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Abstract

Epstein–Barr virus (EBV) is a ubiquitous oncogenic virus that induces many cancers. N6-

Methyladenosine (m6A) modification regulates many cellular processes. We explored the

role of m6A in EBV gene regulation and associated cancers. We have comprehensively

defined m6A modification of EBV latent and lytic transcripts. Furthermore, m6A modification

demonstrated a functional role in regulation of the stability of viral transcripts. The methyl-

transferase METTL14 was induced at the transcript and protein levels, and knock-down of

METTL14 led to decreased expression of latent EBV transcripts. METTL14 was also signifi-

cantly induced in EBV-positive tumors, promoted growth of EBV-transformed cells and

tumors in Xenograft animal models. Mechanistically, the viral-encoded latent oncoprotein

EBNA3C activated transcription of METTL14, and directly interacted with METTL14 to pro-

mote its stability. This demonstrated that EBV hijacks METTL14 to drive EBV-mediated

tumorigenesis. METTL14 is now a new target for development of therapeutics for treatment

of EBV-associated cancers.

Author summary

Epstein–Barr virus (EBV) is a ubiquitous oncogenic virus that contributes to approxi-

mately 2% of all cancers by modulating a myriad of host cell activities. M6A is the most

abundant RNA modification which is important for infection with HIV-1, HCV, Zika

virus, KSHV and SV40 virus. The role of m6A modification and the associated enzymes

in EBV infection and related oncogenic activities has not been explored. We investigated

the role of m6A modification on EBV-infection and examined its effects on the prolifer-

ative activities of the virus which contributes to cancer. We showed that the m6A methyl-

transferase METTL14 is an important factor in EBV-induced oncogenesis. METTL14 was

dramatically increased in EBV latently infected cells. Knock-down of METTL14 led to

decreased latent viral gene expression. The essential EBV latent antigen EBNA3C was up-

regulated by METTL14-mediated m6A modification, and its expression led to a feedback
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loop in up-regulation of METTL14 transcription, and the stability of its protein. We now

provide a more comprehensive understanding of EBV and the host cell RNA processing

machinery critical for regulation of EBV activities to maintain latent infection and its

oncogenic properties.

Introduction

Epstein-Barr virus (EBV or HHV4), was the first human oncogenic virus discovered and iso-

lated from a Burkitt’s lymphoma patient in 1964 [1]. EBV contributes to approximately 2% of

all cancers [2]. EBV exhibits two distinct phases, lytic infection and latent infection. Latent

infection is referred to as latency 0, I, II and III [3]. Viral protein expression during latency III

can potently promote indefinite proliferation of primary B-cells ultimately mediating immor-

talization of infected cells [4].

N6 methylation of adenosine (m6A) is the most abundant RNA modification and it is dis-

tributed at translation start sites, CDS regions, and 3’ UTRs [5–7]. Deposition of m6A on RNA

is controlled by the cellular m6A machinery, which is the methyltransferase complex

(METTL3, METTL14 and WTAP) and the demethylase enzymes (FTO and ALKBH5) [8].

Studies have shown that m6A modification has important roles during infection of cells with

HIV-1 [9], HCV [10], Zika virus [11], KSHV [12] and SV40 virus [13]. However, the role of

m6A modification and the associated enzymes on infection by the ubiquitous human tumor

virus EBV, and the effects on its potent oncogenic activities have not been explored.

We investigated the role of m6A modification on EBV-mediated cell transformation, and

further examined its contribution to the tumorigenic activities of the virus. We demonstrated

that m6A modification of the EBV epitranscriptome facilitated enhanced expression of its

latent genes and repressed lytic gene expression. Furthermore, we showed that the m6A

methyltransferase METTL14 is a critical factor required for EBV-induced oncogenesis. We

also showed that METTL14 was dramatically increased in EBV latently infected cells and

down-regulated during EBV lytic infection. Knock-down of METTL14 led to decreased latent

gene expression and an increase in lytic gene expression. EBV latent antigen EBNA3C, which

is critical for viral-mediated transformation of cells, was up-regulated by METTL14-mediated

m6A modification, and its expression led to a feedback loop by which METTL14 transcription

was also induced, as well as its protein stability. We now provide for the first time a compre-

hensive understanding of the EBV epitranscriptome, and the host cell RNA processing

machinery critical for regulation of viral transcripts to maintain latent infection required for

its oncogenic properties.

Results

EBV latent transcripts were predominantly marked with m6A during

latent infection

To determine the role of m6A modifications in the EBV lifecycle, we first examined the viral

epitranscriptome in EBV transformed lymphoblastoid cell lines (LcLs) and EBV-positive Bur-

kitt’s lymphoma, Akata cells, using methylated RNA immunoprecipitation followed by

sequencing (MeRIP-seq). Biological replicates of ribo-RNA deleted mRNA of each cell type

were prepared for MeRIP-seq followed by peak calling using the MeTPeak package on both

strands of the genome. We monitored expression of some lytic genes in LcLs through RNA-

seq and RT-qPCR (S1A and S1D Fig). However, we found that there was a much lower level of

lytic transcripts compared to latent gene transcripts based on the results of our realtime PCR
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assays. In addition, the results of biological replicates were also highly consistent. The m6A

conserved peaks among LcLs and Akata cells were found in transcripts of both latent and lytic

genes. The latent genes with m6A modifications include EBNA1, EBNA3A, EBNA3B,

EBNA3C and LMP1 (Fig 1A and 1B, S1 and S2 Tables). M6A modification was also detected

on the lytic transcripts including BRLF1, gp350 (BLLF1), DNA polymerase accessory subunit

