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Abstract

Epstein-Barr Virus Nuclear Antigen (EBNA) 2 features an Arg-Gly repeat (RG) domain at amino

acid positions 335-360, which is a known target for protein arginine methyltransferaser 5

(PRMT5). In this study, we performed protein affinity pull-down assays to demonstrate that

endogenous PRMT5 derived from lymphoblastoid cells specifically associated with the protein

bait GST-E2 RG. Transfection of a plasmid expressing PRMT5 induced a 2.5- to 3-fold increase

in EBNA2-dependent transcription of both the LMP1 promoter in AKATA cells, which contain

the EBV genome endogenously, and a Cp-Luc reporter plasmid in BJAB cells, which are EBV

negative. Furthermore, we showed that there was a 2-fold enrichment of EBNA2 occupancy in

target promoters in the presence of exogenous PRMT5. Taken together, we show that PRMT5

triggers the symmetric dimethylation of EBNA2 RG domain to coordinate with EBNA2-mediated

transcription. This modulation suggests that PRMT5 may play a role in latent EBV infection.
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1. Introduction

Epstein-Barr Virus (EBV) is an oncogenic virus that is associated with a broad spectrum of

human malignancies. EBV is capable of converting human B lymphocytes into indefinitely

transformed lymphoblastoid cells lines (LCLs) in vitro. Maintenance of EBV-immortalized
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LCLs requires the expression of a cluster of latency-specific viral genes. EBNA2 is

expressed immediately after EBV infection and plays an essential role in EBV-mediated

transformation of primary B cells by activating transcription. Transcription of the BamHI C

promoter (Cp), the latent membrane proteins LMP1, LMP2A, and LMP2B, and cellular

genes including c-myc, CD21, CD23 and c-fgr appears to be partially dependent on EBNA2.

Due to the lack of a classical DNA binding domain, EBNA2 is tethered to target promoters

through interactions with cellular transcription factors, such as RBP-Jκ, PU.1, AUF1, and

CRE [For reviews see [1]].

EBNA2 contains a C-terminal activation domain (AD) that induces the assembly of the

basal transcription machinery and an N-terminal activation domain (AD2) that is involved in

transcriptional regulation [2,3]. The intermediate conserved WWP motif confers binding to

RBP-Jκ. Mutations in these residues lead to the abrogation of EBNA2-dependent

transcription and EBV-transforming capacity [4]. EBNA2 contains an arginine-glycine (RG)

repeat spanning the amino residues 337 to 352. This RG repeat has been implicated in

protein arginine methyltransferase 5 (PRMT5)-mediated symmetrical dimethylation [5]. The

symmetrically dimethylated arginine (sDMA) residues have been shown to trigger EBNA2

binding to the Tudor domain of the survival motor neuron protein (SMN). Although deletion

of the RG domain does not affect EBNA2-dependent transcription of target promoters in

cell-based reporter assays, a recombinant EBV that contains this deletion exhibits

substantially reduced transforming activity [6].

PRMTs catalyze the methylation of the terminal nitrogen atoms in guanidium side chains of

arginine residues in proteins [7]. Like all type II PRMTs, PRMT5 triggers the symmetric

dimethylation of arginine residues that are involved in different cellular processes [8].

Induction of interleukin-2 by PRMT5 was observed in mitogen activated Jurkat T cells and

human peripheral blood lymphocytes [9]. In contrast, methylation of H3 at Arg-8 and H4 at

Arg-3 by PRMT5 leads to the repression of both ST7 and NM23 [10]. In addition to

EBNA2, EBNA1 is also a substrate for PRMT5 [11], which suggests that PRMT5 plays a

role in latent EBV infection. An advanced understanding of the effects that PRMT5 has on

EBNA1 and EBNA2 function remains to be elucidated.

In this study, we demonstrated that PRMT5 binds to the EBNA2 RG domain and catalyzes

the symmetric dimethylation of the arginine residue(s). This biochemical event increases the

occupancy of EBNA2 on target promoters and leads to enhanced transcriptional activity.

Our data suggest that PRMT5 plays a role in the maintenance of transformation in EBV-

infected B cells.

