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Abstract

DNA methylation is the major modification of eukaryotic genomes and plays an essential role in mammalian gen
regulation. In general, cytosine-phosphatidyl-guanosine (CpG)-methylated promoters are transcriptionally repressed amnd
nuclear proteins such as MECP2, MBD1, MBD2, and MBD4 bind CpG-methylated DNA and contribute to epigenetic silenc|ng.
Methylation of viral DNA also regulates gene expression of Epstein-Barr virus (EBV), which is a model of herpes virus latepcy.
In latently infected human B cells, the viral DNA is CpG-methylated, the majority of viral genes is repressed and virlis
synthesis is therefore abrogated. EB\BZLF¥ncodes a transcription factor of the AP-1 family (Zta) and is the master gene
to overcome viral gene repression. In a genome-wide screen, we now identify and characterize those viral genes, which Zta
regulates. Among them are genes essential for EBV'’s lytic phase, which paradoxically depend on strictly CpG-methylated
promoters for their Zta-induced expression. We identified novel DNA recognition motifs, termed meZRE (methyl-Ztd
responsive element), which Zta selectively binds in order to ‘read’ DNA in a methylatiamd sequence-dependent manner
unlike any other known protein. Zta is a homodimer but its binding characteristics to meZREs suggest a sequential, nor
palindromic and bipartite DNA recognition element, which confers superior DNA binding compared to CpG-free ZREs. O
findings indicate that Zta has evolved to transactivate cytosine-methylated, hence repressed, silent promoters as a rule
overcome epigenetic silencing.
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Introduction proliferate, and then evolves to support its own productive
infection in these cells. These experiments have allowed a
The methylation of cytosines in CpG dinucleotides in dissection of the role of methylation of CpG dinucleotides in
mammalian DNA has long been associated with the regulatiorrepressing and activating transcription of genes required for EBV’s
of transcription of that DNA. The details of this regulation, life cycle. Our initial experiments demonstrated that EBV uses the
however, are only now being uncovered. For example genes firgradual methylation of its genome both to ensure its initial
expressed in murine primordial germ cells after migration to theinfection does not produce viral progeny to kill its host and later to
urogenital ridge are repressed prior to their migration by activate transcription of genes necessary such that it can produce
methylation of CpGs; the loss of methylation at their promotersviral progeny [3].
correlates with these genes being transcribed [1]. An example in EBV-infected cells can expresso sets of viral genes that
which expressed genes are repressed during differentiation rislate either to the latent or lytic phases of EBV'’s life cycle [4].
provided by murine embryonic stem cells induced to differentiatdn newly infected B cells, EBV establishes a strictly latent
into neurons [2]. In this example, 2.3% of analyzed promotersinfection. In these cells few viral genes termed latent genes are
become hypermethylated following differentiation with the expressed, which are instrumental for the induction and
associated genes being transcriptionally repressed leading to a lasaintenance of cellular proliferation and viral latency; some
of pluripotency. These examples demonstrate that CpG methylof which are also causally as&ded with EBV's being a human
ation is strictly linked to epigenetic gene silencing but are difficultumor virus [5]. Latently infeted B cells can give rise to
to dissect mechanistically in part because of the complexity of thprogeny virus, a process which requires the induction of a set of
cues for differentiation that underlie them. viral genes distinct from the set of EBV’s latent genes. Duténg
We have examined the fundamental events in the life-cycle ofiovavirus synthesis, about 80 lytic genes of EBV are expressed
the human tumor virus, Epstein-Barr virus (EBV), in which it first that asynchronously support viral DNA amplification and
establishes its infection in B-lymphocytes, drives them t@ncode viral structural components to allow virus morphogen-
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Figure 2. Identification of methylation-dependent Zta binding to selected viral promoter elements in vivo and in vitro. Deep
sequencing data obtained fromin vitro immunoprecipitation experiments with GFP:BZLF1 as in Figure 1 are plotted on selected genes and their
promoters as indicated. EBV DNA free of CpG-methylation (blue) and after full methylation by the methyltransferase M.Sssl (red) were used as probes
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in the experiments.in vivo ChlP-seq data obtained after immunoprecipitation of chromatin of Raji cells (black) or B95.8 cells (green) with GFP:BZLF1
are plotted. Ten genes, their exon compositions and the location of selected ZREs are shown. (A) The two annotated ¢#91€8 and BMLF1 are
shown, which result in the spliced BMLF2/BSLF1 transcript encoding the viral SM protein also called EB2. (BfAffegene is shown. (C) Th8ALF2

gene is shown, which encodes the major DNA binding protein of EBV.