(BMRF1), as well as other lytic genes (Fig 1A and 1B, S1 and S2 Tables). The m6A peaks on

EBNA1, EBNA3C, LMP1, BRLF1, gp350, and BMRF1 transcripts were confirmed by methyl-

ated RNA immunoprecipitation, reverse transcription, and quantitative real-time PCR (Fig 1C

and 1F). The regions which encompassed the m6A peaks all displayed strong m6A enrichment

compared to the IgG control. No m6A modification was detected on LMP2A transcripts from

LcLs or Akata cells based on our qPCR analyses (Fig 1C). These results suggested that m6A

modification was specifically distributed on both EBV latent and lytic transcripts.

Fig 1. The EBV m6A epitranscriptome during viral latent and lytic infection. (A, D) Transcriptome-wide maps of EBV

m6A IP reads, input reads and m6A peaks in LcLs and Akata cells with latent infection or lytically reactivated cells. (B, E)

Enlarged regions of EBNA3C and BRLF1 from m6A modification sequencing data shows more detailed peaks. (C, F)

Validation of m6A peaks in EBNA1 (E1), EBNA3C (E3C), LMP1 (L1), LMP2A (L2A), BRLF1 (BR1), gp350 (gp), BMRF1

(BM1) and BGLF5 (BG5) by MeRIP-qPCR. Fold enrichment was determined by calculating the fold change of IP to input

Ct values. IgG precipitated RNA enrichment was used as the control. Experiments were independently repeated three

times, and results are presented as mean±s.d. from the three experiments. The scale bar for the coverage tracks in Fig 1A

and 1D is 1000. The others are labeled in the panel. “��” represents p-value<0.01; “�” represents p-value<0.05; “ns”

represents no significance.

https://doi.org/10.1371/journal.ppat.1007796.g001
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The m6A modification of EBV transcripts is decreased during lytic

infection

We also investigated the levels at which the viral transcripts were modified during reactivation

and induction of lytic replication. We detected m6A modification of EBV transcripts during

lytic infection. TPA and Butyric acid were used to induce lytic reactivation. We observed a dra-

matic reduction of m6A modification of EBV transcripts both in reactivated LcLs and Akata

cells (Fig 1D and 1E and S3 and S4 Tables). However, m6A peaks were still detected on specific

transcripts encoded by latent genes, including EBNA3A, EBNA3B, EBNA3C, EBNA1, as well

as BRLF1, gp350, and BMRF1 transcripts in lytically induced LcLs (Fig 1F). Notably, the fold

enrichment in lytic infection was lower than that seen during latent infection and there was a

typically 5-20-fold difference (Fig 1A, 1D, 1C and 1F). Additionally, the m6A modification sig-

nal was much lower in lytic Akata cells compared to lytic LcLs which ranged between 2–5 fold

based on the MeRIP-seq data analysis and MeRIP-qPCR (Fig 1D and 1F). The comparatively

high enrichment of m6A modification of latent viral transcripts and low enrichment of m6A

modification during lytic infection suggested that m6A modification may play a role in latent

gene expression and maintenance of EBV latent infection.

Modification of EBV latent gene transcripts by m6A promotes stability of

the mRNA

We identified an enrichment of m6A modifications of viral transcripts during EBV latent

infection, and conversely a decrease in m6A modification of viral transcripts during lytic infec-

tion. Therefore, we hypothesized that m6A modification was important for latent antigen

expression and stability in infected cells. One of the most important functions of m6A modifi-

cation is its effects on mRNA stability. Therefore, we examined the role of m6A in regulating

the mRNA stability expressed from several essential EBV genes.

METTL14 is a major component of the methyltransferase complex required for m6A modi-

fication, and so we first determined binding of METTL14 to the transcripts modified with

m6A. The target genes included 4 latent genes, EBNA1, EBNA3C, LMP1, LMP2A, and 4 lytic

genes, BRLF1, gp350, BMRF1 and BGLF5. For input samples, similar results were observed

that there were relatively higher levels of latent transcripts compared to lytic gene transcripts

according to the results of our real-time PCR assays in latently infected LcLs. We showed the

RNA levels of transcripts in LcL input samples in Fig 2A and 2C (S1B and S1C Fig), and also

examined the corresponding DNA levels in IP samples and we did not find any DNA amplifi-

cation before reverse transcription (S1D Fig). We found that there was a substantial increase

in enrichment of m6A at EBNA1, EBNA3C, LMP1, BRLF1, gp350, and BMRF1, but not at

LMP2A and BGLF5 with METTL14 immunoprecipitation (Fig 2A and 2B). These results were

consistent with the MeRIP-seq and m6A-qPCR data described above.

