured side by side.
Apart from these LCLs, the mZII mutant and the revertant (Fig.
7C and D) are shown separately from Fig. 7A and B, as they were
made on another occasion.

Without induction, LCLs latently infected with mMEF2 mu-
tant EBV exhibited severely suppressed expression of BZLF1 and
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FIG 4 Construction of recombinant EBV featuring point mutations in SP1 binding sites (A) and MEF2 binding sites (B) of the BZLF1 gene promoter. Shown
is a schematic arrangement of the recombination of the EBV genome using tandemly arranged neomycin resistance and streptomycin sensitivity genes (NeoSt+).

The BZLF1 promoter region was first replaced with the NeoSt+ cassette

, which was then replaced with point-mutated sequences (asterisks) to construct

EBV-BAC mSP1 or mMEF2. The mutated sequence was replaced again with the NeoSt+ marker cassette and swapped with the wild-type promoter sequence to
prepare the revertant clone, EBV-BAC mSP1/R or mMEF2/R. The recombinant EBV genomes were digested with BamHI or EcoRI and separated in an agarose
gel. PCR products produced by the indicated primers were electrophoresed to show successful recombinations.
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FIG 5 Expression of viral proteins from recombinant viruses in HEK293 cells. The recombinant EBV-BAC DNAs shown in Fig. 5 were introduced into HEK293

cells, followed by hygromycin selection. The resultant cell clones were tested for viral protein expression. Two or three clones of each recombinant virus were
transfected with the BZLF1 expression vector (pcDNABZLF1) or its empty control vector. After 24 h, cell proteins were harvested and immunoblotting was
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performed using anti-BZLF1, -BRLF1, -BALF2, -BALF5, -BMRF1, and -tubulin antibodies.

BRLF1 (only 29 and 14% of the wild type, respectively) and could
not increase the levels even after induction with chemical reagents
(Fig. 7A and B, green bars), when wild-type or revertant viruses
caused about 4- to 8-fold induction. Therefore, the MEF2 binding
sites in the BZLF1 promoter play a crucial role, not only in in-
duced expression, but also in leaky spontaneous expression of
both of the IE genes in B cells. On the other hand, the mSP1 virus
was not associated with any reduction in BZLF1 and BRLF1 levels,
and reinforcement by chemical inducers failed to increase IE gene
transcription (Fig. 7A and B, red bars).

We previously prepared point-mutated EBV at the ZII site of
the BZLF1 promoter, which is bound by cellular b-Zip transcrip-
tion factors, and confirmed that ZII motif mutation decreased
BZLF1 expression in HEK293 cells (8). In order to further verify
the significance of the motif, we made LCLs featuring the recom-

A

binant viruses. Levels of BZLF1 and BRLF1 were slightly lower (78
and 39%, respectively) without lytic induction and stayed low (45
and 39%, respectively), even with induction of lytic replication
(Fig. 7C and D, orange bars).

To extend this, BZLF1 protein levels were examined (Fig. 7E).
This experiment yielded results similar to those for mRNA quan-
tification (Fig. 7A and C). Among the clones, we found BZLF1
protein in the mMEF?2 strain was most severely restricted.

Although here we show only one representative item of data,
we obtained two LCL lines for each recombinant, and these
lines all behaved in similar manners. These results indicate that
all the cis-motifs (MEF2, SP1, and b-Zip binding motifs) are
needed for enforced expression of BZLF1 and BRLF1 by TPA,
ionophore, and butyrate. Among the motifs, MEF2 binding
sites most profoundly influence the expression of the IE genes,