2. Materials and methods

2.1 Plasmids and DNA recombination

The expression vectors for the GST-EBNA2 (GST-E2) acidic domain (AD) and GST-E2

1-103 were described previously [12]. The remaining GST-E2 expression plasmids were

generated by amplifying the sequences flanking the EBNA2 gene by polymerase chain

reaction (PCR) using the appropriate pairs of primers and then subcloning the amplicons

into the BamHI and EcoRI sites of the plasmid pGEX-2TK (GE Healthcare). The expression
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vectors for pSG5-EBNA2 (E2) and pSG5-EBNA2 ΔRG have been previously described [2].

The vector containing PRMT5 cDNA was purchased from GeneDiscovery, Taiwan. The

PRMT5 flanking sequences were amplified by PCR and then subcloned into the XhoI and

BglII sites of the pSG5-flag [13] or pTrcHis vector (Invitrogen). The expression vector for

the PRMT5 368R/A mutant was generated by PCR mutagenesis according to the

manufacturer's protocol (Stratagene). All of the resulting expression vectors were verified by

DNA sequencing (Genomics BioSci & Tech Taiwan).

2.2 Cell culture and cell-based transcription reporter assays

BJAB is an EBV-negative cell line, and AKATA is a type I B-lymphoma cell line that is

latently infected with EBV [14,15]. Cells were cultured in RMPI 1640 medium (Gibco

BRL) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.

BJAB cells (1 × 107) were transfected with 5 μg of the Cp reporter plasmid [13,16], 1 μg of

the CMV-β gal control plasmid, 10 μg of either the EBNA2 or ΔRG expression vector and

30 μg of either the FPRMT5 or 368R/A expression plasmid using the BTX820

electroporator. Luciferase and β-galactosidase reporter assays were then performed on the

cells 18 hours (hrs) post transfection. A similar experiment was also conducted using

AKATA cells without the reporter plasmids. Expression levels of LMP1 from the

endogenous EBV genome were measured to look EBNA2-dependent transcription and the

co-activating effects of the transfected plasmids.

2.3 Immunoblotting analyses and chromatin immunoprecipitation (ChIP) assays

Cell lysates were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) and then immunoblotted using antibodies for EBNA2 (Millipore), PRMT5

(Santa Cruz), or flag-epitope (M2, Sigma). For the in vitro methylation assay, the

methylated arginine residues in the GST-E2 RG fusion protein were identified with an anti-

symmetric-dimethyl-arginine antibody (SYM10). The proteins of interest were detected and

visualized using an ECL detection kit (Millipore).

BJAB cells (1 × 107) co-transfected with the appropriate amounts of the EBNA2, FPRMT5

and LMP1-Luc expression vectors were subjected to an enzymatic shearing protocol (Active

motif) followed by a subsequent ChIP analysis using antibodies for EBNA2 (PE2; from

Abcam) and PRMT5 (from SantaCruz). The abundance of EBNA2 and PRMT5 on the

LMP1 promoter was monitored by quantitative real time PCR (qPCR) using the following

primers: 5′- TCCCACAACACTACTCACT-3′ (forward) and 5′-

AGCGTCAGAGGAAATGGAAAG-3′ (reverse). The ChIP assay kit for the GAPDH

promoter was purchased from Millipore. The protocol for qPCR was described previously

[17]. The promoter occupancy of the indicated proteins and an IgG control was normalized

to the input DNA, and the resulting promoter abundance for each sample was expressed as

the relative intensity compared to the IgG control.

2.4 Immunofluorescence microscopy

Immunofluorescence (IF) analysis was performed according to the immunostaining protocol

described previously [18] using specific antibodies for EBNA2 (Millipore) and PRMT5

(Santa Cruz). In co-immunostainings, rhodamin-conjugated goat anti-mouse and FITC-
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conjugated donkey anti-goat (Kirkegaard & Perry Laboratories, Inc) antibodies were used as

fluorochromes. In addition, DNA was counterstained with DRAQ5 (Bio Status). The nuclear

co-localization of EBNA2 and PRMT5 was visualized by confocal microscopy (LEICA

TCS SP2 AOBS).

2.5 Statistic analysis

The data that were obtained from the cell-based reporter assays and ChIP analyses are

represented as the mean ± the standard error of the mean (SEM) from three independent

experiments. Whenever necessary, statistical comparisons were performed by a one-way

ANOVA. A p-value of less than 0.05 was considered to be statistically significant.