To directly demonstrate the role of METTL14 in regulating these viral genes, we knocked

down METTL14 followed by m6A RIP-qPCR. The results showed that m6A modification of

EBNA1, EBNA3C, LMP1, BRLF1, gp350 and BMRF1 in the absence of METTL14 was dramat-

ically decreased in both LcLs and Akata cells (Fig 2C–2F). We further investigated the viral

mRNA stability after METTL14 knock down. The results showed that there were differences

between the latent and lytic genes when METTL14 was knocked down. Consequently, the sta-

bility of the latent genes, including EBNA1, EBNA3C, and LMP1, was decreased in the absence

of METTL14 (Fig 2G). However, the stability of lytic genes, including BRLF1, gp350, and

BMRF1, was substantially increased in the absence of METTL14 as seen by the relative mRNA

levels of the transcripts (Fig 2H). and the stability of LMP2A and BGLF5 were not affected (Fig

2G and 2H). The expression of METTL14 in the absence or presence of actinomycin D was
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Fig 2. Modification of EBV latent gene transcripts by m6A promotes mRNA stability. (A-B) RIP using METTL14 antibody to detect the overall levels of

METTL14 on viral genes in LcLs and Akata cells. Primers were designed for the indicated gene regions. (C, E) MeRIP using m6A antibody to detect overall

levels of m6A on viral genes in LcLs and Akata cells with shCr or shMETTL14. Primers were designed for the indicated gene regions. (D, F) The RNA levels of

METTL14 in shCr or shMETTL14 cells. (G-H) Quantification of levels of viral transcripts following treatment with actinomycin D in LcLs with shCr and sh

METTL14. (I) RNA expression levels of wild-type and mutant EBNA3C. GAPDH was used as the reference control. (J) MeRIP using m6A antibody to detect

METTL14 regulates EBV-associated tumorigenesis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007796 June 21, 2019 5 / 25

https://doi.org/10.1371/journal.ppat.1007796


monitored as a control. We found that the RNA level of METTL14 was decreased when the

LcLs were treated with actinomycin D in both METTL14 knock-down cells and control cells

(S2 Fig). These results demonstrated that METTL14 played an important role in m6A modifi-

cation of viral transcripts and that m6A modification played a different role for latent and lytic

genes in terms of their stability.

To investigate the role of specific m6A modification sites, we introduced 4 mutations to dis-

rupt the DRACH motif (D = A/G/U, R = A/G, and H = A/C/U) [14] in the EBNA3C open

reading frame (S12A Fig). The sites were selected according to the MeRIP-seq (Fig 1A and S1

Table) and qPCR data (Fig 1C). These residues are located at the amino-terminal region

between G649 and C701 nucleotides where the highest enrichment of m6A modification

within the EBNA3C transcript was identified. The mutations were designed to disrupt the

DRACH motif where the adenosine is modified but would not change the underlying coding

potential of the EBNA3C gene. The EBNA3Cwt and EBNA3Cmut constructs were transfected

into Saos-2 cells and the expression of EBNA3C was detected using reverse transcription

qPCR. We found that the levels of the EBNA3Cmut transcripts were lower than that of the

wild-type EBNA3C (Fig 2I). The m6A IP-qPCR experiment showed that there was less m6A

modification of the EBNA3C mutant transcript of greater than 2-fold compared to that of the

wild-type EBNA3C (Fig 2J). To determine the effect of the mutations in EBNA3C, we used

Actinomycin D to inhibit transcription for 6 and 12 hours. The RNA levels of EBNA3C was

then measured. We found that there was a clear decrease in EBNA3C transcripts which con-

tained the mutations (Fig 2K). These results demonstrated that m6A modification of the

EBNA3C transcripts played an important role in EBNA3C mRNA expression levels and

stability.

Expression of the m6A methyltransferase METTL14, reader YTHDF2 and

demethylase ALKBH5 is modulated in EBV-positive cells

We identified a large number of m6A modifications in EBV transcripts, and more specifically

a different profile of m6A modification during latent and lytic infection. Therefore, we wanted

to determine whether m6A related enzymes were regulated on EBV infection. We first per-

formed RT-qPCR to detect the expression of m6A modification enzymes including METTL3,

METTL14, YTHDF1, YTHDF2, YTHDF3, FTO and ALKBH5 in B cells, LcLs, Akata EBV neg-

ative and EBV-positive Akata cells. The RT-qPCR results showed that METTL14 was signifi-

cantly up-regulated in EBV-positive LcLs and Akata cells (S3 Fig). YTHDF2 expression

showed a significant decrease in LcLs and a modest decrease in Akata cells while ALKBH5

expression was slightly increased in LcLs and Akata cells (S3 Fig).

We further examined the protein levels of METTL14, YTHDF2, and ALKBH5 since there

were differences in their RNA expression. EBV negative B cells, Akata EBV-, BL41 and

HEK293T cells, and latently infected LcLs, BL41-EBV and HEK293T-BAC-EBV cells were

used for analysis of the protein levels by Western blot. The expression of the demethylase

ALKBH5 was significantly decreased while the m6A methyltransferase METTL14 was dramat-

ically increased in EBV-positive LcLs, BL41-B95.8 and there is a modest increase in Akata and

293T-BAC-EBV cells (Fig 3A–3D, lane 1–2 and S4A–S4D Fig). These results suggested that

the m6A methyltransferase and m6A modification are required for EBV latent infection. Fur-

ther, the expression of METTL14, YTHDF2 and ALKBH5 were also detected during lytic

the overall levels of m6A in the mutant and wild-type EBNA3C. (K) Actinomycin D was used to inhibit transcription for 6 and 12 hours and the levels of

EBNA3C mRNA was determined. Experiments were independently repeated three times, and results are presented as mean±s.d. from the three experiments.

