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Abstract

Subversion of host immune surveillance is a crucial step in viral pathogenesis. Epstein-Barr

virus (EBV) encodes two immune evasion gene products, BCRF1 (viral IL-10) and BPLF1

(deubiquitinase/deneddylase); both proteins suppress antiviral immune responses during

primary infection. The BCRF1 and BPLF1 genes are expressed during the late phase of the

lytic cycle, an essential but poorly understood phase of viral gene expression. Several late

gene regulators recently identified in beta and gamma herpesviruses form a viral pre-initia-

tion complex for transcription. Whether each of these late gene regulators is necessary for

transcription of all late genes is not known. Here, studying viral gene expression in the

absence and presence of siRNAs to individual components of the viral pre-initiation com-

plex, we identified two distinct groups of late genes. One group includes late genes encoding

the two immunoevasins, BCRF1 and BPLF1, and is transcribed independently of the viral

pre-initiation complex. The second group primarily encodes viral structural proteins and is

dependent on the viral pre-initiation complex. The protein kinase BGLF4 is the only known

late gene regulator necessary for expression of both groups of late genes. ChIP-seq analy-

sis showed that the transcription activator Rta associates with the promoters of eight late

genes including genes encoding the viral immunoevasins. Our results demonstrate that late

genes encoding immunomodulatory proteins are transcribed by a mechanism distinct from

late genes encoding viral structural proteins. Understanding the mechanisms that specifi-

cally regulate expression of the late immunomodulatory proteins could aid the development

of antiviral drugs that impair immune evasion by the oncogenic EB virus.
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Author Summary

Late proteins are expressed during the productive cycle of Epstein-Barr virus (EBV) after

the onset of viral DNA replication. Many late proteins serve structural functions; they

form the capsid shell around the viral genome or mediate attachment and fusion of the

virus to the host cell. EBV also encodes two late proteins that suppress the immune system

during primary infection. The current model suggests that transcription of all late genes is

regulated by a common mechanism involving seven late gene regulators. Here, we dem-

onstrate that late genes encoding two viral immune suppressants are transcribed by a

mechanism different from that regulating late genes encoding structural proteins. Abol-

ishing expression of the late immunomodulators without disrupting expression of the

antigenic viral structural proteins could serve as an approach to block EBV de novo infec-

tion and its associated malignancies.

Introduction

Late genes represent more than one third of the herpesvirus genome. The functions of many

of these genes are indispensable for the life cycle of the virus. Late genes encode structural pro-

teins that form the viral capsid, and glycoproteins that mediate virus attachment, fusion and

entry during primary infection. Other late proteins also mediate essential events during virion

assembly and maturation such as viral DNA cleavage and packaging into pre-formed capsids,

capsid envelopment, and egress of infectious particles. Furthermore, late proteins play an inte-

gral role in suppressing the immunogenicity of infected cells.

Here we investigate the expression of late genes in Epstein-Barr virus (EBV), an oncogenic

gamma herpesvirus associated with several forms of cancer including Burkitt lymphoma [1],

nasopharyngeal carcinoma [2, 3], Hodgkin lymphoma [4], gastric carcinoma [5, 6], post-trans-

plant lymphoproliferative disease [7, 8], and AIDS-associated lymphoma [9]. Currently, there

are no drugs or vaccines that can interfere with EBV primary infection. Studying the mecha-

nisms that regulate the various phases of the virus life cycle is crucial to generate new means to

control EBV infection and its associated diseases.

While late products play an essential role in the life cycle of EBV, key players regulating

their expression have only been recently identified. We described two EBV-encoded proteins

that regulate synthesis of late mRNAs [10]. These two late gene regulators are BGLF3, an early

protein that has no cellular homologs or identifiable domains, and BGLF4, a serine/threonine

protein kinase conserved in all herpesviruses. Knockdown of BGLF3 or BGLF4 selectively

abolished expression of late genes independent of any effect on expression of early genes or

viral DNA replication [10]. The mechanism by which BGLF4 regulates expression of late genes

is not clear; however, the kinase activity of BGLF4 is indispensable for accumulation of late

products. BGLF3 is part of a viral pre-initiation complex (vPIC) dedicated for transcription of

late genes [11]. The complex contains at least five additional early lytic proteins. These proteins

are: BcRF1, BDLF3.5, BDLF4, BFRF2, and BVLF1. Knockout of BcRF1, BDLF4, BVLF1,

BDLF3.5 and BFRF2 disrupts expression of late genes [11–14]. However, the exact function of

several of these late gene regulators is still unknown.

The current model suggests that late gene regulators assemble together to form a viral pre-

initiation complex (vPIC) that mediates recruitment of the RNA polymerase II complex

(RNAPII) to late promoters. In support of this model, disrupting expression of the murine

gamma herpesvirus BGLF3 or BDLF3.5 orthologs reduced association of the large catalytic

subunit (RPB1) of RNAPII to late promoters [15]. Selective recognition of late promoters is
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mediated by the late gene regulator BcRF1, a viral protein predicted to have a saddle-like pro-

tein-fold that is characteristic of the cellular TATA-box binding protein (TBP) [13, 16]. The

binding specificity of BcRF1 (vTBP) is different than cellular TBP. BcRF1 preferentially binds

to a TATT element (with a T rather than A at the fourth position) that is present in most late

promoters [13, 17]. BcRF1 directly interacts with subunits of RNAPII and recruits the poly-

merase complex to late promoters [11]. Similar observations were reported for ORF24, the

ortholog of vTBP in Kaposi’s sarcoma-associated herpesvirus [18]. Mutations in ORF24 that

disrupt its interaction with RPB1 or the TATT sequence present in late promoters abolished

synthesis of late transcripts [19]. HCMV UL79, the ortholog of EBV BVLF1, functions as an

elongation factor of RNAPII during the late phase of viral gene expression [20]. Sub-nuclear

localization studies revealed that late gene regulators assemble in replication compartments

and that true late genes are transcribed from newly replicated viral DNA [14, 21, 22]. Forma-

tion of replication compartments might increase the local concentration of these late gene reg-

ulators and promote their interaction with replication proteins to stimulate synthesis of late

transcripts.

Despite recent advances in identifying virally encoded late gene regulators, many questions

remain. One specific question that we address here is whether the same set of late gene regula-

tors activates expression of all late genes. In this study we began by knocking down expression

of BGLF3 and examined the EBV transcriptome during the late phase of lytic infection. We

found that transcript levels of several late genes were not altered by the absence of BGLF3. We

focused on four of these BGLF3-independent genes that are expressed with true late kinetics.

We demonstrated that expression of this subclass of late genes is regulated by the BGLF4 pro-

tein kinase but not by other known late gene regulators. Interestingly, two of the BGLF3-inde-

pendent late genes, BCRF1 and BPLF1, function as immunomodulators. BCRF1, a homolog of

human IL10 (vIL10), and BPLF1, a deneddylase/deubiquitinase (vDUB) protein, suppress

immune recognition during the productive lytic cycle and viral de novo infection [23–27]. Our

findings show that the mechanism regulating expression of EBV antigenic late structural pro-

teins differs from that of late immunosuppressants.

Results

Gene expression profiling reveals a new subclass of late genes

transcribed in the absence of BGLF3

Recently we identified BGLF3 as a lytic product essential for transcription of late genes from

the endogenous viral genome [10]. Silencing expression of BGLF3 selectively reduced the level

of three late transcripts, BFRF3 (minor viral capsid protein), BcLF1 (major viral capsid pro-

tein) and BdRF1 (scaffold protein), but had no effect on the level of an early transcript,

BMRF1 (the polymerase processivity factor), or the capacity of the virus to amplify its genome

[10]. To determine which lytic genes require the function of BGLF3 for their expression, we

studied the EBV transcriptome in the absence and presence of siRNA to BGLF3 (siBGLF3).

We transfected 2089 cells, 293 cells harboring wild type EBV bacmid, with an expression vec-

tor encoding ZEBRA, the lytic cycle activator, either alone or together with 50 nM siBGLF3. A

Western blot analysis was performed 48h after transfection to confirm induction of the lytic

cycle in cells transfected by ZEBRA. Co-transfection of siBGLF3 markedly reduced the level of

late FR3 protein, in accordance with our previous data [10]. Total RNA was purified and sub-

jected to RNA-seq analysis. The relative abundance of each transcript was estimated as the

number of reads mapping to a particular gene normalized to the total number of viral reads

[28, 29]. Fig 1 compares the abundance of each transcript in the absence and presence of

siBGLF3. The change in expression is represented as a log base 2-fold. The kinetic classes of
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EBV genes were assigned based on viral gene classification reported by Yuan et al [30]. Viral

transcripts with a negative fold-change represent EBV genes whose expression is dependent

on the presence of BGLF3, and vice versa. We found that silencing of BGLF3 reduced expres-

sion of 23 late genes. This result supports our previous conclusion that BGLF3 is a late gene

regulator [10]. However, the level of several late transcripts, e.g. BTRF1 (tegument protein),

BPLF1 (vDUB), BCRF1 (vIL10), and BSRF1 (tegument protein, homolog of HHV1 UL51, an

egress protein), was not affected by the lack of BGLF3 (Fig 1 and S1 Fig). We refer to these

genes as the BGLF3-independent late genes. This finding suggests that some late genes might

be expressed in a manner independent of BGLF3. Thus, expression of late genes could be regu-

lated by more than one mechanism.