B
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FIG 6 Suppression of early gene expression with MEF2 binding site mutation of the BZLF1 promoter could be reversed with exogenous BRLF1. (A)
HEK293 cells latently infected with the wt or the mMEF2 mutant of recombinant EBV-BAC DNA were transfected with the BZLF1 expression vector
(pcDNABZLF1), the BRLF1 expression vector (p)cDNABRLF1), and/or its empty vector. After 24 h, cell proteins were harvested and immunoblotting was
performed using anti-BZLF1, -BRLF1, -BALF2, -BALF5, -BMRF1, and -tubulin antibodies. (B) HEK293 cells latently infected with the wt or the mMEF2
mutant of recombinant EBV-BAC DNA were transfected with BZLF1 expression vector (pcDNABZLF1) (white bars) or BZLF1 expression vector plus
BRLF1 expression vector (p)cDNABRLF1) (gray bars). The total amount of transfected DNA was adjusted with the empty vector, and 72 h after
transfection, the culture supernatants were collected and cocultured with Akata(—) cells for 48 h, and then GFP-positive cells were counted by
fluorescence-activated cell sorter (FACS).
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FIG 7 Expression of viral IE genes in B cells. (A to E) LCLs latently infected with recombinant EBV-BAC prepared from HEK293 EBV-BAC cells were treated
(Induction) or not (Control) with TPA (200 ng/ml), A23187 (0.1 uM), and sodium butyrate (10 mM). After 24 h, cell RNAs were harvested and subjected to
real-time RT-PCR using specific primers for BZLF1, BRLF1, and GAPDH. Relative BZLFImRNA (A and C) and BRLF1 mRNA (B and D) levels are shown after
normalization to GAPDH mRNA levels. Each bar represents the mean and SD of three independent treatments. (E) LCLs were treated likewise, and cell proteins

were subjected to Western blotting using anti-BZLF1 and -tubulin antibodies.

since leaky expression was also tightly blocked in the MEF2
mutant.

CpG DNA methylation levels in the Zp and Rp of MEF2 mu-
tant EBV did not correlate with low expression levels of BZLF1
and BRLF1. Our results so far demonstrated the importance of
cellular MEF2, SP1/KLF, and b-Zip-type family transcription fac-
tor binding for positive regulation of BZLF1 and BRLF1 gene ex-
pression, with a strong emphasis on the MEF2 family. The ques-
tion then arises as to how the host transcription factors regulate
BZLF1/BRLF1 transcription, which eventually leads to EBV reac-
tivation. Because CpG dinucleotide DNA methylation could be
one possible cause of BZLF1 promoter repression, as it is fre-
quently associated with constitutive heterochromatin, we ana-

10156 jvi.asm.org

lyzed levels of epigenetic DNA modification at the BZLF1 pro-
moter in LCLs latently infected with recombinant EBVs. There are
only three CpG dinucleotides in the minimal BZLF1 promoter
loci (Fig. 8A), two of which appear downstream of the TATA box
(TTTAAA for the BZLF1 promoter) and one in the coding region.
Although CpG methylation levels in the BZLF1 promoter are
much lower than in other lytic promoters (42), the modification is
still present (43, 44). Our bisulfite modification analysis revealed
that there are no preferences in CpG methylation levels of MEF2
mutant or SP1 mutant EBVs at the Zp loci (Fig. 8B). The mZII
mutant virus was an exception in that the CpG methylation level
was somewhat higher (20/30), than that of the wild type (15/30) or
the repaired virus (13/30), suggesting the possibility that the mu-
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FIG 8 CpG DNA methylation of the BZLF1 promoter in mutant LCLs. (A)
Schematic illustration of the minimal BZLF1 promoter. The distribution of
three CpG dinucleotides analyzed in panel B is shown with circled numbers.
cis-element motifs and the BZLF1 coding region are also depicted. (B) CpG
DNA methylation of the BZLF1 promoter in B cells. DNA from LCLs latently
infected with wild-type or mutant recombinant EBV-BAC was subjected to
bisulfite modification, followed by sequencing. Filled circles, methylated; open
circles, unmethylated.

tation at the ZII element might cause a slight loss of BZLF1
through increased CpG methylation. Taken together, our bisulfite
data indicate that CpG methylation of the BZLF1 promoter does
not account for the repression of BZLF1 transcription in the
MEEF?2 sites of mutant viruses.

Interestingly, the CpG dinucleotide between the TATA box
and the start codon (CpG 2 in Fig. 8A) had a discernible tendency
toward more intense methylation, in agreement with the previous
literature (44).