2.6 In vitro methylation assay

The protocol for the arginine methylation assay has been described previously [19]. Briefly,

293T cells (2 × 106) that were transfected with 10 μg of either the FPRMT5 or 368R/A

expression vector were harvested 36 hrs post transfection. Anti-flag antibody-conjugated

agarose beads were used to purify either PRMT5 or the catalytic mutant (368R/A). Five

micrograms of either GST or GST-E2 335-360 and the appropriate amounts of purified

PRMT5 or 368R/A were incubated in a 40-μl reaction buffer (25 mM Tris-HCl (pH:7.5), 1

mM EDTA, 1 mM EGTA, 1 mM PMSF, and 45 mM AdoMet) at 30°C for 2 hrs.

Methylation reactions were stopped by the addition of 2× SDS sample buffer (50 mM Tris-

HCl (pH: 6.8), 100 mM DTT, 2% SDS, 10% glycerol, and 0.1% bromophenol blue).

3. Results

3.1 PRMT5 specifically binds to the EBNA2 RG motif

PRMT5 has been implicated in the methylation of arginines in the EBNA2 RG repeat

domain [5], suggesting that there is likely a direct or indirect physical interaction between

EBNA2 and PRMT5. To explore the mechanism of PRMT5-mediated methylation of the

EBNA2-RG domain, we first characterized the potential protein-protein interactions

between EBNA2 and PRMT5. GST and GST-fusion proteins with the overlapping EBNA2

open reading frames (ORFs) (GST-E2s), which included the amino acids (aa) 1-103, 96-210,

200-334, 300-432, and 426-465 (AD) and covered almost the entire EBNA2 protein, were

purified from E. coli and used as the affinity matrices to pull down cellular proteins from the

IB4 cell lysates (Fig. 1 A). Endogenous PRMT5 was pulled down by the protein bait GST-

E2 300-432 but not the GST control or other GST-E2 fusion proteins (Fig. 1B). These

results suggest that the amino acid region between residues 300 and 432 of EBNA2 contains

an intact PRMT5 binding domain.

To identify the specific PRMT5-binding domain located within the region spanning residues

300 to 432, protein affinity pull-down assays were performed using similar amounts of GST

and GST-E2 fusions that contained smaller portions of the EBNA2 ORF, including aa

300-335, 335-360, 300-360, and 360-432. Approximately 5% of endogenous PRMT5 was

pulled down by GST-E2 335-360 and GST-E2 300-360 (Fig. 1C). In contrast, neither GST

nor any of the remaining GST-E2s were able to bind to PRMT5. Similarly, the in vitro

protein affinity binding assay further indicated that recombinant his-tagged PRMT5
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specifically bound to GST-E2 335-360, which contains an intact RG tail (Fig. 1D). This

result revealed that the EBNA2 RG domain is critical for PRMT5 binding, although it is

possible that the region spanning aa 353-360 may also play a role. To explore the in vivo

interactions between EBNA2 and PRMT5 in lymphoblastoid cells, we used confocal

immunofluorescence microscopy to visualize this biochemical event. Similar to previous

studies [20,21], we showed that the localization of PRMT5 is dispersed throughout the

whole cell, while EBNA2 is localized to the nucleus (Fig 1E). Our results further indicate

that nuclear co-localization of EBNA2 and PRMT5 takes place in IB4 LCL, suggesting that

protein-protein interactions took place in vivo.

3.2 PRMT5 potentiates EBNA2-dependent transcription

To assess whether the biochemical interactions between PRMT5 and EBNA2 are correlated

with EBNA2-mediated transcription, PRMTs, including 1-8, were ectopically expressed in

type I AKATA BL cells, which are latently infected with EBV, and EBNA2-induced LMP1

expression from the endogenous EBV genome was assayed. Each PRMT was expressed as a

flag-tagged protein that could be recognized by a flag-epitope specific antibody. Among

those ectopically expressed PRMTs, only PRMT5 induced about a 3.5-fold increase in

LMP1 expression in the presence of EBNA2 compared to LMP1 expression induced by

EBNA2 alone (Fig. 2A). The expression levels of plasmid-expressed PRMT- 1, 4, 5, 6, and

8 were similar but were relatively higher than the levels of PRMT- 2, 3, and 7. This result

suggested that PRMT5 could trigger the upregulation of EBNA2-mediated transcription.