“��” represents p-value<0.01; “�” represents p-value<0.05; “ns” represents no significance. UI: uninduced; IN: induced.

https://doi.org/10.1371/journal.ppat.1007796.g002
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Fig 3. The expression of m6A enzymes in EBV infected cells and the role of METTL14, YTHDF2 and ALKBH5 on

viral gene expression. (A-D) 10 million B cell, LcLs, Burkitt’s lymphoma (BL) cells BL41, Akata, EBV-positive BL41,

METTL14 regulates EBV-associated tumorigenesis
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reactivation of infected cells. The data clearly showed that expression of METTL14, YTHDF2

and ALKBH5 was down-regulated when EBV-positive cells were induced to lytic reactivation

(Fig 3A–3D, lane 3, and S4A–S4D Fig).

The expression of METTL14, YTHDF2 and ALKBH5 was also monitored in several other

EBV-infected cells. Latent Sav I, Sav III, Mutu I, and Mutu III as well as reactivated Sav I, Sav

III, Mutu I, and Mutu III cells were used for analysis of the protein levels. BZLF1 was detected

by western blot to confirm reactivation of EBV. We showed that METTL14 expression was

increased in latency EBV III cells (Mutu III and Sav III), compared to latency I cells (Mutu I

and Sav I) (Fig 3E and 3F, lane 1 and 3). In addition, the expression levels of reader YTHDF2

and the demethylase ALKBH5 were decreased in latency III EBV cells compared to latency I

EBV cells (Fig 3E and 3F, lane 1 and 3). The expression levels of METTL14, YTHDF2 and

ALKBH5 in lytically reactivated EBV-positive Sav I, Sav III, Mutu I and Mutu III cells were

consistently down-regulated (Fig 3E and 3F, lane 2 and 4). This result suggests that essential

viral antigens expressed during latency III may promote the expression of METTL14 and that

its expression is reversed during lytic reactivation.

METTL14-mediated m6A modification regulated the stability of EBV mRNA. To further

examine the role of METTL14, YTHDF2 and ALKBH5 in regulating the expression of EBV

proteins, METTL14, YTHDF2 and ALKBH5 were knocked down with lentivirus carrying

shRNA in EBV-positive Burkitt lymphoma cells and LcLs. Knock-down of METTL14 led to a

decrease in latent viral gene expression, including EBNA1, EBNA3C and LMP1 (Fig 3G and

3J, S4G, and S4J Fig). Expression levels of two lytic genes, BZLF1 (immediately early) and

GP350 (late) were modestly induced by knock-down of METTL14 in EBV-positive cells (Fig

3G and 3J), and EBNA1, EBNA3C and LMP1 expression levels did not show any noticeable

change in the YTHDF2 and ALKBH5 knock-down cells (Fig 3H–3L, S4H–S4L Fig). However,

BZLF1 expression was increased in YTHDF2 knock-down cells (Fig 3H and 3K).

EBV reactivation was induced by TPA and Butyric acid, and the expression of viral genes

was monitored. In contrast to latently infected cells, expression of the viral proteins was seen

to be significantly increased in reactivated cells (Fig 3G–3L). Notably, latent gene expression

was lower in METTL14 knock-down cells, but the lytic genes BZLF1 and GP350 were

increased in METTL14 knock-down cells by at least 2-fold (Fig 3G and 3J). These two lytic

genes were also increased in the YTHDF2 knock-down cells (Fig 3H and 3K). However, there

were little or no obvious effects of ALKBH5 knock-down on viral antigen expression (Fig 3I

and 3L). We investigated the function of m6A modification in the virus lytic cycle progression

and the production of infectious virions through knocking down METTL14 in LcLs. We

found that knock-down of METTL14 alone will not lead to robust reactivation. However,

knock-down of METTL14 will promote virion production when the virus entered the lytic

cycle (S5A Fig). These results demonstrated that METTL14 played a role in promoting EBV

antigen expression during latent infection as well as lytic infection. Since METTL3 and

METTL14 work as a methyltransferase complex. We further monitored the binding of

METTL3 on the m6A sites of viral transcripts in LcLs and the results showed that METTL3

Akata-EBV cells, 293T and 293T-BAC-EBV cells uninduced (Ul) were lysed with RIPA buffer and western blot

analysis was performed with indicated antibodies. To reactivate EBV, TPA (20 ng/ml) and Butyric acid (BA, 2.5 mM)

were used to treat the cells for 48 hours (IN). (E-F) 10 million SavI, SavIII, MutuI and Mutu III cells were lysed with

RIPA buffer and western blot analysis was performed with indicated antibodies. To reactivate EBV, TPA (20 ng/ml)

and Butyric acid (BA, 2.5 mM) were used to treat the cells for 48 hours. (G-I) 5 million LcL shCr, LcL shMETTL14

(shM14), LcL shYTHDF2 (shYF2), LcL shALKBH5 (shAH5) cells were collected, lysed and subjected to western blot

with indicated antibodies. (J-L) 5 million BL41-EBV shCr, BL41-EBV shMETTL14, BL41-EBV shYTHDF2, BL41-EBV

shALKBH5 cells were collected, lysed and subjected to western blot with the indicated antibodies. UI: uninduced with

drugs; IN: induced with drugs.

https://doi.org/10.1371/journal.ppat.1007796.g003
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also bound to the m6A sites (S5B Fig). We then investigated the effects of METTL3 on viral

gene expression and we found that METTL3 knock-down showed a similar consequence for

EBV protein expression as the METTL14 knock-down (S5C Fig). Meclofenamic acid is

reported to be a specific demethylation inhibitor [15]. To rule out any possible effects due to

ALKBH5 shRNA artifacts, we treated LcLs with meclofenamic acid to support the results of

the ALKBH5 knock-down. We found that the demethylation inhibitor showed similar effects

as the ALKBH5 knock-down on viral gene expression (S5D Fig).