We then analyzed the levels of epigenetic DNA CpG methyl-
ation at the BRLF1 promoter in LCLs latently infected with re-
combinant EBVs (Fig. 9). All six of the CpG dinucleotides in the
BRLF1 promoter locus (Fig. 9A) were more severely methylated
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(Fig. 9B) than the BZLF1 promoter (Fig. 8B). Because more than
95% of the CpGs were methylated even in the wild type and the
levels did not increase in point-mutated strains, it is suggested that
CpG methylations were not involved in inhibition of BRLF1 ex-
pression in the mutant viruses.

Suppressive histone methylation levels in the Zp and Rp of
MEF2 mutant EBV correlated with the low expression levels of
BZLF1 and BRLF1. Possible epigenetic modifications that might
silence the promoter, besides CpG DNA methylation, include his-
tone changes. The existence of both active and suppressive epige-
netic histone modifications of the BZLF1 promoter during la-
tency, such as H3K9Ac or H3K27me3, was reported previously
(16). In order to obtain insights into histone situations, levels of
typical epigenetic histone modifications in the LCLs were assessed
by ChIP assays (Fig. 10 and 11).

Levels of background precipitation with normal IgG could be ig-
nored (Fig. 10 and 11, normal IgG). Histone H3 levels are fairly con-
stant throughout the EBV genome of latently infected LCLs (16) (Fig.
10and 11, Histone H3). In addition to Zp and Rp loci (colored bars),
we measured the levels at the TR of EBV (gray bars) and some cellular
loci as controls (B-globin promoter [Fig. 10 and 11, Globinp] and
GAPDH promoter [Fig. 10 and 11, GAPDHp]). We used these loci
here because it is known that the B-globin promoter locus is silenced
in nonerythroid cells by high levels of facultative chromatin histone
modifications, such as H3K9me2 and H3K27me3, and the GAPDH
gene, a typical housekeeping gene, is ubiquitously and abundantly
transcribed with high levels of active markers, such as histone acety-
lation and H3K4me3. Interestingly, anti-histone H3 antibody precip-
itated the GAPDHp loci very weakly (Fig. 10 and 11, Histone H3,
white bars) for unknown reasons. It is speculated that because the
GAPDH promoter is highly active, the chromatin structure of the loci
may be open and loose.

One of the active chromatin markers, H3K9 acetylation, was pres-
entat slightly lower levels at Zp, Rp (Fig. 10 and 11, colored bars), and
Globinp (Fig. 10 and 11, black bars) than at the TR (Fig. 10 and 11,
gray bars) or active GAPDHp (Fig. 10 and 11, white bars). However,
the patterns were quite similar among the LCL lines, and mZII or
mMEF2 appeared to exhibit no obvious features (Fig. 10 and 11,
H3K9Ac¢).

On the other hand, levels of another active histone marker,
H3K4me3, were very low at Zp, Rp (Fig. 10 and 11, H3K4me3,
colored bars) and Globinp (Fig. 10 and 11, H3K4me3, black bars),
while the levels were markedly high at the TR (Fig. 10 and 11,
H3K4me3, gray bars) and GAPDHp (Fig. 10 and 11, H3K4me3,
white bars). Here again, however, we found no obvious differ-
ences in patterns of the modification between the LCLs (Fig. 10
and 11, H3K4me3).

The suppressive facultative chromatin marker H3K9me2
was checked next (Fig. 10 and 11, H3K9me2). While GAPDHp
(white bars) exhibited appreciably weak modification, Zp, Rp
(colored bars), and TR (gray bars) were marked by methylation
in all LCLs almost as efficiently as Globinp (black bars), which
is silenced in LCLs.