doi:10.1371/journal.ppat.1001114.9003

DNA in vivoWe engineered a derivative of the human B-cell line statistically overrepresented motifs within the selected peak calls
Raji, which stably expressed a nuclear, chimeric GFP:BZLFIrepresenting inferred binding sites of Zta. MEME identified 101
protein (Supporting Figure S1B,C). Raji cells contain about 50and 167 sites in ChIP-seq data for GFP:BZLF1-precipitated
viral genomes per cell and are strictly latently infected with EBV.unmethylated and fully CpG-methylated EBV DNAs, which
Chromatin immunoprecipitations (ChIPs) with the GFP-binding fulfilled the criteria for canonical Zta-binding motifs and are
recombinant antibody [19] were performed and quantitative real-depicted in Figure 6A and B, respectively, and listed in Supporting
time PCR analysis confirmed the highly selective binding ofData S1. The consensus of the motifs obtained with CpG-
GFP:BZLF1 to theBBLF4and BMRF1promoters as compared to methylated EBV DNA contained one obvious (position 6 and 7)
a reference locus (terminal repeat, TR) and another Raji celand several less frequent, putative C-G dinucleotide pairs
derivative, which expressed GFP:NLS as a control proteinFigure 6B). We therefore conducted a second round of MEME
(Supporting Figure S1; Table S2 in Text S1). ChlP-seq allowedanalysis focusing only on those peak-associated sequences with
a direct comparison with ourin vitro immunoprecipitations CpGs. The separate analysis yielded 85 peak calls (56%) with a
experiments (Figures 2 to 5). Identical ChlP-seq experiments weiecond consensus Zta recognition motif, in which a reliable and
also performed with the B95.8 cell line, which is semipermissive fqgrominent C-G pair was evident (Figure 6C, bottom panel) in
EBV's lytic phase (Figures 2 to 5). marked contrast to the motif shown in Figure 6A and 6C, top
Peak depth values in general coincided with those obtaimed panel, which lacks any C-G dinucleotide.
vitrowith CpG-methylated EBV DNA as depicted in the promoters ~ We analyzed the ChIP-seq data obtained with GFP:BZLF1
of BMRF1, BSLF2/BMLF1 BBLF4 BBLF2/BBLF3 andBALF5in immunoprecipitations of Raji and B95.8 cell chromatin with the
Figures 2C, 3A, 4A, 4B, and 4C, respectively. The Raji EBV QUEST (kernel density estimate of 60, threshold value of 2) [37]
genome is highly CpG-methylated (Supporting Figure S3) andind SISSRs algorithms (default parameters). Subsequent MEME
GFP:BZLF1 revealed a preferential binding to many promotersanalysis of a total of 46 identified peak calls yielded a consensus
mimicking the patterns found with CpG-methylated EBV DNA in motif in Raji cells (Figure 6D) reminiscent of the corresponding
the immunoprecipitation experiments performed vitro In motif in Figure 6B. A second round of analysis identified 20
particular, Zta bound to theBBLF4 promoter in vivoexactly = consensus motifs free of CpG pairs (Figure 6E, top panel) and very
recapitulating the depth profile seen with methylated EBWitro  similar to the one in Figure 6A. The remaining 26 motifs
(Figure 4A). contained a consensus motif with CpG dinucleotides (Figure 6E,
A noticeable exception was tBZLF1promoter.In vivothe two ~ bottom panel), which was almost indistinguishable from the one
ZREs in theBZLF1 promoter were bound by Zta in B95.8 cells, shown in Figure 6C, bottom panel. Almost identical results were
but not in Raji cells (Figure 2B) indicating that this promoter isobtained in our studies with B95.8 cell chromatin (Supporting
regulated differently in the two cell lines. With the exception of theFigure S4).
BZLF1promoter in Raji cells, Zta readily bound many viral lytic ~ Taken togetherjn vivaChIPs with GFP:BZLF1 confirmed our
promotersin vivondicating that that their chromatin configuration initial in vitrofindings in immunoprecipitation experiments. Both

allowed access for Zta's DNA-binding moiety. strategies independently identified two classes of putative Zta
binding sites. T-G-A-G-C/T-A/C-A (Figure 6E, top panel) lacks

Identification of consensus binding sites of Zta from any CpG pair and stands for several previously identified Zta