A subset of EBV late genes is expressed in the absence of BGLF3

Our RNA-seq data suggests that BGLF3 is dispensable for expression of several lytic genes that

were previously categorized as late (Fig 1) [30]. To verify this result we used RT-qPCR to com-

pare expression of four BGLF3-independent genes (BTRF1, BPLF1, BCRF1, and BSRF1) with

two early genes, BMRF1 and BRLF1 (transcription activator), and five BGLF3-dependent late

genes, BdRF1 (scaffold protein), BLLF1 (glycoprotein gp350), BFRF3 (minor viral capsid pro-

tein), BDLF1 (triplex capsid protein), and BLRF2 (tegument protein), with and without

siBGLF3. Selection of the four BGLF3-independent late genes was based on our capacity to

establish their true late kinetics using RT-qPCR. The comparison was performed in 2089 cells

Fig 1. Knockdown of BGLF3 spares the expression of a subgroup of late genes. Comparison of the EBV transcriptome in the absence and presence

of siRNA to BGLF3 (siBGLF3). Deep sequence analysis was performed on mRNA purified from ZEBRA-transfected 2089 cells at a late time point (48h)

during lytic infection. Red bars represent fold-change in expression of late genes; blue bars represent latent and early genes. Fold-change in expression was

calculated as the ratio of the number of normalized reads per transcript in the presence of siBGLF3 to the number of reads in the absence of siBGLF3.

BPLF1, BSRF1, BCRF1 and BTRF1 represent lytic EBV genes previously categorized as late but were expressed in the absence of the late gene regulator,

BGLF3. This subclass of genes is referred to as BGLF3-independent late genes.

doi:10.1371/journal.ppat.1006008.g001
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transfected with empty vector (CMV), ZEBRA (Z), or ZEBRA plus siBGLF3 (50 nM). Expres-

sion of ZEBRA in 2089 cells triggered the lytic cycle leading to accumulation of the early

BMRF1 and the late FR3 proteins (Fig 2A lane 2). Silencing expression of BGLF3 reduced the

level of FR3 but had no effect on the protein level of BMRF1 (Fig 2A lane 3). To demonstrate

that the effect of siBGLF3 on late gene expression is specific to silencing BGLF3 rather than an

off-target activity, we inserted silent mutations to generate a form of BGLF3 that is resistant to

the siRNA (rBGLF3). Co-transfection of rBGLF3 in lytic 2089 cells suppressed the effect of

siBGLF3 on synthesis of late products and restored expression of the late FR3 protein (Fig 2A

lane 4 and [10]).

Fig 2B compares expression of eleven lytic transcripts in the absence and presence of

BGLF3. Change in expression was calculated as the amount of mRNA detected in cells trans-

fected with ZEBRA or ZEBRA plus siBGLF3 (50 nM) relative to empty vector. The relative

concentration of each transcript was corrected according to the level of GAPDH mRNA mea-

sured in the same sample. Knockdown of BGLF3 expression did not reduce the level of the

two early transcripts, BRLF1 and BMRF1 (Fig 2B); instead a slight increase was detected. In

agreement with the RNA-seq data presented in Fig 1, knockdown of BGLF3 significantly

reduced the level of the five BGLF3-dependent late genes but did not significantly decrease

expression of the four BGLF3-independent late genes (Fig 2B and S1 Table). This result sup-

ports the model for the presence of at least two subclasses of late genes that differ in their

mechanisms of expression based on the requirement of BGLF3.

Four BGLF3-independent genes are expressed with true late kinetics

BGLF3 reportedly functions in a viral pre-initiation complex dedicated to transcription of late

genes [11]. Thus, it was imperative to assess the kinetics of expression of the BGLF3-indepen-

dent genes. Typically, EBV late genes are synthesized only after the onset of viral DNA replica-

tion. To examine temporal expression of the BGLF3-independent genes, we transfected 2089

cells with ZEBRA in the absence or presence of an inhibitor of viral DNA replication, phos-

phonoacetic acid (PAA) [31]. Addition of PAA to 2089 cells transfected with ZEBRA blocked

expression of the true late FR3 protein (Fig 3A, compare lanes 2 and 4). However, PAA treat-

ment did not reduce the level of ZEBRA or the early BMRF1 protein.

Using RT-qPCR, we compared expression of eleven lytic genes: four BGLF3-independent,

two early and five BGLF3-dependent late genes (Fig 3B). Fold expression was calculated as the

ratio of a particular transcript in lytic 2089 cells transfected with ZEBRA versus non-lytic cells

transfected with empty vector. The level of a particular mRNA in the absence or presence of

PAA was corrected to the level of GAPDH in the same sample. PAA treatment reduced the

level of all eleven mRNAs regardless of their kinetic class. However, the effect of PAA on

expression of BGLF3-dependent late genes was drastically more reduced than its effect on

early genes. Addition of PAA to lytic cells decreased early gene expression to an average of

52% but BGLF3-dependent late genes to an average of 2% relative to lytic cells without PAA.

Expression of the four BGLF3-independent late genes (BTRF1, BPLF1, BCRF1 and BSRF1)

was markedly reduced to an average of 4% relative to ZEBRA-transfected 2089 cells not treated

with PAA. These results with PAA strongly indicate that at least four of the BGLF3-indepen-

dent genes were expressed with true late kinetics.

To confirm the late kinetics of BTRF1, BPLF1, BCRF1 and BSRF1, we studied their expres-

sion in delta BMRF1 cells (293 cells carrying EBV-bacmid with deletion in the BMRF1 gene).

BMRF1 is a component of the viral DNA polymerase holo-enzyme [32] and is indispensable

for viral genome amplification (S2A Fig and [33]). Expression of ZEBRA in delta BMRF1 cells

induced synthesis of the two early transcripts BRLF1 and BBLF2/3 (S2B and S2C Fig), but
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failed to induce synthesis of late BLLF1 gene (S2D Fig) and the four BGLF3-independent

genes (S2E–S2H Fig). Co-expression of ZEBRA and BMRF1 restored viral DNA replication,

expression of the late FR3 viral capsid protein (S2A Fig) and synthesis of late transcripts

including the four studied BGLF3-independent genes (S2D–S2H Fig). These results provide

strong evidence that BTRF1, BPLF1, BCRF1 and BSRF1 are true late genes expressed in the

absence of the BGLF3 late gene regulator.

Silencing expression of the EBV late gene regulators maintains viral

DNA replication but selectively abolishes synthesis of late products

In addition to BGLF3, EBV encodes five other late gene regulators that were previously shown

to be essential for activation of late promoters in reporter assays [11]. These proteins are:

BcRF1, BDLF4, BFRF2, BVLF1 and BDLF3.5. All six late gene regulators are thought to assem-

ble on late promoters to form a distinct viral pre-initiation complex (vPIC) for transcription of

late genes [11]. As illustrated in Fig 4, we used siRNAs specific to each of the five late gene reg-

ulators to study their roles in activation of late genes from the endogenous viral genome. The

capacity of these siRNAs to disrupt expression of late genes was studied in 2089 cells trans-

fected with ZEBRA (Z), or ZEBRA plus siRNA. We selected siRNAs that had no effect on

expression of the early BMRF1 protein but markedly reduced expression of the late FR3 pro-

tein (Figs 4A and S3). Using RT-qPCR, we examined the capacity of the selected siRNAs to

knockdown expression of their corresponding mRNA (S4 Fig). The specificity of the selected

siRNAs was further assessed by generating siRNA-resistant forms of BcRF1 (rBcRF1), BDLF4

(rBDLF4), BFRF2 (rBFRF2), and BVLF1 (rBVLF1). Expression of rBcRF1, rBDLF4, rBFRF2,

and rBVLF1 suppressed the effect of the corresponding siRNA on synthesis of the late FR3

protein (S5 Fig). The specificity of siBGLF3 and siBGLF4 was previously established using a

similar approach (Fig 2A and [10]). These results demonstrate that the effect of each of the

selected siRNAs on the late phenotype was specific to silencing expression of its corresponding

late gene regulator. Altogether, our data suggest that BcRF1, BDLF4, BFRF2, BVLF1, and

BDLF3.5 are individually essential for expression of late genes from the endogenous virus

genome; none of these regulators play a redundant role in synthesis of late products.

To determine whether any of the late gene regulators affect the process of viral genome

amplification, we purified DNA from 2089 cells transfected with ZEBRA alone or together

with 80 nM of each siRNA. Using qPCR, we found that transfection of ZEBRA increased the

level of intracellular viral DNA by 286-fold relative to cells transfected with empty vector.

None of the siRNAs to late gene regulators compromised the capacity of the virus to amplify

its genome (Fig 4B).