Another suppressive facultative chromatin marker, H3K27me3,
showed similar patterns in that the level of methylation of the GAP-
DHp promoter was low (Fig. 10 and 11, H3K27me3,white bars), but
we found a striking difference in that BZLF1 and BRLF1 promoters in
the mMEF?2 strain were more intensely associated with H3K27me3
(Fig. 10, H3K27me3, colored bars). Because MEF2 mutation resulted
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FIG 9 CpG DNA methylation of the BRLF1 promoter in mutant LCLs. (A) Schematic illustration of the BRLF1 promoter. The distribution of six CpG
dinucleotides analyzed in panel B is shown with circled numbers. cis-element motifs and BRLF1 coding region are also depicted. (B) CpG DNA methylation of
the BRLF1 promoter in B cells. DNA from LCLs latently infected with wild-type or mutant recombinant EBV-BAC was subjected to bisulfite modification,

followed by sequencing. Filled circles, methylated; open circles, unmethylated.

in suppression of BZLF1 transcription, increased H3K27me3 meth-
ylation may play a role in this.

Two constitutive heterochromatin markers, H3K9me3 and
H4K20me3, were found in the BZLF1 and BRLF1 promoters at
higher levels in the mMEF2 mutant than in wild-type or the re-
paired viruses (Fig. 10, H3K9me3 and H4K20me3, colored bars).

The Zp and Rp of the mZII mutant, which has a mutation in
the binding sites of cellular b-Zip transcription factors, showed
slightly higher levels of H3K9me3 than the wild-type or revertant
viruses but comparable levels of other modifications (Fig. 11,
H3K9me3, colored bars).
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The results suggested that suppressive markers, especially
H3K27me3, play an important role in blocking activation of the
BZLF1 and BRLF1 promoters in the MEF2 mutant LCLs. How-
ever, we still cannot rule out involvement of other epigenetic
modifications in the process.

DISCUSSION

In this study, an exhaustive library screening isolated a number of
cellular factors, including KLF4, MEF2B, and some b-Zip transcrip-
tion factors, as activators of the BZLF1 promoter. We believe this
screening system was appropriate, since some of the clones we iden-
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FIG 10 Histone modification of BZLF1/BRLF1 promoters in mSP1 and mMEF2 mutant LCLs. LCLs latently infected with recombinant EBV-BAC were
cross-linked and subjected to ChIP experiments as described in Materials and Methods using normal IgG and anti-histone H3, -H3K9Ac, -H3K4me3,
-H3K9me2, -H3K27me3, -H3K9me3, and -H4K20me3 antibodies, followed by DNA extraction and real-time PCR to detect DNA fragments using the indicated
primers. The Zp/Rp numbers indicate the sequence positions relative to the transcription start site. As controls, the TR region of EBV, the 3-globin promoter

(Globinp), and the GAPDH promoter (GAPDHp) were also quantified.

tified proved to be family members of transcription factors that have
been reported previously to enhance expression of BZLF1, or at least
to bind to Zp. So far, we have checked more than 20,000 clones from
the library. One might argue that more clones must be tested, but we
assume this number is sufficient, because junk sequences accounted
for only a few percent of the total in our library: we substantially
reduced the number of junk genes in the library before use and con-
firmed more than 95% of our library clones to contain full-length
cDNAs. Also, we examined the effects of the family or related proteins
in the hit clones, and thus, it was not necessary to isolate the exact ones
that actually function in vivo. Interestingly, we cloned KLF4 and
MEF2B, family members of SP1 and MEF2D transcription factors,
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respectively, both of which have been reported to bind to Zp in B cells
(6, 7). However, while KLF4 and MEF2B were specifically isolated as
inducers of the BZLF1 promoter over the CMV IE promoter in our
screen system, SP1 and MEF2D were not, because SP1 also efficiently
induced the CMV IE promoter and MEF2D did not enhance pZp-
lug, for unknown reasons. Although our screening system is artificial
and has limitations, we are confident in the success of our screen and
feel that our system has its own advantages, since we applied a method
different from electrophoretic mobility shift assay (EMSA), upon
which most previous reports relied.