EBNA3C regulates METTL14 expression at the transcription level

We further investigated which antigen of EBV was responsible for up-regulation of METTL14.

We transfected Myc-tagged EBNA2, EBNA3C, LMP1, LMP2A and LMP2B in Saos-2 cells

(S6A–S6G Fig). EBNA1 was not included as we observed a dramatic increase in METTL14 lev-

els in type III EBV-positive latent cell lines compared to that of type I EBV-positive latent cell

lines (Fig 3E and 3F). 48 hours later, cells were collected and lysed. METTL14 and the trans-

fected viral proteins were detected by western blot analyses. We found that EBNA3C was able

to up-regulate METTL14 expression by approximately 2.5-fold (S6G Fig). We repeatedly

found that METTL14 was up-regulated in LcLs compared to EBV negative B cells. In addition,

LMP1 upregulated METTL14 expression by approximately 24% at the protein level (S6B Fig).

We also showed that METTL14 expression levels were decreased by about 2-fold in EBNA3C

knock-down LcLs (S6H Fig), and further confirmed these results in EBNA3C stably expressed

B cell lines BJAB7 and BJAB10 cells. METTL14 expression levels were increased in the pres-

ence of EBNA3C, when compared to EBNA3C negative B cells and was based on the levels of

EBNA3C expressed (S6I Fig).

We also monitored the expression of METTL14 at the transcription level in EBV-positive

and EBNA3C expressing cells. EBNA3C expression can up-regulate METTL14 transcription

in BJAB7 and BJAB10 cells which stably expressed EBNA3C (S6J Fig). We found that the RNA

levels of METTL14 were also increased in EBV-positive cells and knock-down of EBNA3C in

LcLs led to decreased expression of METTL14 (S6K Fig). These results demonstrated that EBV

infection, and specifically, EBNA3C expression can up-regulate METTL14 transcription. Fur-

ther, we generated the METTL14 promoter-driven luciferase reporter system to determine

whether EBNA3C was able to up-regulate METTL14 expression through activation of the

METTL14 promoter. The reporter construct containing the METTL14 promoter and a dose-

dependent increase of the Myc-EBNA3C expression vector was transfected into HEK293 or

Saos-2 cells. Meanwhile, the thymidine kinase promoter-Renilla luciferase reporter plasmid

(pRL-TK) was additionally transfected and used as a control for transfection efficiency. The

results of the luciferase assay suggested that the METTL14 promoter activity was dramatically

increased by EBNA3C in a dose-dependent manner (S6L–S6M Fig). These results demon-

strated that the essential EBV latent protein EBNA3C can up-regulate the methyltransferase

METTL14 transcription through activation of the METTL14 promoter.

METTL14 is stabilized by EBNA3C

We have shown that METTL14 transcripts and protein levels were significantly up-regulated

by EBNA3C. To demonstrate whether EBNA3C can regulate METTL14 at the protein level,

we initially performed protein stability assays by expressing METTL14 with or without

EBNA3C in Saos-2 and HEK293 cells. Cells were treated with cycloheximide (CHX) for up to

12 hours. The protein level of METTL14 was decreased dramatically in the absence of

EBNA3C (Fig 4A and 4B). The results demonstrated that METTL14 was stabilized on expres-

sion of EBNA3C (Fig 4A and 4B). We further validated the results by treating BJAB, BJAB7,
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LcL-shCr and LcL-shE3C cells with CHX. The results showed that the stability of METTL14

was significantly enhanced in the presence of EBNA3C compared to a loss of up to 63% of the

METTL14 signal at 12 hours after cycloheximide treatment in EBNA3C-negative cells (y4C

and 4D).

We further examined whether EBNA3C can interact directly with METTL14. Co-immuno-

precipitation (Co-IP) assays were performed in B-cells with physiologic expression of

EBNA3C. To determine the association in B-cell lines, BJAB, EBNA3C stably expressing BJAB

(BJAB7) and EBV-transformed (LcL) cells were used for the Co-IP experiment. We performed

IP using an EBNA3C antibody or METTL14 specific antibody to immunoprecipitate the target

proteins followed by western blot analyses. The Co-IP results showed that endogenous