Knockdown of individual late gene regulators abolishes production of

new virus particles

In the previous experiment (Fig 4), we demonstrated that disrupting expression of any of the

late gene regulators reduced the level of late transcripts without affecting expression of early

Fig 2. A subclass of late genes is expressed in the absence of BGLF3. A) Western blot analysis of 2089 cell lysates demonstrating the

effect of siBGLF3 on expression of EBV early (BMRF1) and late (FR3) proteins. The effect of siBGLF3 on expression of the late FR3 protein

was suppressed by expressing a form of BGLF3 resistant to the siRNA (rBGLF3) (lane 4). B) The effect of siBGLF3 on expression of early

and late EBV genes was analyzed by RT-qPCR. 2089 cells were transfected with ZEBRA or ZEBRA plus siBGLF3 and harvested at 48h

after transfection. Change in expression was calculated by dividing the level of each transcript in the absence of BGLF3 by the level of the

same transcript in the presence of BGLF3. Dotted white bars represent early genes, dotted black bars represent late genes, and diagonally

stripped bars denote BGLF3-independent genes. The number of biological replicates is indicated for each transcript (n). FR3, BFRF3; Z,

ZEBRA, and siBGLF3, siRNA to BGLF3.

doi:10.1371/journal.ppat.1006008.g002
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genes or amplification of the viral genome. To determine whether such reduction in late tran-

scripts impacts the amount of virus particles released, we purified DNA encapsidated in viri-

ons from culture medium of the same samples that were used to generate the data in Fig 4.

Quantitative PCR was employed to assess the amount of extracellular virion-protected DNA.

The level of extracellular viral DNA detected in the culture medium of 2089 cells transfected

with a ZEBRA expression vector was approximately 150-fold higher relative to cells transfected

with a control plasmid. Co-transfection of ZEBRA plus siBcRF1, siBDLF4, siBFRF2, siBVLF1,

siBDLF3.5, or siBGLF3 reduced the level of extracellular encapsidated viral DNA to 16%,

7.8%, 13%, 1.4%, 23.8%, and 6.9% compared to ZEBRA alone, respectively (Fig 5). In conclu-

sion, while none of the siRNAs diminished the level of intracellular EBV DNA, all siRNAs sig-

nificantly reduced the level of encapsidated viral DNA released from lytic infected cells. These

results suggest that knockdown of late gene regulators affects expression of late genes and sub-

sequent events but has no effect on early events and viral DNA replication.

BcRF1 is required for the BGLF3-dependent late genes but is

dispensable for transcription of the BGLF3-independent late genes

BcRF1 is a TATA box-binding protein that was previously reported to be required for efficient

expression of late gene transcripts in the EBV lytic cycle [13]. Expression of the viral late genes

BcLF1, BDLF1 and BLLF1, all of which encode virion structural proteins, was attenuated in

the absence of BcRF1 [13]. To determine the effect of BcRF1 on the newly identified

BGLF3-independent late genes, we induced lytic infection in 2089 cells by transfecting ZEBRA

alone or ZEBRA plus siRNA against BcRF1. Fig 6A shows the level of transcriptional expres-

sion of each gene in the absence of BcRF1 compared to levels measured from samples express-

ing BcRF1. When BcRF1 was knocked down, the early genes BMRF1 and BRLF1 were not

significantly affected: BMRF1 was reduced by 1.3-fold (24%) while BRLF1 increased by

1.3-fold (25%). However, the levels of the late BcLF1 and BLLF1 transcripts significantly

decreased by 5.6-fold (82%) and 5.0-fold (80%), respectively, compared to the levels detected

in samples without siBcRF1 (Fig 6A). Three additional BGLF3-dependent late genes were also

significantly impacted; BdRF1, BFRF3 and BLRF2 decreased 10.8-fold (91%), 5.8-fold (83%),

and 5.6-fold (82%), respectively, compared to samples not treated with siBcRF1. When fold-

changes of early and BGLF3-dependent late genes were averaged and statistically analyzed as a

group, the difference between early and late transcripts was significant (p = 0.002) (Fig 6B).

The BGLF3-independent subset of late genes was only modestly affected by knockdown of

BcRF1; BPLF1, BCRF1 and BSRF1 were reduced by 1.2-fold (14%), 1.6-fold (37%), and

1.7-fold (42%), respectively. Due to the co-terminal nature of the BcRF1 and BTRF1 tran-

scripts, siBcRF1 reduced the level of the BTRF1 transcript by 2.3-fold (57%). Unlike the effect

of siBcRF1 on expression of BGLF3-dependent late genes, changes in expression of the

BGLF3-independent late genes, excluding BTRF1, were not statistically significant among bio-

logical replicates (S1 Table). Thus, the expression pattern of the BGLF3-independent late

genes in the presence of siBcRF1 was similar to early genes and different than late genes encod-

ing structural proteins (Fig 6A and S1 Table). The average fold-change between BGLF3-depen-

dent late and BGLF3-independent late genes upon exposure to siBcRF1 is significant

Fig 3. Phosphonoacetic acid inhibits expression of four BGLF3-independent genes. A) Western blot analysis of 2089 cell lysates

assessing the effect of siBGLF3 and phosphonoacetic acid (PAA), an inhibitor of viral DNA replication, on expression of viral genes. B) The

effect of phosphonoacetic acid (PAA) on expression of EBV early (dotted white bars), late (dotted black bars) and BGLF3-independent

(diagonally stripped bars) genes in lytic 2089 cells. RT-qPCR was used to assess the level of each transcript. BTRF1, BPLF1, BCRF1 and

BSRF1 represent a new subclass of late genes expressed in a manner independent of BGLF3. The value of (n) indicates the number of

biological replicates. FR3, BFRF3; Z, ZEBRA, and siBGLF3, siRNA to BGLF3.

doi:10.1371/journal.ppat.1006008.g003

Transcription of EBV Late Immunoevasins

PLOS Pathogens | DOI:10.1371/journal.ppat.1006008 November 17, 2016 9 / 32



Transcription of EBV Late Immunoevasins

PLOS Pathogens | DOI:10.1371/journal.ppat.1006008 November 17, 2016 10 / 32



(p = 0.0007), whereas the change between early and BGLF3-independent late genes is not sig-

nificant (p = 0.13) (Fig 6B). These results demonstrate that while BcRF1 is, in fact, necessary

for the expression of a number of late genes, the BGLF3-independent subset of late genes do

not require the virally encoded TBP.

Similar findings showing that vTBP is dispensable for expression of BCRF1 (vIL10) were

also observed in EBV-infected HH514-16 Burkitt lymphoma cells (S6 Fig). First, we examined

whether BCRF1 is expressed with late kinetics by treating ZEBRA-transfected HH514-16 cells

with two concentrations of PAA, 0.3 and 0.4 mM. We found that PAA treatment had no effect

on synthesis of BMRF1 mRNA and protein relative to untreated cells (S6A and S6D Fig) but

Fig 4. Knockdown of individual late gene regulators disrupts expression of the late FR3 protein without affecting

viral DNA replication. A) Western blot analysis of cell lysates prepared from 2089 cells transfected with empty vector,

ZEBRA or ZEBRA together with siRNAs towards BcRF1, BDLF4, BFRF2, BVLF1, BDLF3.5, and BGLF3. The membrane

was probed with antibodies against BMRF1 (early protein), BFRF3 (late protein) and GAPDH as a loading control. B)

Quantitative measurement of the amount of viral genome amplification in each condition using real time PCR. The amount of

DNA per sample was corrected for the level of 18S DNA. FR3, BFRF3, and Z, ZEBRA.

doi:10.1371/journal.ppat.1006008.g004

Fig 5. Silencing expression of individual late gene regulators reduced virion production. The level of extracellular DNA enclosed in virus particles was

assessed by quantitative PCR. Cell culture media from samples used to generate Fig 4 were digested with DNase-1 to remove free extracellular DNA. Virion

DNA was released by proteinase-K digestion and quantitated using primers towards EBV oriLyt. The relative amount of encapsidated DNA was calculated

using the standard curve method. Z, ZEBRA.

doi:10.1371/journal.ppat.1006008.g005
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markedly reduced expression of the two late genes, BFRF3 (S6B and S6D Fig) and BCRF1

(S6C Fig). Second, we knocked down the late gene regulator vTBP and assessed expression of

BMRF1, BFRF3, and BCRF1 as examples of early, BGLF3-dependent late and BGLF3-indepen-

dent late genes, respectively. We found that expression of BMRF1 and BCRF1 was not affected

by siBcRF1 relative to cells transfected with ZEBRA alone, yet expression of BFRF3 was

markedly reduced. These results suggest that BCRF1 is a late gene that is expressed in the

absence of vTBP BcRF1, one of the main components of the viral pre-initiation complex.

Absence of late gene regulators BDLF4, BFRF2, BVLF1 and BDLF3.5

does not affect accumulation of the BGLF3-independent late transcripts

Four EBV lytic proteins (BDLF4, BFRF2, BVLF1 and BDLF3.5) in addition to the viral BcRF1

function as regulators of transcription of EBV late genes ([11, 12] and Fig 4). In order to deter-

mine if these regulators also impact expression of the BGLF3-independent subset of late genes,

we activated the lytic cycle in 2089 cells by transfecting ZEBRA along with siRNA against each

of the four late gene regulators. RNA was purified and expression of viral genes was studied

using RT-qPCR.