ChIP-seq data binding sites. The more frequent second class of ZREs is T-G-A-

The coverage data of mapped reads shown in the panels ¢f"&-G-A-G/T (Figure 6E, bottom panel), contains a consistent
Figures 2 to 5 suggested the discrete localization of ZREs in thEPS dinucleotide (underlined), is present in the ZRE2 site (T-G-

promoters of a number of viral genes. Although genomic regionéC-C-G-A-T) of theBRLF1promoter [13,25] but has not been

enriched with mapped reads could be inferred as approximatddentified elsewhere.

binding sites, the fragment length of approximately 200 bp pose Surprisingly, our analysis did not identify the previously
challenges for determining the exact protein-DNA binding siteProPosed sequences of the ZRE3 siteCfG-C-G-A-A) in the
within these regions [35]. We therefore applied algorithmsBRLF1promoter[13,15], of the distal ZRE site (€-G-C-T-C-C)
developed to delineate the exact localization of potential bindind" the cellularegrigene [38], or of the two ZREs in thBRRF1
sites. Because the data in Figures 2 to 5 indicated that Zta’s bingromoter (T-G-A-GE-G-T-G and T-C-G-C-CL-G-T) [14],
differently to unmethylated and CpG-methylated DNAs, we used"Vhich have been proposed to bind Zta when methylated.
the two data sets of oun vitrammunoprecipitation experiments
to investigate whether specific consensus motifs can explain theéta binds preferentially to CpG-methylated viral lytic
differences. We first determined the protein binding sites withpromoters
SISSRs (Site Identification from Short Sequence Reads [35]) and The results in Figures 2 to 5 suggested that Zta binds to a
subsequently used these sites to identify statistically overrepresemtmber of promoters of lytic viral genes when CpG-methylated.
ed consensus motifs within the inferred binding sites with thaVe used electrophoretic mobility shift assays (EMSAs) to re-
MEME (Multiple EM for Motif Elicitation) algorithm [36]. evaluate whether purified BZLF1 protein expressed in HEK293
SISSRs with standard settings was appliedronitroChlP-seq  cells can directly bind to viral promoter sequences in a CpG-
data for GFP:BZLF1-precipitated unmethylated and fully CpG- methylation-dependent fashion. We examined the promoters of
methylated EBV DNA. The analysis identified 126 and 200 eleven genes (Table S3 in Text S1), which are all indispensable for
potential peak calls, respectively, which tag the regions of higkBV’s lytic phase. Zta bound to the promoters of tBZLF1
sequence read densities. We employed MEME to identifyBHLF1, and BHRF1 genes irrespective of their status of CpG-
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Figure 4. Identification of methylation-dependent Zta binding to selected viral promoter elements /n vivo and in vitro. Deep
sequencing data obtained fromin vitro immunoprecipitation experiments with GFP:BZLF1 as in Figure 1 are plotted on selected genes and their
promoters as indicated. EBV DNA free of CpG-methylation (blue) and after full methylation by the methyltransferase M.Sssl (red) were used as probes
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S5in Text S1) fitting the data to the Hill equation [43]. In general,
Zta protein bound to CpG-methylated meZREs with considerably
higher affinities (I app 12 to 16nM) than to conventional
ZREs (K4, app 40 to 120nM) [44] or unmethylated meZREs
(Kg, app - 200nM) (Table 1). Interestingly, the heterodimeric Fos-
Jun and the homodimeric CREB proteins, members of the AP-1
family, were reported to bind to their cognate recognition motifs
with comparable affinities (10.8nM and 5nM, respectively) and in
the range of meZREs [45,46].

Discussion

Our data identify the structure and function of novel DNA
motifs, which Zta binds with increased affinities or even exclusively
when CpG-methylated. As revealed in our genome-wide search
(Figure 1 and data not shown) more than 20 viral early genes are
potentially regulated by Zta via meZREs. Promoters such as
BBLF4and BALF5(Figures 4A, 7) are bound and transactivated
by Zta, only, when their meZREs are CpG-methylated indicating
a newly appreciated level of regulation for the onset of EBV'’s Iytic
productive phase. Among others, these genes constitute an
essential class of viral proteins indispensable for EBV’s lytic
DNA replication. EBV DNA is unmethylated upon infection, and
this initial state of viral DNA insures an efficient block of EBV’s
lytic phase preventing the onset of virus production and
presumably cellular death of the newly infected cell. The failure
of Zta to bind to unmethylated viral DNA and transactivate
essential viral lytic genes shortly after infection therefore appears
as a prerequisite for stable latent infections of primary B cells
becauseBZLF1 is expressed immediately after infection [3,47].
Promoters oBBLF4and BALF5among other essential lytic genes
become responsive to Zta-mediated transcriptional activation only
later afterde novmethylation in latently infected cells [3].