Fig 4. EBNA3C stabilizes METTL14 through interaction in human cells. (A, B) 10 million Saos-2 or HEK293 cells

were co-transfected with control plasmids, Myc-E3C, and Flag-METTL14 expression plasmids. 36 hours later, cells

were treated with 40 μg/ml cycloheximide (CHX) for 0, 4, 8, 12 hours, and then cells were collected, lysed and

subjected to western blot with indicated antibodies. (C, D) BJAB, BJAB7, LcL shCr, and LcL shE3C cells were treated

with 40 μg/ml cycloheximide (CHX) for 0, 4, 8, 12 hours, and then cells were collected, lysed and subjected to western

blot with indicated antibodies. (E, F) 30 million BJAB, BJAB7, and LcLs were lysed with RIPA buffer and co-

immunoprecipitation was performed with EBNA3C (E) or METTL14 (F, M14) specific antibody. Immunoprecipitated

samples were resolved by 10% SDS-PAGE and endogenous EBNA3C and METTL14 were detected by the specific

antibodies. (G, H) 30 million HEK293 cells were transfected with indicated plasmids and lysed with RIPA buffer 48

hours later, and co-immunoprecipitation was performed with Myc or Flag antibody. Immunoprecipitated samples

were resolved by 10% SDS-PAGE and proteins were detected by the specific antibodies. (I) The schematic diagram

shows the 3 main regions of EBNA3C. NLS, nuclear localization signal; LZD, leucine zipper domain; AD, acidic

domains; PP, Proline-rich; QP, glutamine-proline-rich. (J) Myc-tagged specific regions of EBNA3C (1-100aa, 100-

200aa, or 200-300aa) were co-transfected into 10 million HEK293 cells with Flag-tagged METTL14. Co-

immunoprecipitation was performed with Myc antibodies. EBNA3C and METTL14 were detected by the specific

antibodies.

https://doi.org/10.1371/journal.ppat.1007796.g004
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EBNA3C can physically associate with METTL14 and more importantly in EBV-transformed

lymphoblastoid cell lines (Fig 4E and 4F).

To determine the domain of EBNA3C which can specifically interact with METTL14, Myc-

tagged full length and specific regions of EBNA3C (1-365aa, 366-620aa or 621-992aa) were co-

transfected into HEK293 cells with Flag-tagged METTL14 (Fig 4I). The targeted protein was

immunoprecipitated with anti-Myc or anti-Flag antibody, respectively. The results demon-

strated that METTL14 interacted with an amino terminal region of EBNA3C (1-365aa) as well

as with the full-length EBNA3C protein (1-992aa) (Fig 4G and 4H). These results showed that

EBNA3C amino acid residues 1-365aa were responsible for the interaction between EBNA3C

and METTL14 (Fig 4G and 4H). Plasmids with EBNA3C truncations were also transfected in

HEK293 cells without Flag-METTL14 plasmid. IP was done and the results showed that there

is no non-specific binding to Flag protein (S7 Fig). To further determine the exact domain of

EBNA3C which can specifically interact with METTL14, Myc-tagged specific regions of

EBNA3C (1-100aa, 100-200aa, or 200-300aa) which delineated specific motifs in the amino

terminal region were co-transfected into HEK293 cells with Flag-tagged METTL14. Co-immu-

noprecipitation was performed with Myc antibodies. The results suggested that the region

located within residues 100-200aa of EBNA3C containing the interaction domain for the tran-

scription repressor RBP-JK was responsible for its interaction with METTL14 (Fig 4J).

To determine whether the EBNA3C residues EBNA3C100-200 or EBNA3CΔ100–200

(EBNA3C without 100-200aa residues) affect the protein expression, protein stabilities and the

oncogene function of METTL14, we expressed EBNA3C100-200, EBNA3CΔ100–200, or

EBNA3C in HEK293 cells. We found that only the full-length EBNA3C can upregulate the

expression of METTL14. Neither the EBNA3C100-200 alone nor EBNA3C lacking the 100–

200 residues up-regulated METTL14 expression (S8A Fig). We also monitored the effects of

EBNA3C100-200 and EBNA3CΔ100–200 on METTL14 protein stability. We found that nei-

ther the EBNA3C100-200 alone nor EBNA3C lacking the 100–200 residues promoted the sta-

bility of METTL14 (S8B and S8C Fig).

EBNA3C colocalized with METTL14 in EBV-transformed LcLs and Post-

transplant Lymphoproliferative patient tumor tissues

We have shown that EBNA3C binds to METTL14, so it is expected that these two proteins can

coexist in the same cellular compartment and colocalize with each other in cells. To determine

the co-localization of EBNA3C and METTL14, Saos-2 and HEK293 cells were initially trans-

fected with plasmids expressing Myc-tagged EBNA3C, and the cellular localization of

EBNA3C and METTL14 was monitored by fluorescence microscopy. In the absence of

EBNA3C, the METTL14 proteins were distributed around the nucleus as seen with some

punctate dots (S9A Fig). In cells transfected with Myc-EBNA3C, the merged yellow fluores-

cence demonstrated that EBNA3C co-localized with METTL14 in Saos-2 and HEK293 cells

(S9B–S9D Fig).

To further determine the co-localization of EBNA3C and METTL14 proteins in EBV-posi-

tive B-cells, immune-fluorescence assays were performed using specific antibodies against

EBNA3C and METTL14 in order to examine the endogenous expression in different B-cell

lines. The results corroborated the above results that EBNA3C co-localized with METTL14 in

BJAB cells that can stably express EBNA3C, as well as in EBV-transformed LcLs (Fig 5A–5D).

This was consistent with the above results and further suggested that EBNA3C associated with

METTL14 in nuclear complexes.