The expression vector for the PRMT5 catalytic mutant (368R/A) was used next to determine

if the enzymatic activity of PRMT5 is required for co-stimulation with EBNA2. We found

that although ectopically expressed 368R/A was similar to PRMT5, transcriptional

upregulation was not observed when EBNA2 and 368R/A were co-expressed (Fig. 2B). This

result suggests that PRMT5 induces methylation to modulate EBNA2-dependent

transcription. A protein pull-down assay further verified that GST-E2 335-360 associates

with ectopically expressed PRMT5 rather than the 368R/A mutant (Fig. 2C). Our data

indicate that the physical interaction between PRMT5 and EBNA2 is essential for PRMT5

co-stimulation with EBNA2.

3.3 PRMT5 and EBNA2 co-stimulation occurs through the RG repeat domain

Because it is known that the EBNA2 RG-repeat domain is a unique PRMT5 binding site, we

determined if PRMT5 co-stimulation with EBNA2 is an RG-dependent process. The co-

stimulating effects that were produced by PRMT5 and either EBNA2 or EBNA2 ΔRG were

compared using the data from the cell-based reporter assays. In multiple experiments,

EBNA2 ΔRG displayed wild-type activity on the Cp reporter plasmid (Cp-Luc) (Fig. 3A).

PRMT5 consistently induced a 2.5-fold increase in EBNA2-induced Cp-Luc reporter

activity (Fig. 3B). In contrast, plasmids expressing PRMT5 were unable to co-stimulate with

the EBNA2 ΔRG-induced reporter activity (Fig. 3C). To demonstrate that the EBNA2 RG

tail serves as a substrate for PRMT5, an in vitro methylation assay was performed to

compare the enzymatic activity of PRMT5 and 368R/A in triggering the symmetric

dimethylation of GST-E2 RG (Fig. 3D). As expected, the GST protein alone did not serve as

a substrate for PRMT5. Although similar amounts of the GST-E2 RG substrates were used

in each assay, we found that only wild-type PRMT5 could actively mediate the symmetric
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dimethylation of the target protein; the catalytic activity was almost completely abrogated in

the PRMT5 368R/A mutant. These data suggest that PRMT5-dependent symmetric

dimethylation of the RG repeat domain is responsible for EBNA2-mediated transcriptional

upregulation.

3.4 PRMT5 enhances EBNA2-dependent transcription by increasing the promoter
occupancy of EBNA2 on target promoters

To test whether PRMT5 is essential for basal levels of EBNA2-dependent transcription,

EBNA2-induced Cp-Luc activity was monitored in BJAB cells where PRMT5 was knocked

down by an shRNA as well as the scrambled shRNA. The expression levels of PRMT5 in

shPRMT5 #1 and shPRMT5 #2 expressing cells were reduced to 32% and 29%,

respectively, while the scrambled shRNA did not alter expression (Fig. 4A). Our results

indicate that EBNA2-induced Cp-Luc activity was similar in each shRNA-expressing cell

line and that this activity was indistinguishable from Cp-Luc activity in the presence of

EBNA2 alone (Fig. 4B). Similar to the results obtained in the EBNA2 ΔRG cell-based

reporter assays, our data indicate that PRMT5 is not required for basal levels of EBNA2-

mediated transcription.

To explore the mechanism by which PRMT5 enhances EBNA2-depedent transcription, we

determined if overexpression of PRMT5 affected the accumulation of EBNA2 on the target

promoters. When EBNA2 alone was expressed, the promoter occupancy of this protein was

4.5-fold higher than the IgG control in a ChIP assay (Fig. 4C upper panel). In multiple

experiments, we found that ectopically expressed FPRMT5 could also accumulate on the

LMP1 promoter, but this accumulation was not observed in the presence of 368R/A.