We investigated the effect of siBDLF4 on expression of early, BGLF3-dependent late, and

BGLF3-independent late genes. Knockdown of BDLF4 did not reduce transcription of early

genes; on the contrary, the level of the BRLF1 early transcript slightly increased compared to

samples not treated with siBDLF4 (Fig 7A). Significant decrease in expression of the

BGLF3-dependent late transcripts, ranging from 5.1-fold (81%) to 9-fold (89%), was detected

Fig 6. Expression of the four late BGLF3-independent genes does not require BcRF1, the EBV-encoded TBP-like protein. A) The effect of silencing

expression of BcRF1 on the level of eleven lytic transcripts was determined by RT-qPCR. Two of these transcripts are expressed early (BRLF1 and BMRF1);

nine transcripts are expressed late. Of the nine late transcripts, five are BGLF3-dependent (BdRF1, BLLF1, BFRF3, BcLF1, BLRF2) and four are

BGLF3-independent (BTRF1, BPLF1, BCRF1, and BSRF1). Expression of these genes was determined using RT-qPCR of mRNA purified from 2089 cells

transfected with ZEBRA or ZEBRA plus siBcRF1. The relative abundance of each transcript was calculated using the ΔΔCT method. The fold-change in

expression of each transcript was determined by dividing the relative abundance of each transcript in the absence and presence of siBcRF1. Letter (n)

represents the number of biological replicates. B) A graph illustrating combined changes in expression among the three groups of EBV lytic genes as a result

of silencing BcRF1. Asterisks denote statistically significant differences; ns, marks non-statistically significant difference; G3, BGLF3, and Z, ZEBRA.

doi:10.1371/journal.ppat.1006008.g006
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in cells transfected with ZEBRA plus siBDLF4 relative to cells solely transfected with ZEBRA

(Fig 7A and S1 Table). However, expression of the BGLF3-independent late gene transcripts

was not significantly altered in the absence of BDLF4 (S1 Table). The level of the late BTRF1

transcript increased by 1.3-fold (32%) relative to cells transfected with ZEBRA alone, whereas

the level of the three other BGLF3-independent late transcripts, BPLF1, BCRF1 and BSRF1,

decreased by 1.4-fold (29%), 1.3-fold (22%), and 1.5-fold (35%), respectively (Fig 7A).

Similarly, silencing BFRF2, BVLFI, and BDLF3.5 did not markedly affect accumulation of

early or BGLF3-independent late genes but significantly reduced expression of BGLF3-depen-

dent late genes (Figs 7C, 8A and 8C). A marginal effect of all three siRNAs on the level of early

transcripts was observed, ranging from a 1.2-fold (15%) decrease to a 1.3-fold (32%) increase

Fig 7. The late gene regulators BDLF4 and BFRF2 are dispensable for expression of BGLF3-independent late genes. The bar graph depicts the effect

of silencing expression of BDLF4 (panel A) and BFRF2 (panel C) on the level of eleven transcripts that represent early, late BGLF3-dependent and late

BGLF3-independent lytic genes. The experiments were performed in 2089 cells transfected with empty vector, ZEBRA or ZEBRA plus the indicated siRNA.

The cells were harvested 48h after transfection. The data were compiled from replicate experiments indicated for each transcript by (n). The bar graphs in

panels (B) and (D) illustrate combined changes in fold expression among the three subclasses of lytic genes as a result of transfecting siBDLF4 or siBFRF2.

Asterisks denote statistically significant differences; ns, mark non-statistically significant difference; G3, BGLF3, and Z, ZEBRA.

doi:10.1371/journal.ppat.1006008.g007
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relative to expression in cells transfected with ZEBRA alone. Likewise, knockdown of the three

late gene regulators, BFRF2, BVLFI, and BDLF3.5 only modestly changed the level of expres-

sion of the BGLF3-independent late genes resulting in 1.2-fold (21%) to 1.5-fold (48%)

increase in the amount of BTRF1 mRNA; 1.4-fold (29%) to 1.7-fold (40%) decrease in the level

of BPLF1 mRNA, and no-change to 1.3-fold (22%) and 1.4-fold (29%) reduction in the levels

of BCRF1 and BSRF1 transcripts, respectively. In contrast, transfection of siBFRF2, siBVLF1,

or siBDLF3.5 resulted in significant reduction in expression of the BGLF3-dependent late

genes that ranged from 5.6-fold (82%) to 10.9-fold (91%), 6.6-fold (85%) to 11.7-fold (91%),

and 4.8-fold (79%) to 7.2-fold (86%), respectively (S1 Table).

Fig 8. BGLF3-independent late genes are expressed in the absence of BVLF1 and BDLF3.5. A and C) The bar graphs depict the effect of silencing

BVLF1 and BDLF3.5 on expression of three groups of lytic genes: early, late BGLF3-dependent and late BGLF3-indpendent. Expression of these genes was

determined using RT-qPCR of total RNA purified from 2089 cells transfected with ZEBRA expression vector in the absence and presence of the indicated

siRNAs. The data was assembled from replicate experiments; the number of experiments is denoted for each transcript by letter (n). B and D are graphs that

illustrate collective changes in expression among the three groups of EBV lytic genes as a result of knocking down BVLF1 or BDLF3.5. Asterisks denote

statistically significant differences; ns, mark non-statistically significant difference; G3, BGLF3, and Z, ZEBRA.

doi:10.1371/journal.ppat.1006008.g008
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A statistical approach averaging fold-changes in expression of the three categories of lytic

genes revealed similar outcomes among the four siRNAs targeting late gene regulators (Figs

7B, 7D, 8B and 8D). Variations in averaged fold-changes indicated that differences in expres-

sion between early and BGLF3-dependent late genes were statistically significant for each of

the used siRNAs (siBDLF4 p = 0.0014, siBFRF2 p = 0.0008, siBVLF1 p = 0.0002, and siBDLF3.5

p< 0.0001). Differences in the averaged fold-changes between BGLF3-dependent and

BGLF3-independent late genes were statistically significant (siBDLF4 p = 0.0016, siBFRF2 p =
0.0012, siBVLF1 p = 0.0014, and siBDLF3.5 p = 0.0004). However, no statistical significance

was observed when comparing the averaged fold-changes of early and BGLF3-independent

late genes. These results reinforce the conclusion that the pattern of expression of the

BGLF3-independent late genes is similar to early genes and is independent of the action of the

conventional late gene regulators.

BGLF4 is essential for transcription of the BGLF3-independent and

BGLF3-dependent late genes

Recently we showed that BGLF4 plays an indispensable role in regulation of late gene expres-

sion [10]. To determine whether knockdown of BGLF4 disrupts expression of the BGLF3-in-

dependent late genes, we transfected 2089 cells with empty vector, or ZEBRA expression

vector in the absence and presence of siRNA to BGLF4. We used Western blot analysis to

assess expression of BMRF1 as a marker for induction of the lytic cycle by ZEBRA. BMRF1 is

also a bona fide substrate of BGLF4. Silencing expression of the BGLF4 kinase abolished the

hyperphosphorylated form of BMRF1 as well as expression of the late BFRF3 gene encoding

the small viral capsid protein (Fig 9A). These results confirm our previously published findings

showing that BGLF4 is necessary for late gene expression.

Using RT-qPCR we found that silencing expression of BGLF4 marginally reduced the level

of the two early transcripts, BMRF1 and BRLF1, by 1.1- and 1.5-fold but markedly reduced the

transcript level of both the BGLF3-dependent and the BGLF3-independent subclasses of late

genes (Fig 9B and 9C). Our findings demonstrate that the viral BGLF4 protein kinase is the

only known late gene regulator necessary for expression of the BGLF3-independent late genes.

Rta associates with the promoters of two BGLF3-independent genes

during the late phase of the EBV lytic cycle

In an attempt to understand the mechanism that regulates expression of the BGLF3-indepen-

dent late genes, we searched the primary sequence of BTRF1, BPLF1, BSRF1, and BCRF1 pro-

moters for common potential binding sites of viral and cellular transcription factors. We

found that all four BGLF3-independent late promoters contained putative Rta response ele-

ments (RREs) that conform to the GNCC(N)9GGNG consensus sequence [34, 35]. To deter-

mine whether Rta binds to these RREs in vivo, we performed chromatin immunoprecipitation

using a polyclonal antibody against Rta in delta Rta/ZEBRA cells (293 cells harboring EBV-

bacmid with deletions in the genes encoding the lytic cycle activators, Rta and ZEBRA).