By introducing point mutations into the binding sites of cellular
b-Zip factors (the ZII cis-element), we previously demonstrated that
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FIG 11 Histone modification of BZLF1/BRLF1 promoters in mZII mutant
LCLs. LCLs latently infected with recombinant EBV-BAC were cross-linked
and subjected to ChIP experiments as described in Materials and Methods
using normal IgG and anti-histone H3, -H3K9Ac, -H3K4me3, -H3K9me2,
-H3K27me3, -H3K9me3, and -H4K20me3 antibodies, followed by DNA ex-
traction and real-time PCR to detect DNA fragments using the indicated prim-
ers. The Zp/Rp numbers indicate the sequence positions relative to the tran-
scription start site. As controls, the TR region of EBV, the B-globin promoter
(Globinp), and the GAPDH promoter (GAPDHp) were also quantified.

the ZII mutant EBV exhibited impaired expression of BZLF1 and
thereby restricted the production of downstream early genes in
HEK293 cells (8). This restriction could easily be removed by exoge-
nous overexpression of BZLF1. In B cells, enhancement by chemical
inducers was also discouraged in LCLs by the introduction of a mu-
tation at the ZII element in the context of the virus genome (Fig. 7C).

Besides the ZII cis-element, we prepared point mutant EBV at SP1
or MEF2 binding sites of Zp (Fig. 4). Although point mutation in the
SP1 site in EBV-BAC did not appreciably influence the BZLF1 ex-
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pression level in HEK293 cells (Fig. 5), enhancement of the promoter
activity was inhibited by the SP1 mutation in B cells (Fig. 7A).

It is of particular interest that point mutations in MEF2 family
transcription factor sites of the BZLF1 promoter profoundly affect
not only spontaneous, but also induced, expression of the BZLF1
gene in both HEK293 cells and LCLs (Fig. 5 and 7A). Our results
here are not in agreement with the previous report that MEF2
recruits class II HDAC to the latent BZLF1 promoter during la-
tency and functions to suppress the spontaneous expression of the
BZLF1 gene, thereby maintaining virus latency (45). Because the
earlier authors relied solely on artificial methods, such as reporter
assays, we believe our conclusion that MEF2 acts to increase
BZLF1 promoter activity even in latency is more reliable.

In addition, in B cells, all three mutants we examined here (ZII,
SP1, and MEF2) somehow influenced transcription, not only on the
BZLF1 gene, but also on the BRLF1 gene, which is another EBV tran-
scriptional-regulatory gene (Fig. 7). Because activation of a promoter
mediated through binding motifs downstream of the transcription
start site of the promoter is not rare (28), it is likely that these factors
in Zp somehow help the region of the two regulatory genes to remain
active. We speculate that the BZLF1 and BRLF1 genes are located
adjacent to one another for a reason and not just incidentally; if they
are close, the virus can save an area of relatively open chromatin.
There may be one window of relatively open chromatin for the two
neighboring IE genes, which is tightly silenced during latency but not
completely inactivated by constitutive heterochromatinization.
Tight, but not too tight, silencing like this must be dependent on the
consummate balancing of active and suppressive factors and thus
may easily be disrupted for various reasons, including point muta-
tions or changes in cell signaling. Another possibility we propose,
especially when we take into consideration the heavy CpG methyl-
ation at the BRLF1 promoter (Fig. 9) and the fact that BZLF1 binds to
and enhances CpG methylated sequences (46), is that BRLF1 levels
simply reflect the abundance of BZLF1, since BZLF1 and BRLF1 lev-
els were found to be roughly parallel (Fig. 7), although there are some
minor exceptions.

DNA methylome analysis of latent EBV genomes previously dem-
onstrated that the Zp region features exclusively weak CpG methyl-
ation when the rest of the Iytic gene promoters are heavily CpG meth-
ylated, except some promoters of latent genes, such as the LMP1 gene
(42,44). In fact, methylation at Zp is markedly weaker than at Rp (Fig.
8 and 9). We believe CpG methylation does not account for the re-
stricted expression of BZLF1 in MEF2 mutant virus, since CpG meth-
ylation levels of the BZLF1 promoter were comparable between the
wild-type, mutant, and repaired viruses (Fig. 8). Analysis of post-
translational modifications of histones suggested that the BZLF1 pro-
moter is silenced by suppressive histone modifications (16, 47). Our
results here suggested involvement of histones H3K27me3,
H3K9me3, and H4K20me3. Further analysis is needed to dissect the
molecular mechanisms of the promoter regulation. Moreover, a cer-
tain type of chromatin boundary factor, such as CCCTC-binding
factor (CTCF), may also play a role in regulation of the BZLF1 pro-
moter (48), as has already been shown for Kaposi’s sarcoma-associ-
ated herpesvirus (KSHV) (49).