Strikingly, FPRMT5 substantially increased promoter occupancy of EBNA2 by

approximately 2-fold, whereas the 368R/A mutant did not alter occupancy. In addition, a

parallel ChIP assay was performed to monitor the enrichment of acetylated H3 (AcH3) on

the GAPDH promoter using the same cell lysates. We found that the promoter occupancy of

AcH3 was 4 to 6 -fold higher than that of the IgG control (Fig. 4C lower panel). Both

FPRMT5 and 368R/A failed to bind to the GAPDH promoter, and neither affected the

promoter occupancy of AcH3. Our results demonstrate that PRMT5 is involved in EBNA2-

mediated transcription by modulating the promoter occupancy of EBNA2.

4. Discussion

Although the EBNA2 RG repeat domain has been implicated in PRTM5-medated

methylation, it is unknown if PRMT5 is involved in EBNA2-dependent transcription. The

involvement of PRMTs in transcriptional regulation has been extensively studied during the

past decade. PRMT5-dependent post-translational modifications include the methylation of

H3 at Arg 8 and H4 at Arg 3, which leads to the down-regulation of the ST7 and NM23

tumor suppressor genes [10]. In contrast, it has been shown that PRMT5 is capable of

forming a repressive complex with E2F on the cyclin E1 promoter [22]. Moreover, it has

been shown that PRMT5-mediated methylation of FCP1, a phosphatase that targets the

carboxy terminus of the large subunit of RNA polymerase II, promotes transcriptional

elongation [23]. In this study, we highlighted a positive role played by PRMT5 in EBNA2-

mediated transcription of EBV latency specific promoters, including the LMP1 and C
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promoters. Plasmids expressing PRMT5 induced a 2.5- to 3-fold increase of LMP1

expression or the Cp-Luc reporter activity compared to the basal activity of EBNA2 alone in

the transfection-mediated reporter assays. It should be noted that the enhancement of

EBNA2-dependent transcription of LMP1 by PRMT5 in AKATA cells directly relies on the

measurement of LMP1 expression from the endogenous EBV genome, which could largely

reduce the artifacts resulting from transfection-mediated reporter assays.

In this study, we performed protein affinity pull-down assays and confocal

immunofluorescence microscopy to validate the substantial protein-protein interactions

between EBNA2 and PRMT5 both in vivo and in vitro. In addition, we showed that the

EBNA2 RG domain was sufficient for PRMT5 binding, and recombinant PRMT5 possessed

catalytic activity to mediate the symmetric dimethylation of the EBNA2 RG tail. In contrast,

the catalytic mutant 368R/A failed to bind to the EBNA2 RG tail and did not trigger the

methylation process. Most importantly, we were able to demonstrate that the biochemical

interaction between PRMT5 and EBNA2 is the major factor affecting PRMT5-mediated

transcriptional upregulation. This result was supported by the finding that EBNA2ΔRG-

induced transcription is no longer co-stimulated by ectopically expressed PRMT5.

Furthermore, the catalytic mutant 368R/A was neither able to upregulate EBNA2-induced

LMP1 expression nor co-stimulate Cp-Luc reporter activity in the presence of EBNA2.

Although the RG repeat domain of EBNA2 is dispensable for the basal level of EBNA-

mediated transcription, recombinant EBV lacking this specific motif had a substantially

reduced ability to transform B cells [6]. Our data demonstrate that PRMT5 plays a crucial

role in the enhancement of EBNA2-mediated transcription. Interestingly, an increase of

EBNA2 occupancy in the target promoters was correlated with ectopic expression of

PRMT5. Our data suggest that PRMT5 binds to the EBNA2 RG domain and triggers

symmetric dimethylation to increase the abundance of EBNA2 on promoters. We speculate

that the biochemical interaction between PRMT5 and EBNA2 could additionally affect other

signaling pathways involved in EBV-mediated transformation of B cells.
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Highlights

► Catalytic active PRMT5 substantially binds to the EBNA2 RG domain

► PRMT5 augments the EBNA2-dependent transcription

► PRMT5 triggers the symmetric dimethylation of the EBNA2 RG domain

► PRMT5 enhances the promoter occupancy of EBNA2 on its target promoters
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Fig. 1.
The EBNA2 RG repeat domain is the binding site for PRMT5 Schematic depiction of the

GST-EBNA2 fusion proteins (GST-E2s). The amounts of the GST or GST-E2 fusion

proteins were quantitated by coomassie blue staining following SDS-PAGE analysis. Each

protein is marked with an individual asterisk (A). GST or GST-E2 fusion proteins were used

as protein baits to pull down cell lysates from IB4 LCL (B) or the his-PRMT5 recombinant

protein (C). The amount of endogenous PRMT5 or his-PRMT5 that was pulled down was

determined by immunoblot analysis. Two percent input of PRMT5 or his-PRMT5 is shown.