Ectopic expression of both ZEBRA and Rta in delta Rta/ZEBRA cells is necessary to induce the

lytic cycle and to activate viral DNA replication. The cells were transfected with CMV (empty

vector), or Rta plus ZEBRA, and harvested after 48h. Rta occupancy was assessed using next

generation DNA sequencing of the chromatin-immunoprecipitated DNA. Among the four

BGLF3-independent late genes, the promoters of two genes, BCRF1 and BSRF1, exhibited Rta

binding peaks that met our criteria for significance (see methods). Three Rta binding peaks

were observed upstream of the BPLF1 gene that coincided with predicted Rta binding sites;

however, none of the three peaks showed significant binding of Rta when compared to input
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samples (Fig 10). No obvious peaks were detected upstream of the BTRF1 gene (S7 Fig). To

further confirm association of Rta with the BGLF3-independent late promoters, we repeated

the ChIP experiment using quantitative PCR to determine association of Rta with the promot-

ers of BCRF1, BSRF1, and BPLF1 (Fig 11). As a control, we assessed binding of Rta to the

upstream and enhancer regions in the origin of lytic replication (oriLyt). Previous reports, and

our current ChIP-seq data (Fig 10) demonstrated that Rta binds to two RREs present in the

enhancer element but does not bind to the upstream region of oriLyt [36–38]. Relative associa-

tion of Rta with BCRF1p, BSRF1p, BPLF1p and the enhancer region of oriLyt increased by 14-

Fig 9. BGLF4 regulates expression of the BGLF3-independent subclass of late genes. A) Immunoblot demonstrating the effect of silencing expression

of BGLF4 on the phosphorylation of BMRF1 and the expression of the late viral capsid FR3 protein. B) The bar graph illustrates the effect of silencing BGLF4

on the transcript level of early, BGLF3-dependent and BGLF3-independent late genes. The data were compiled from replicate experiments indicated for each

transcript by (n). C) The bar graph demonstrates the combined changes in fold expression among the three subclasses of lytic genes as a result of

transfecting siBGLF4. Asterisks denote statistically significant differences; ns, mark non-statistically significant difference; G3, BGLF3, and Z, ZEBRA.

doi:10.1371/journal.ppat.1006008.g009
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, 4-, 2.5- and 5- fold, respectively, in cells transfected with Rta plus ZEBRA relative to cells

transfected with empty vector (Fig 11). However, similar to the ChIP-seq data, Rta association

to the upstream region of oriLyt was low, 1.4-fold higher in cells transfected with ZEBRA and

Rta relative to empty vector (Fig 11). These results demonstrate that Rta specifically associates

with at least two of the four BGLF3-independent late promoters in vivo.

In addition to the BGLF3-independent late genes, our ChIP-seq analysis revealed that Rta

selectively binds to the promoter region of six other late genes, namely BORF1 (triplex capsid

Fig 10. ChIP-seq assessing binding of Rta to the BGLF3-independent late gene promoters. Graphs

generated by the Integrative Genomics Viewer (IGV) visualization tool [81, 82] shows four Rta ChIP (dark

blue) and Input (light blue) tracks of oriLyt, and the promoter regions of BCRF1, BSRF1 and BPLF1. The data

set range for both ChIP and input was 120,000 for oriLyt and 20,000 for BCRF1, BSRF1 and BPLF1.

doi:10.1371/journal.ppat.1006008.g010

Fig 11. Rta associates with the promoters of the late BGLF3-independent BCRF1, BSRF1 and BPLF1 genes. Chromatin immunoprecipitation

examining the level of viral DNA co-immunoprecipitated from delta Rta/ZEBRA cells using Rta antibody. Real time PCR was used to compare association of

Rta with the promoters of three BGLF3-independent late genes, BCRF1, BSRF1 and BPLF1. The upstream and the enhancer regions of oriLyt were used as

negative and positive controls, respectively, for Rta binding. Fold association of Rta with EBV DNA was corrected for the amount of input DNA. Z, ZEBRA; R,

Rta, and oriLyt, the origin of EBV lytic replication.

doi:10.1371/journal.ppat.1006008.g011
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protein), BLRF1 (glycoprotein N), BLRF2 (tegument protein), BBRF3 (glycoprotein M),

BGLF2 (tegument protein), and BXRF1 (homolog of HHV1 UL24, a nuclear egress protein).

Relative association of Rta with these promoters ranged from 3.1- to 7.7-fold (Table 1). In

addition, we observed several Rta binding peaks upstream to known Rta-responsive early

genes, e.g. BHRF1, BMRF1, BMRF2, SM, and BGLF3 (Table 1).

In conclusion, our findings demonstrate the presence of at least two independent mecha-

nisms for transcription of late genes. One mechanism, involving the conventional late

gene regulators, is responsible for transcription of BGLF3-dependent late genes encoding

structural proteins. The other mechanism, involving Rta and the BGLF4 protein kinase,

regulates transcription of four BGLF3-independent late genes two of which encode viral

immunoevasins.

Discussion

The novel findings reported here will enhance and expand the current understanding of the

mechanisms that regulate expression of herpesvirus late genes. Seven late gene regulators

mediate transcription of EBV late genes, these include: the viral protein kinase BGLF4 and six

proteins that form a distinct viral pre-initiation complex (vPIC) on late promoters. Whether

the functions of these late gene regulators overlap and whether the same set of late gene regula-

tors controls transcription of all late genes are questions that have not been addressed previ-

ously. In this report, we provide novel answers to these questions: 1) we demonstrate that all

the components of vPIC are essential and functionally non-redundant in expression of EBV

structural proteins and subsequent formation of virus particles (Figs 4 and 5). 2) We identify a

subset of late genes that are transcribed in the absence of vPIC (Figs 1–3 and 6–8). These

vPIC-independent late genes include genes that encode two viral immunoevasins, vIL10 and

vDUB. 3) We show that the BGLF4 protein kinase is the only late gene regulator that is neces-

sary for transcription of vPIC-dependent and vPIC–independent late genes (Fig 9). 4) We

demonstrate that the Rta transcription activator selectively binds to eight late promoters

including the promoters of two vPIC-independent late genes, BCRF1 (vIL10) and BSRF1 (Figs

10 and 11 and Table 1). Therefore, Rta is likely to regulate transcription of a subset of late

genes.

Differential regulation of late gene expression

The current model for regulation of late gene expression suggests that all late genes are regu-

lated by a single common mechanism involving viral DNA replication and the functions of

seven late gene regulators [10, 11, 13, 15, 16, 18–21, 39–42]. Recent identification of these key

regulators of late gene expression prompted us to ask whether there are different subclasses of

late genes depending on their mechanism of expression. For example, each subclass of late

genes might require the activity of a unique set of late gene regulators. To address this question

we studied the EBV transcriptome during the late phase of the viral lytic cycle under condi-

tions in which expression of BGLF3, a component of vPIC, was silenced (Fig 1). This set of

experiments led to the identification of four BGLF3-independent genes that were expressed

with true late kinetics (Figs 1–3 and S2). To determine the importance of the other compo-

nents of vPIC in expression of the BGLF3-independent late genes, we generated specific siR-

NAs to BcRF1 (vTBP), BDLF4, BFRF2, BDLF3.5, and BVLF1. Knockdown of each of these late

gene regulators was dispensable for expression of the four BGLF3-independent late genes (Figs

6–8 and S6). On the contrary, elimination of any one of the late gene regulators significantly

reduced the level of several late transcripts encoding structural proteins, an effect which was

manifest as a decreased level of extracellular encapsidated viral DNA (Fig 5). siRNAs to the
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Table 1. Rta ChIP-seq peaks detected during the late phase of the EBV lytic cycle.

Peak

#

Location Closest ORF within

1kb

Distance to nearest

ORF

Peak Mid

Point

Fold

Change

Distance to RTA predicted

site

Kinetics

1 Promoter (BCRF1) BCRF1 383 9292 3.12 20 Late

2 Promoter (BHRF1) BHRF1 159 41315 86.58 47 Early

3 Exon (BFLF2) 44424 4.11 451

4 Promoter (BFLF2) BFLF2 339 44986 4.08 111 Early

5 Promoter (BFLF2) BFLF2 769 45416 4.48 541 Early

6 Promoter-TSS

(BFRF1)

BFRF1 93 46143 8.93 29 Early

7 Promoter-TSS

(BFRF2)

BFRF2 89 47431 4.31 199 Early

8 Exon (BFRF3) 49742 8.03 102

9 Exon (BPLF1) 50306 4.28 127

10 Exon (BPLF1) 51204 5.27 276

12 Promoter (BORF1) BORF1 647 62303 3.43 413 Late

13 Promoter (BORF1) BORF1 105 62845 7.65 129 Late

14 Promoter (BORF2) BORF2 321 63798 8.89 336 Early

15 Exon (BORF2) 64675 4.71 206 Early

16 Promoter (BaRF1) BaRF1 199 66413 4.82 7 Early

17 Promoter (BMRF1) BMRF1 342 67269 12.85 150 Early

18 Promoter (BMRF2) BMRF2 80 68750 11.71 106 Early

19 Exon SM 71658 6.84 85 Early

20 Promoter (SM) SM 422 72422 13.37 2 Early

21 Promoter (BSRF1) BSRF1 332 74261 6.79 53 Late

22 Promoter (BLRF1) BLRF1 776 75483 3.32 310 Late

23 Promoter (BLRF2) BLRF2 282 76355 5.67 12 Late

24 Exon BLLF2 77548 5.59 463

25 Promoter (EBNA-3A.1) EBNA-3A 884 79071 12.29 1986 Latent

26 Exon (EBNA-3C) 88026 14.57 3

27 Promoter (BKRF3) BKRF3 352 97713 6.09 13 Early

28 Promoter (BBRF3) BBRF3 778 106071 4.93 0 Late

29 Promoter (BBLF2/

BBLF3)