Among MEF2 family transcription factors, Liu and others
demonstrated, using EMSA supershift assays, that MEF2D is the
major example that binds to ZIA, -B, and -D motifs (6). We, on
the other hand, cloned MEF2B, but not MEF2D, as an activator of
Zp in our library screen. Immunoblotting data here and those
of others indicated that all four members (MEF2A, -B, -C, and -D)
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FIG 12 Expression profile of MEF2 family transcription factors. Cell proteins
from HEK293, HeLa, Akata, Raji, and B95-8 cells and LCLs were subjected to
Western blotting using anti-MEF2A, -MEF2B, -MEF2C, -MEF2D, and -tubu-
lin antibodies.

of the MEF2 family of transcription factors are present in B cells
(Fig. 12) (50). We concur with the proposal, based on the paper by
Liu et al., that MEF2D obviously plays an important role in BZLF1
promoter activation, but because all MEF2 family transcription
factors are present in B cells (Fig. 12) (50), involvement of other
examples besides MEF2D cannot be precluded.

In addition, our screen identified HIF-2 as a strong inducer of
the BZLF1 promoter, causing 9.8-fold elevation of promoter ac-
tivity (Fig. 2A). HIF-1a and HIF-2« are basic helix-loop-helix
(bHLH) transcriptional factors that stimulate, under hypoxic
conditions, a large number of genes important for cellular pro-
cesses, including angiogenesis, cell survival, and metabolism.
HIF-2a might be of great interest, because we found a report that
the lytic cycle of EBV is induced by hypoxia (51). Actually, we also
could confirm that hypoxia (1% oxygen; 36 h) induced BZLF1
levels approximately 10-fold, not only in the B95-8 cells used by
earlier authors, but also in Akata cells and LCLs. However, we had
to judge that this isolation of HIF-2a as an inducer of Zp must be
pseudopositive in our screen, since the HIF-2a clone identified in
our screen consisted of only the C-terminal half of the coding
region, which lacks the DNA binding motif, while all other clones
in Fig. 2A contain full-length open reading frames of the genes.

Similar mutagenesis experiments with IE gene promoters have
been reported for cytomegaloviruses. Mutation of all the CREB/ATF
or NF-kB sites has little or no effect on human cytomegalovirus rep-
lication, while SP1 binding sites in the minimal enhancer elements are
essential (36, 52). IE gene expression of the herpes simplex virus ap-
pears to be largely dependent on the TAATGARAT sequence, pres-
ent only in IE promoters, which is bound by VP16, mediated by
Oct-1 and HCF (53). Besides herpesviruses, the long terminal re-
peat (LTR) of human immunodeficiency virus contains cis-acting
NF-kB and SP1 sites, both differentially contributing to the tran-
scription of viral gene expression (54). Because an NF-kB binding
site has not been reported for EBV Zp to our knowledge, it is likely
that, unlike the human immunodeficiency virus case, activation of
NEF-kB signaling by cytokines or other stimulations may not in-
duce EBV reactivation. Actually, we and others have observed that
NF-kB signaling functions to maintain latency and does not en-
hance reactivation of the virus (55, 56).

In conclusion, we have demonstrated the importance of MEF2
transcription factors for reactivation of EBV from latency. Specific

September 2013 Volume 87 Number 18

MEF2 Activates BZLF1 Transcription

small-molecule inhibition of MEF2, by agents such as cyclospo-
rine (6), may be an alternative possibility to regulate EBV reacti-
vation.
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