We further investigated the expression and localization of METTL14 in EBV-negative and

positive human tumor tissues. Immunohistochemistry for METTL14 expression showed that
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Fig 5. EBNA3C colocalizes with METTL14. (A-D) BJAB, BJAB7, and LcLs were plated on slides and cells were fixed with 4%

PFA, and stained with specific antibodies. EBNA3C was detected by mouse anti-EBNA3C (A10) antibodies followed by the

secondary anti-mouse Alexa Fluor 594. METTL14 were detected by rabbit anti-METTL14 antibodies, followed by anti-rabbit

Alexa Fluor 488 as the secondary antibody. The nuclei were subsequently stained with DAPI, and the images were captured using

an Olympus Fluoview confocal microscope. The results shown are representative of three independent experiments. (E, F).

Representative images (left, 200X; right, 400X) of immunohistochemistry staining against METTL14 or EBNA3C in EBV negative

tissue or positive PTLDs tumor tissue. (G, H) Immunofluorescent analysis of METTL14 or EBNA3C in EBV negative tissue or

positive PTLDs tumor tissue.

https://doi.org/10.1371/journal.ppat.1007796.g005
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it was clearly up-regulated in EBV-positive Post-transplant lymphoproliferative disorders

(PTLDs) tumor tissues and that EBNA3C signals were also clearly detected in the EBV-positive

tissues compared to EBV negative tissues (Fig 5, compare panels 5E and 5F). We supported

our co-localization data for METTL14 and EBNA3C in the PTLD tumor tissues with immuno-

fluorescence assays. The results showed that EBNA3C co-localized with METTL14 in PTLD

tumor tissues (Fig 5, compare panel 5G and 5H).

METTL14 induces proliferation and colony formation of EBV positive cells

To examine the effects of METTL14 on cell proliferation, Saos-2 and HEK293 cells were trans-

fected with expression of EBNA3C and METTL14 and selected with G418 for two weeks. The

expression of EBNA3C and METTL14 was confirmed by western blot (Fig 6A and 6B). We

monitored cell proliferation by expressing EBNA3C or METTL14 using CFSE staining assays.

The results showed that both EBNA3C and METTL14 expression can promote enhanced cell

growth (Fig 6C). We further investigated the growth of colonies in monolayer cultures. Cells

were seeded into 6-well plates and allowed to grow for 5 days to monitor formation of colonies.

A significant increase in colony numbers was observed when EBNA3C and METTL14 were

co-transfected compared to those transfected with only EBNA3C or METTL14 in both cell

types (Fig 6D and 6E). We performed overexpression of METTL14, EBNA3C, and co-overex-

pression of EBNA3C and METTL14 in BJAB cells. And again, we found similar phenotypes of

overexpression of METTL14 and EBNA3C in BJAB cells (S10 Fig). These results demonstrated

that METTL14 can promote growth of cells and that this ability was further enhanced by

EBNA3C. We further monitored the role of METTL14 in cell growth in the context of EBV

transformed LcLs. We performed CFSE staining and soft agar assays with LcL shCr, LcL shEB-

NA3C, LcL shMETTL14 and LcL shEBNA3C plus shMETTL14. Knock-down of EBNA3C and

METTL14 was confirmed by western blot (Fig 6F). The results showed that knock-down of

EBNA3C or METTL14 inhibited the ability of LcLs to form colonies in the soft agar assay (Fig

6H and 6I). Furthermore, we observed the most prominent inhibition of colonies in LcLs with

both EBNA3C and METTL14 knock-down (Fig 6H and 6I). In support of these results, we

observed a similar pattern of cell growth in Burkitt lymphoma BL41 cells with these genes

knocked down (Fig 6G and 6J). The results demonstrated that METTL14 enhanced cell prolif-

eration and growth of colonies in EBV transformed cells by cooperating with EBNA3C.

To investigate the functional role of METTL14 in EBV-associated tumorigenesis, we probed

the effects of its knock-down in a xeno-transplant model in vivo. LcL shCr, LcL shMETTL14,

LcL shEBNA3C and LcL shMETTL14 plus shEBNA3C were subcutaneously injected into

NOD-SCID mice to assess the effect of knock-down METTL14 or EBNA3C on tumor growth.

The results demonstrated that knock-down of METTL14 or EBNA3C led to a dramatic slow-

ing of tumor growth compared to the control group (Fig 6K–6M and S11 Fig). Importantly,

knock-down of both METTL14 and EBNA3C together led to the most dramatic decrease in

tumor weight and volume (Fig 6K–6M). Western blots to show levels of METTL14 and

EBNA3C showed that METTL14 was knocked down greater than 50% and EBNA3C greater

than 75% of the endogenous signals in the LcLs (Fig 6M).