BBLF2/BBLF3 146 106896 7.25 487 Early

30 Promoter (BBLF2/

BBLF3)

BBLF2/BBLF3 778 107528 4.23 145 Early

31 Promoter (BBLF1) BBLF1 879 109565 4.99 79 Early

32 Promoter (BGLF5) BGLF5 14 110067 4.63 134 Early

33 Promoter (BGLF4) BGLF4 148 111474 6.2 689 Early

34 Promoter (BGLF3.5) BGLF3.5 430 112096 7.37 67 Early

35 Promoter (BGLF3) BGLF3 295 112946 17.08 347 Early

36 Promoter (BGLF2) BGLF2 110 114695 6.77 14 Late

37 Promoter (BXRF1) BXRF1 497 132074 5.94 269 Late

38 Exon BdRF1/BVRF2 136643 12.77 555

39 Exon (BALF4) 157560 7.42 140

40 Promoter (BALF2) BALF2 304 164616 8.21 260 Early

41 Promoter (BNLF2a) BNLF2a 992 168020 5.96 926 Early

ChIP-seq was performed with antibodies to Rta 48 hours after transfection of Rta and ZEBRA expression vectors into delta Rta/ZEBRA cells. The promoter

of a gene was hypothetically defined as a 1 kb region upstream of the open reading frame. Peaks present outside of the 1 kb range were indicated by their

annotated location in the EBV genome. The distance to the nearest open reading frame was calculated from the mid-point of the ChIP-seq peak to the

nearest open reading frame. The distance to an Rta predicted site was calculated as the distance from the mid-point of the Rta ChIP peak to the mid point of

the Rta consensus binding sequence. ChIP-seq peaks with a fold change less than 3-fold relative to their corresponding input peaks were excluded.

doi:10.1371/journal.ppat.1006008.t001
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late gene regulators did not significantly reduce expression of early genes or the level of intra-

cellular viral DNA, a measure of the process of viral genome amplification (Figs 4–8 and S1

Table). These findings demonstrate the presence of at least two subsets of late genes, vPIC-

dependent and vPIC-independent. In addition, our results establish the essential and non-

redundant role of each of the conventional late gene regulators in transcription of late genes

encoding the major and minor capsid proteins (BcLF1 and BFRF3), the scaffold protein

(BdRF1), and the major glycoprotein gp350 (BLLF1).

Role of vTBP in regulation of late gene expression

At the mechanistic level we are just beginning to understand some of the functions of the late

gene regulators. BcRF1 and its orthologs function as TATA box binding proteins that recog-

nize late promoters and recruit RNA polymerase II to late promoters through direct protein-

protein interactions [11, 16, 18]. Based on our findings, BcRF1 is dispensable for transcription

of the BGLF3-independent late genes (Fig 6). BcRF1 recognizes late promoters that contain a

distinct TATT element with a thymidine at position 4 [13, 17]. However, this feature is not

preserved in all late genes. At least six late gene promoters contain a canonical TATA box:

BCRF1, BBRF3, BLRF1, BRRF2, BDLF3, and BXLF2. Whether BcRF1 binds to these promot-

ers is still unknown. Among the BGLF3-independent late genes, the promoter of the BCRF1

(vIL10) gene harbors a canonical TATA box while the promoters of BPLF1 and BSRF1 contain

the unconventional TATT element. No TATA box element has been assigned for the BTRF1

gene. Knockdown of BcRF1 did not compromise transcription from the BPLF1 or the BSRF1

late genes suggesting that the TATT sequence in the promoters of these two genes is likely to

be recognized by cellular or viral proteins other than the vTBP (Fig 6).

BGLF4 is required for transcription of vPIC-dependent and -independent

late genes

The BGLF4 protein kinase is the only late gene regulator essential for transcription of the two

subclasses of late genes. BGLF4 is likely to phosphorylate substrates that regulate transcription

of both groups of late genes. For example, BGLF4 might phosphorylate a component of the

general transcription machinery or one of the late gene regulators to promote recruitment of

RNA polymerase II to late promoters or to facilitate the transcription elongation phase during

synthesis of late mRNAs. BGLF4 is also known to phosphorylate proteins involved in activa-

tion of DNA damage response, e.g. the histone acetyltransferase TIP60, which is involved in

chromatin remodeling [43]. Activation of late gene expression may be linked to the DNA dam-

age response pathway through the capacity of BGLF4 to phosphorylate TIP60 which then alters

chromatin structure around late promoters [44, 45].

Transcription of the vPIC-independent late genes is likely to be regulated by viral proteins

that could be subject to phosphorylation by BGLF4. One potential candidate is Rta. Our chro-

matin immunoprecipitation data indicate that Rta strongly binds to the promoters of two

vPIC-independent late genes, BCRF1 and BSRF1. Binding of Rta to these vPIC-independent

late promoters suggests that Rta might function as a late gene activator. Rta is a phosphopro-

tein; phosphorylation occurs late during the lytic cycle [46, 47]. The kinase that phosphorylates

Rta and the Rta phosphorylation sites are yet to be identified. A possible scenario is that Rta

becomes phosphorylated by BGLF4 late during lytic infection. This scenario is further sup-

ported by findings demonstrating that the kinase activity of BGLF4 is essential for transcrip-

tion of late genes [10]. Rta and BGLF4 co-localize in viral replication compartments, a locale

where BGLF4 might promote phosphorylation of Rta during the late phase [48–50].
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Potential role of Rta in regulating expression of EBV late genes

Our ChIP-seq data (Table 1) shows that Rta also binds upstream of six other late genes:

BORF1, BLRF1, BLRF2, BBRF3, BGLF2, and BXRF1, that are dependent of vPIC (Table 1).

These results confirm previous reports implicating Rta in regulation of late gene expression.

For instance, Rta induces expression of the late BLRF2 gene by directly binding to its promoter

[34, 37, 51, 52]. Our ChIP experiments were performed in delta Rta/ZEBRA cells, which

require ectopic expression of both Rta and ZEBRA to activate viral genome amplification.

Experiments assessing whether the presence of ZEBRA or the onset of viral DNA replication

are necessary for the capacity of Rta to bind to late promoters are currently underway. While

several cellular transcription factors, such as TBP, TFIIB, TAF4, Sp1, ATF2, and TSG101,

mediate Rta transcriptional activity [53–58], the mechanism regulating temporal activation of

late genes by Rta has not been elucidated. Our data demonstrate that transcription of BLRF2 is

regulated by vPIC (Figs 2 and 6–8). Therefore, Rta might interact with one or more compo-

nents of the vPIC to activate transcription of the late BLRF2 gene. Such protein-protein inter-

action might regulate the capacity of Rta to temporally activate transcription of a subset of late

genes. Alternatively, phosphorylation of Rta by BGLF4 during the late phase of the lytic cycle

might also regulate the temporal role of Rta in activation of a subset of late genes.

Implications for identifying multiple mechanisms that regulate expression

of late genes

Viral infection is often accompanied by triggering of innate immune responses. However,

incoming virus particles are usually equipped with a mechanism that subverts the immune

response to allow infection to proceed. In the case of EBV, several virally encoded proteins

were shown to interfere with host immune defense mechanisms to promote progress of lytic

replication and primary infection [59]. Two of these viral immune suppressants are the prod-

ucts of the BCRF1 and the BPLF1 genes, which encode a homolog of human IL-10 (vIL-10)

and a viral deubiquitinase (vDUB), respectively [23, 26]. BCRF1 and BPLF1 are expressed in

the late phase of the lytic cycle [23, 30, 60, 61]; the mechanism regulating their expression has

not been studied. Our findings demonstrate that both genes belong to the vPIC-independent

subclass of late genes (Figs 1, 2 and 3). The BCRF1 transcript and the BPLF1 protein are pack-

aged into virus particles and delivered to newly infected cells [23, 62]. Both vIL-10 and vDUB

are essential to subvert the immune response during primary infection [23, 26, 27, 63, 64].

vIL10 impairs NK cell-mediated elimination of newly infected B cells; disrupts secretion of

antiviral cytokines, and interferes with the antiviral activity of CD4+ effector T cells [26].

BPLF1 counteracts innate antiviral immune responses by inhibiting NF-κB activation.

Through its DUB activity, BPLF1 removes K48- and K63-ubiquitin moieties from TRAF6,

NEMO, and IκBa and hence blocks the Toll-like receptor-signaling pathway [23]. Lack of

vDUB also interferes with establishment of EBV infection and virus production [24, 65–67].