The coding sequences of the EBNA2 RG domain are shown (D). The immunofluorescence

(IF) analysis was carried out using antibodies for EBNA2 (PE2) and PRMT5 (C-20)

followed by counterstaining with a goat anti-mouse antibody conjugated to Rodamin (Red)

or a donkey anti-goat antibody conjugated to FITC (Green). Confocal images for EBNA2

(Red) and PRMT5 (Green) from IB4 cells are shown. Nuclei were counterstained with

DRAQ5 (Blue)(E).
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Fig. 2.
PRMT5 is able to augment EBNA2-dependent transcription. AKATA cells (1 × 107) co-

transfected with 10 μg of the EBNA2 expression vector (E2) and 30 μg of the indicated

FPRMT expression plasmids (1 to 8) were subjected to immunoblot analysis using an LMP1

specific antibody (S12) 48 hours (hrs) post transfection. Actin was used a loading control.

The ectopically expressed FPRMT plasmids contained an N-terminal flag-tagged epitope

that was identified by an anti-flag M2 antibody. An actin specific antibody was used to

visualize actin in each sample (A). The immunoblots for LMP1, EBNA2, FPRMT5, and

actin are shown (B). Protein affinity pull-down assays using GST E2 RG as bait were

performed on cell lysates from BJAB cells that were transfected with either PRMT5 or the

368R/A expression vector. The amount of ectopically expressed FPRMT5 or 368R/A that

was pulled down by the protein bait was determined by immunoblot analysis. The input of

transfected FPRMT5 or 368R/A is shown (C).
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Fig. 3.
PRMT5 triggers the symmetric dimethylation of arginine residues to stimulate EBNA2-

dependent transcription. The schematic diagram of EBNA2 and EBNA2 ΔRG is shown (A

left panel). BJAB cells that were co-transfected with either EBNA2 or EBNA2 ΔRG, the

Cp-Luc reporter plasmid, and the β-Gal internal control were collected for luciferase and β-

Gal activity assays 18 hrs post transfection. The luciferase activity produced by each

transfectant was normalized to β-Gal activity (A right panel). The same experiment as

described in A was performed with the addition of the expression vector of FPRMT5. The

fold induction of activity in cells co-transfected with EBNA2 and FPRMT5 (B) or EBNA2-

ΔRG and 368R/A (C) was expressed relative to the basal activity induced by EBNA2 or

EBNA2-ΔRG. Data are represented as the mean ± the standard deviation from three

independent experiments. P* value>0.05. P** value<0.05. The expression levels of EBNA2,

EBNA2-ΔRG, and FPRMT5 are shown. The FPRMT5 or 368R/A plasmids were purified

from 293T cells. The GST or GST-E2 RG recombinant proteins were used for the in vitro

methylation assay. The symmetric dimethylated arginines were visualized by

immunoblotting with the SYM10 antibody (D).
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Fig. 4.
Overexpression of PRMT5 causes enrichment of EBNA2 occupancy on target promoters.

The amount of PRMT5 expressed in each shRNA knockdown cell line was determined by

immunoblot analysis. The expression level of PRMT5 in each shRNA expressing cell line is

expressed relative to the control group (A). Actin was used as the loading control.

Transfection-mediated reporter assays were performed on BJAB cells and the shRNA-

expressing cell lines as described in Fig. 3A. The EBNA2-induced Cp-Luc reporter activity

in each cell line was expressed relative to the Cp-Luc activity with EBNA2 alone that was

observed in BJAB cells (B). ChIP assays were performed on BJAB cells (1 × 107) that were

co-transfected with the EBNA2 expression vector, LMP1-Luc reporter plasmid, and either

the FPRMT5 or 368R/A expression vector using M2 or EBNA2 antibodies. The abundance

of each assayed protein or IgG control on the LMP1 promoter (C upper panel) or GAPDH

promoter (C lower panel) is shown. P* value >0.05. P** value<0.05.
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