The class of DNA sequences, which Zta binds only when CpG-

] - methylated, is without precedent and suggests an ingenious bypass
Figure 6. Motif discovery of Zta bound to unmethylated, CpG- to overcome the restricted state of epigenetic repression of silenced

methylated EBV DNA or Raji cell chromatin. ChlP-seq data and L .
deep sequencing data afterin vitro immunoprecipitation assays with chromatin with CpG-methylated DNA. Remarkably, Zta can gain

GFP:BZLF1 were analyzed with the SISSRs (default parameters) or QUES¥ECeSS to and bind-to these meZRiEsvivodespit_e the strictly
algorithms (kernel density estimate of 60, threshold value of 2) for repressed and heavily CpG-methylated chromatin of EBV DNA

putative stretches of DNA to which Zta binds. The outputs of SISSRs or (Supporting Figures S3, S5; Figures 2 to 5; data not shown).
QUEST were used as training sets for MEME, which identifies gapless,GFpP:BZLF1 encompasses Zta's DNA binding and dimerization
local, multiple sequence motifs [59]. (A) A total of 101 motifs were domains, only, suggesting that Zta’s binding to DNA is

identified in in vitro immunoprecipitation experiments followed deep ind d f - h . deli dior hi
sequencing with E.coli-derived EBV DNA free of CpG methylation. (B)AIn ependent of active chromatin remodeling and/or histone

total of 167 motifs were identified in in vitro immunoprecipitation modificationsin vivqFigures 2 to 5; Supporting Figure S2). It is
experiments followed deep sequencing with fully CpG-methylated likely that the transactivation domain of full length Zta induces
E.coli-derived EBV DNA. (C) The identified motifs in (B) were selected atthese modifications to facilitate transcription because Zta interacts
the level of the SISSRs training set data and grouped into ZRE motifs \yith CBP [48,49]. Promoters with meZREs are silent in Raji cells

with (bottom panel) and without (top panel) CpG dinucleotides : ; e hindi ; ;
followed by MEME analysis. (D) A total of 46 motifs were identified in but readily accessible to Zta's binding and poised for expression

ChlP-seq data after chromatin immunoprecipitations from Raiji cells (Suppo_rtmg FlgU['e S5), a SItL_latlon remlnlsce.nt of the bivalent
stably transfected with an expression plasmid encoding GFP:BZLF1 marks in chromatin of embryonic stem cells during developmental
(Supporting Figure S1). (E) The identified motifs in (D) were selected at differentiation [50-52].
the level of the QUEtST trai“i?g set data and groutflet? into ZR'IE “(W:Otgs Understanding how Zta binds meZREs with increased affinities
encompassing no (to anel) or one or more ottom pane : H H R ;
dinucIe%tides?Subs(querr)lt ME)ME analysis identififed two clgsses) of ERES_summarlzed in Tablle.l IS fundamer?tally |mp(.)rta.nt. Ztais a member
doi:10.1371/journal.ppat.1001114.g006 of the AP-1 transcn_ptlon factor far_nlly [91, wh|ch in marked contrgst
to many AP-1 family members binds non-palindromic recognition
elements as a homodimer (similar to homodimeric Jun-Jun). Zta can
dependent manner in the promoters BBLF4 BMRF1 BSLF2/ also bind to the classical, symmetric AP-1 consensus T-G-A-C/G-T-
BMLF1, andBALF5 As expected, CpG methylation of ZREs that C-A (Table 1). The crystal structure of this complex was solved [53],
do not include CpGs did not stimulate luciferase activity aswhich, however, does not resolve the riddle of how Zta binds with
exemplified by theBHLF1 promoter (Figure 9). In EMSASs, the similar affinities to asymmetric recognition motifs of conventional
fraction of Zta-bound oligonucleotides with selected, single ZREZREs and to meZREs with even higher affinities when methylated
was measured as a function of protein concentration (Supportinfl5]. In fact, heterodimeric Fos-Jun and ATF2-Jun complexes
Figure S6). The affinity of Zta transiently expressed in and purifiecexhibit orientation-dependent preferences in binding to AP-1 sites
from HEK293 cells was determined for the different ZREs (Table[54] suggesting non-identical recognition of the two half sites of the
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