An interesting question is why a subclass of late genes is transcribed by a distinct mecha-

nism relative to other late genes. Considering the fact that two of the vPIC-independent late

genes (BCRF1 and BPLF1) encode viral immunoevasins, it is possible that expression of this

subclass of late proteins precedes expression of the late antigenic structural proteins to prevent

immune recognition of late lytic cells. However, this difference in timing would still be within

the late phase of the lytic cycle as both classes of genes are sensitive to inhibition of viral DNA

replication (Figs 3 and S2). Alternatively, the presence of distinct mechanisms that regulate

transcription of these two subclasses of late genes might be attributed to the level of their

expression.
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In conclusion, in this study we demonstrate that the mechanism regulating expression of

the late immunomodulators vIL10 and vDUB differs from that regulating synthesis of late

structural proteins. While transcription of the late genes encoding structural proteins is depen-

dent on the six components of vPIC, transcription of BCRF1, BPLF1, BSRF1, and BTRF1 is

vPIC independent. Delineating mechanisms regulating expression of the vPIC-independent

late genes and selectively inhibiting their expression has the potential to promote immune rec-

ognition of EBV during the late phase of the productive lytic cycle and during de novo infec-

tion. The studies described here might have relevance for vaccine development.

Materials and Methods

Expression vectors

The ZEBRA and Rta protein expression vectors were prepared as previously described [68,

69]. Expression vectors of BGLF3, BVLF1, BDLF4, and BDLF3.5 were cloned into the eukary-

otic pCMV6-Entry vector using the SgfI and MluI unique sites (Origene). Expression vectors

of the two late gene regulators, BcRF1 and BFRF2, were kind gifts from Dr. Eric Johannsen.

The construct expressing the BGLF4 protein kinase protein was a kind gift from Dr. Mei-Ru

Chen [70]. siRNA-resistant forms were produced by inserting silent mutations in the region of

the late gene regulator mRNA that is recognized by the siRNA. These silent mutations disrupt

the complementarity between the siRNA and its target late gene regulator without affecting

the amino acid sequence of the protein.

Cell culture and transfection

2089 cells are 293 human embryonic kidney (HEK) cells stably transfected with a bacmid con-

taining wild-type EBV B95-8 genome [71, 72]. Delta Rta/ZEBRA and delta BMRF1 cells are

293 HEK cells containing EBV-bacmid in which the BZLF1 and BRLF1 genes encoding

ZEBRA and Rta or the BMRF1 gene, respectively, were inactivated by insertion of a kanamycin

resistance gene. All three types of cells were cultured in Dulbecco’s modified Eagle medium

(DMEM) supplemented with 10% fetal bovine serum (FBS), and penicillin-streptomycin at 50

units/ml. Hygromycin B (Calbiochem) 100 μg/ml was added to the medium to select for 293

cells containing the EBV bacmid. Transfection of eukaryotic plasmids was performed in 25

cm2 flasks using Lipofectamine 2000 (Invitrogen) following the manufacturer’s protocol.

Transfections were carried out in OPTI-MEM medium.

HH514-16 cells were derived from the P3J-HR1K Burkitt lymphoma cell line [73]. The cells

were cultured in RPMI 1640 medium containing 10% fetal bovine serum and antibiotics. To

induce the lytic cycle, HH514-16 cells were transfected with 4μg empty vector (CMV) or

ZEBRA expression vector using Ingenio nucleofection reagent according to the manufactur-

er’s protocol (Mirus). Cells were incubated at 37˚C in 5% CO2 incubator and harvested 48 h

after transfection.

Knockdown of late gene regulators

For each late gene regulator, two siRNAs were designed and separately tested for their efficien-

cies to disrupt expression of the late FR3 protein without affecting expression of the early

BMRF1 protein (S3 Fig). The selected siRNAs were then tested for their capacities to knock-

down the levels of their corresponding late gene regulator transcripts (Table 2 and S4 Fig). The

specificities of these siRNAs were also examined by generating siRNA-resistant forms of each

late gene regulator (S5 Fig) and [10].
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Protein detection by Western blot

Cells were re-suspended in sodium dodecyl sulfate (SDS) sample buffer; 106 cells/sample were

loaded onto 10% SDS-polyacrylamide gels and electrophoresed. The separated proteins were

transferred to nitrocellulose membranes (Bio-Rad) and the membranes were blotted with spe-

cific antibodies to cellular and viral proteins. The ZEBRA and BFRF3 antibodies were

described previously [38]. The EA-D (BMRF1) monoclonal antibody (R3.1) was provided by

G. Pearson [74]. GAPDH and FLAG-tagged BGLF3 were detected using mouse monoclonal

antibodies (Sigma Aldrich). Antigen-antibody complexes were detected by autoradiography

using 125I-protein A or chemiluminescence (GE Healthcare Life Sciences).

Quantitative RT-PCR

RNA was prepared from cells using the Qia-shredder and the RNeasy Plus products from Qia-

gen. The concentration of RNA in each sample was determined by measuring the optical den-

sity at 260 nm. Viral transcript levels were assessed from 100 ng of total RNA using iTaq

Universal SYBR Green One-Step Kit (Bio-Rad) in a total volume of 25 μl. The level of GAPDH

RNA was measured to normalize for the total amount of RNA. Each sample was analyzed in

triplicate; the fold change in expression was calculated using the ΔΔCT formula. The efficiency

of the primers used in the RT-qPCR was determined against 10-fold increasing concentrations

of viral DNA. The sequences of the primers are provided in Table 3.

Next generation RNA sequencing and data analysis

Three strand-specific sequencing libraries were generated using total RNA purified from 2089

cells transfected with CMV, ZEBRA, or ZEBRA plus siBGLF3. The libraries were sequenced

using the Illumina HiSeq 2500 system. The reads were single-end and 150bp long. The first 6

nucleotides and the last 60 nucleotides in each read were trimmed to remove low quality bases

using FASTX toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index.html). Reads were

mapped to the human reference genome (hg19) with a known transcriptome index (UCSC

Known Gene annotation) using Tophat v2.0.8 [75]. Reads that did not map to the human

genome were later mapped to the EBV genome (GenBank accession number NC_007605.1

excluding the B95-5 deletion) with a known transcriptome annotation [76]. ZEBRA and

ZEBRA plus siBGLF3 had over 450,000 reads mapping to the EBV genome. We used the

Expectation-Maximization (EM) algorithm in RSEM [77] with Bowtie 2 [78] to map and esti-

mate gene expression levels. EBSeq within RSEM pipeline was used to identify differentially

expressed genes [79].

Viral DNA replication assay

Viral DNA was purified from cell pellets as described [10]. Total DNA concentration was

determined by measuring absorbance at 260 nm. Viral genome amplification was measured

Table 2. Sequences of siRNAs used to silence expression of individual components of vPIC.

siRNA Sequence

siBcRF1-A AGAAGUGGAACUUGAGUCUGGCCUC

siBDLF4-A AACAGCAUCAGGCAGCAAGGGAACA

siBFRF2-A CUCAUUUCCACAUAGCUCAGAUCCA

siBVLF1-B AACACUUAGGGUCAGCAGCUUGGUC

siBDLF3.5-A AAUAGUGCCUCGCUUCUUAUCCUGU

doi:10.1371/journal.ppat.1006008.t002
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using the iQ SYBR Green Supermix kit (Bio-Rad) and primers targeting oriLyt (Table 2). Rela-

tive concentrations of DNA were calculated based on a standard curve of known concentra-

tions of oriLyt DNA. Levels of viral DNA were normalized to a negative control sample

transfected with the empty vector CMV.

Virion assay

Supernatant from transfected cells was collected 48 h after initial transfection and spun twice

at 1500 rpm to remove cell debris. The collected supernatant was treated with DNase-I (7 μg/

ml) and RNase (7 μg/ml) for 30 min at 37˚C in the presence of 3 mM MgCl2 and CaCl2. This

mixture was centrifuged at 77,000 xg for 30 min at 4˚C to pellet viral particles. The pellet was

resuspended in TE buffer containing 0.5% SDS. Pronase (1.2 mg/ml) was added and the solu-

tion was incubated at 60˚C for 2 h to digest the viral capsid. Phenol-chloroform extraction was

used to remove proteins and the DNA was precipitated using 5M potassium acetate and 2.5

volumes of ethanol. The DNA precipitate was washed with 70% cold ethanol and re-suspended

in TE buffer. The level of extracellular viral DNA was determined by qPCR using primers

towards the upstream region of oriLyt.

Chromatin immunoprecipitation (ChIP) and ChIP-seq analysis

Immunoprecipitation of viral DNA was performed by chemically crosslinking DNA-protein

complexes formed in 2089 cells using 1% formaldehyde. The cells were incubated for 10 min

at 37˚C and then washed once in phosphate-buffered saline containing protease inhibitors

(Thermo Scientific). Cells were re-suspended in SDS lysis buffer (50 mM Tris-HCl [pH 8.1],

1% SDS, and 10 mM EDTA) and sonicated four times, 10s each, using Sonifier 450 apparatus

Table 3. Sequences of Primers used in real time PCR assays.

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’)

BBLF1 TAA GCT AAT AGC GGC CGA AG TTG GCA AAA ACA GCA ATT CA

BcLF1 ATA CCG GAG CAC TGT GAA TC TCC TCC TTG TTG AAA AAT GC

BcRF1 AGG GAC CTG TAA GCG AAA CT GTG CTC CAG GAG AAG AAG TG

BCRF1 CAG GCC CTG TCA GAA ATG AT TCC TTT TTC CTG CAG CTT GT

BDLF3.5 AGA GAG AAT TTG GAG AAT TG CTT GGT CTG ACA TTC CAC

BDLF4 GTG GAT GTG GTC CTC AGT CT ATC ATA GCG CTT GTT TCT GG

BdRF1 GCT ATC AGG TAA CGC AGG AG GTT GGT CTG AAG CAG TGT CA

BFRF2 GTA AGC CGC AAT GTT CTC TC GCT TTC CAA AGT TCA AGC AG

BFRF3 GCC ATA GAC AAG AGG CAG AG CGG AGG CTG CTA ATA GAT GA

BGLF3 GGG TCT GTG TTT TGA GGT GT TAT AAA CCG CAG TGG GTA GC

BGLF4 AAA AGA GGT TCA AGG AGA GCT AC AGT CGT CTG CCA AGA GTT CA

BLLF1 TGC TGA TCC CAA TAC AAC GA TGG AGA TGG ACT TGG TGT CA

BLRF2 CTC TGA AGC AAC AGG TCC TC TCC GAA CCT TGT CTT CAA TC

BMRF1 CAA CAC CGC ACT GGA GAG GCC TGC TTC ACT TTC TTG G

BMRF2 CCC TTC ATT TGG TGC TTT GT GTT GGC CAG AAA GAG ACA GG

BOLF1 CTG GTG GCC GAC ACT TAT CT ATA CGG TGA CCA GCC ATC TC

BPLF1 CGG GGT CAC AGA AGA AAC AT GTC CTG AGA GGA GGC TTG TG

BRLF1 CCA TAC AGG ACA CAA CAC CTC A ACT CCC GGC TGT AAA TTC CT

BSRF1 TTC AAG CCA ATA GCA TCA CG CCG CTT ACA GCC AGA GAG AT

BTRF1 AGC CTC CTC GCA ACT TAT GA CAG GGA TGA GAG CAC AGT CA

BVLF1 GAA TGA CAC CTG GGA TTC AC GTC AGG GAT AGG TGC AAA AA

oriLyt TCC TCT TTT TGG GGT CTC TG CCC TCC TCC TCT CGT TAT CC

doi:10.1371/journal.ppat.1006008.t003
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(Branson). Cell lysates were cleared by centrifugation and the collected supernatants were

diluted 10-fold in chromatin immunoprecipitation (ChIP) dilution buffer (16.7 mM Tris-HCl

[pH 8.1], 0.01% SDS, 1.1% Triton X-100, 167 mM NaCl, and 1.2 mM EDTA). Rta-associated

DNA was immunoprecipitated using a rabbit polyclonal antibody (S2454) generated against

the full-length protein [38]. The immune complexes were collected on protein G agarose

beads (Millipore). Binding of Rta to viral DNA was assessed by quantitative PCR and by next

generation sequencing.

Sequencing of ChIP and Input samples was performed using an Illumina HiSeq 2500

sequencer generating 27 and 40 million reads for the CMV ChIP sample and its input control,

respectively, and 22 and 30 million reads for the Rta plus ZEBRA ChIP sample and its input

control, respectively. The generated reads were single-end and each read was 76bp long. The

first and the last nucleotides for each read were trimmed with fastx-toolkit (http://hannonlab.

cshl.edu/fastx_toolkit/index.html) to remove low quality bases. Trimmed reads were mapped

to the human reference genome (hg19) using BWA-MEM v0.7.12 [80]. Only reads with map-

ping quality scores equal or higher than 20 were kept. Those reads that did not map to the

human genome were later mapped to the EBV genome (GenBank accession number NC_

007605.1) also using BWA-MEM. Peak finding was performed using HOMER [80]. For peak

finding, we used transcription factor mode requiring each putative peak to have at least 3-fold

normalized tags than input controls. Assigning Rta peaks to viral gene promoters was based

on the presence of a peak within 1kb from an open reading frame. Filtering for local and clonal

signal was set to off.

Supporting Information

S1 Fig. Visualization of the number of reads mapping to select viral transcripts in the

absence and presence of siBGLF3. Graphs generated by the Integrative Genomics Viewer

(IGV) visualization tool [81, 82] compare the effect of siBGLF3 on the number of reads map-

ping to the four BGLF3-independent late transcripts (A to D), three BGLF3-dependent late

transcripts (E to G) and the BGLF3 transcript (H). The Bam files used to plot these graphs

were obtained from RNA-seq data assessing the effect of siBGLF3 on viral gene expression

during the lytic cycle (Fig 1). The data set range is indicated at the top left corner of each

graph.

(TIF)

S2 Fig. Examining the expression kinetics of the BGLF3-independent late genes in replica-

tion defective delta BMRF1 cells. A) Western blot analysis assessing the expression of

BMRF1 (early), ZEBRA and BFRF3 (late) in delta BMRF1 cells transfected with empty vector

(CMV), ZEBRA (Z), or ZEBRA (Z) plus BMRF1. The extent of intracellular viral DNA replica-

tion (V. DNA Repl.) was assessed in the absence and presence of BMRF1. Total DNA was pre-

pared from the same samples and analyzed by qPCR using primers specific to EBV oriLyt.

B-H) RT-qPCR measuring the level of seven lytic transcripts: BRLF1 (early), BBLF2/3 (early),

BLLF1 (BGLF3-dependent late), BTRF1 (BGLF3-independent late), BSRF1 (BGLF3-indepen-

dent late), BPLF1 (BGLF3-independent late), and BCRF1 (BGLF3-independent late). Lack of

BMRF1, an essential replication protein, abolished expression of the four BGLF3-independent

genes.

(TIF)

S3 Fig. Examining the effect of silencing expression of BcRF1, BDLF4, BFRF2, BVLF1 and

BDLF3.5 on synthesis of the late FR3 protein. Western blot analysis assessing the effect of

siRNAs to BcRF1, BDLF4 (panel A), BFRF2 (panel B), BVLF1, and BDLF3.5 (panel C) on
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expression of the late FR3 protein. The effect of each siRNA was studied at two concentrations,

40 nM and 80 nM. siRNAs marked in bold font were employed in subsequent analyses.

(TIF)

S4 Fig. Knockdown of individual late gene regulators reduces their transcript levels. 2089

cells were transfected with empty vector (CMV), ZEBRA (Z) alone, or ZEBRA plus the indi-

cated siRNA. Cells were harvested after 48h and total RNA was purified. The abundance of

five lytic transcripts encoding BcRF1, BVLF1, BDLF4, BFRF2, and BDLF3.5 was quantitated

using RT-qPCR.

(TIF)

S5 Fig. Expression of siRNA-resistant forms of each of the late gene regulators restores

synthesis of late transcripts. To assess the specificity of each of the siRNAs generated towards

the components of vPIC, we introduced silent mutations that disrupt the ability of each siRNA

to bind to its corresponding mRNA. The following four siRNA-resistant forms were gener-

ated: rBcRF1, rBVLF1, rBFRF2, and rBDLF4. The experiment was performed in 2089 cells car-

rying wild type EBV. Panel A shows the capacity of rBcRF1 and rBVLF1 to restore expression

of the late FR3 capsid protein in the presence of siBcRF1 and siBVLF1, respectively. Panels B

and C demonstrate the capacity of rBFRF2 and rBDLF4 to rescue expression of late genes in

the presence of their corresponding siRNA. rBcRF1 and rBFRF2 are HA-tagged and were

detected using HA antibody. rBVLF1 and rBDLF4 are FLAG-tagged and were detected using a

FLAG antibody.

(TIF)

S6 Fig. Expression of the late viral IL10 (BCRF1) is independent of vTBP (BcRF1) in Bur-

kitt lymphoma cells. A-C) RT-qPCR assessing the kinetics of BCRF1 (vIL10) and its depen-

dence on vTBP in HH514-16 Burkitt lymphoma cells. HH514-16 cells were transfected with

empty vector (CMV) or ZEBRA (Z) to induce the lytic cycle. ZEBRA-transfected cells were

treated with two concentrations (0.3 and 0.4 mM) of phosphonoacetic acid (PAA) or co-trans-

fected with siBcRF1 (50 nM). Panel D shows a Western blot of cell lysates prepared from the

same samples analyzed in panels A, B and C. The membrane was immunoblotted with anti-

bodies to BMRF1, GAPDH, ZEBRA (Z), and BFRF3 (FR3).

(TIF)

S7 Fig. No Rta binding peaks were detected upstream of the BTRF1 gene. Graphs generated

by the Integrative Genomics Viewer (IGV) visualization tool [81, 82] shows Rta ChIP (dark

blue) and Input (light blue) tracks of the region upstream of BTRF1 gene.

(TIF)

S1 Table. Analysis of RT-qPCR data studying the effect of siRNAs to late gene regulators

on expression of select EBV genes.
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