We also investigated the functional role of specific m6A modification sites on EBNA3C for

cell growth. We transfected the wild-type or EBNA3C mutant at the m6A sites into BJAB

(EBV negative cells) and Raji cells (EBV-positive but without EBNA3C expression) [16]. Cell

growth was monitored by CFSE staining and Soft agar assays. The results showed that mutant

EBNA3C had a compromised capacity to promote cell growth when compared to the wild-

type EBNA3C in both BJAB and Raji cells (S12B–S12E Fig). These results confirmed a critical

role for m6A modification of EBNA3C through regulation of METTL14 in driving the
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Fig 6. METTL14 facilitates cell growth and proliferation in EBV infected cells. (A-E) HEK293 or Saos-2 cells were

transfected with control vector, Myc-EBNA3C, Flag-METTL14 or Myc-EBNA3C plus Flag-METTL14 and allowed to grow in

DMEM supplemented with 1mg/ml G418. After two weeks of selection, 105 cells were seeded in 6-well plate and allowed to
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oncogenic phenotype. Finally, we investigated the function of EBNA3C100-200 and

EBNA3CΔ100–200 in the oncogene function of METTL14 though Soft agar and CFSE staining

assays. We found that neither the EBNA3C100-200 alone nor EBNA3C lacking the 100–200

residues promoted METTL14-mediated cell growth compared to full-length EBNA3C (S8D–

S8G Fig).

Discussion

Modification of RNA by m6A functions extensively in cellular processes linked to RNA metab-

olism. These include mRNA stability, translation, splicing and RNA transport [17]. This modi-

fication is also involved in the self-renewal of cancer stem cells, promotion of cancer cell

proliferation, and resistance to radiotherapy or chemotherapy [17]. Recent studies have pro-

vided clues as to understanding the roles of m6A modification during virus infection, however,

the function of m6A modification in tumor virus-mediated oncogenesis is completely

unknown and not previously explored. We have now mapped the m6A modification of viral

transcripts during latent and lytic infection of EBV. We showed that m6A modification can

play a major role in promoting latent gene expression and also repression of lytic gene expres-

sion. We also show that the level of methyltransferase METTL14 was up-regulated by the

essential EBV latent antigen EBNA3C. Furthermore, EBNA3C promoted cell growth and pro-

liferation by co-operating with METTL14. We now establish a novel link between regulation

of the EBV epitranscriptome and EBV-mediated oncogenesis (Fig 6N).

EBV latent infection allows the virus to persist in a mostly dormant state for the lifetime of

the host and is associated with numerous cancers [18]. EBV protein expression in latency III

potently drives B-cells to immortalization through regulation of cell growth, and promotion of

cell survival. Increased expression of c-Myc can also be induced by EBV latent antigens, such

as EBNA2 [19], LMP2A [20], and EBNA3C [21]. The ubiquitin ligase SCFSKP2, cyclin D1,

cyclin A, c-Myc, MDM2, p53, CHK2, E2F1, and E2F6 are all directly regulated by EBNA3C

[22–25]. Additionally, EBV latent proteins can play an essential role in epigenetic deregulation

during B-cell lymphomagenesis [26,27]. EBV latent antigens are the major contributors to

EBV-associated malignancies. Therefore, decreased expression of EBV latent antigens will

result in attenuation of EBV-mediated tumorigenesis.

Modification of RNA by m6A is catalyzed by a methyltransferase complex composed of

METTL3, METTL14, and WTAP [17], and mRNAs containing m6A modification can be

grow for 5 days. The cells were stained with 0.005% Crystal Violet overnight and scanned by PhosphorImager and the area of

the colonies measured by using Image J software. The same number of G418 selected cells were seeded to 6-well plates, collected

and lysed in lysis buffer after 5 days culture. The lysate was subjected to western blot with indicated antibodies. 1X105 cells were

stained with 5μM CFSE for 10 minutes at 37˚C. The cells were washed, cultured, and harvested after culturing for 3 days. Flow

cytometry was used to analyze CFSE-labeled cells. (F-H) LcL shCr, LcL shMETTL14, LcL shEBNA3C, and LcL shMETTL14

plus shEBNA3C cells were established with lentivirus-mediated knock-down. Western blot was performed to confirm the

expression of EBNA3C or METTL14. 1X105 cells were stained with 5μM CFSE for 10 minutes at 37˚C. Cells were washed,

cultured, and harvested after culturing for 3 days. Flow cytometry was used to analyze CFSE-labeled cells. (I) LcL shCr, LcL

shMETTL14, LcL shEBNA3C, LcL shMETTL14 plus shEBNA3C were assessed for their ability to promote colony formation

using the soft agar assays. Photomicrograph of representative colonies from three independent experiments is shown. (J)

BL41-EBV shCr, BL41-EBV shMETTL14, BL41-EBV shEBNA3C, BL41-EBV shMETTL14 plus shEBNA3C were assessed for

their ability to promote colony formation using the soft agar assays. Photomicrograph of representative colonies from three

independent experiments is shown. (K-L) 6 million LcL shCr, LcL shMETTL14, LcL shEBNA3C, and LcL shMETTL14 plus

shEBNA3C were subcutaneously injected into NOD-SCID mice to assess the effect of knocking down METTL14 or EBNA3C

on tumor growth in vivo. 3 weeks later, mice were sacrificed and the weight and size of the tumor were measured. (M) Tumor

tissues were homogenized and subjected to western blot analysis. (N) The interaction between EBV antigen EBNA3C and

METTL14. EBV transcripts are modified by METTL14 and its partners. m6A modification promotes EBV latent gene

expression which is critical to EBV-induced oncogenesis. The essential EBV latent antigen EBNA3C promotes METTL14

transcription and protein stability through direct interaction during EBV latent infection. The interaction feedback loop

between EBV antigen EBNA3C and METTL14 promotes EBV-mediated cell growth and proliferation.

https://doi.org/10.1371/journal.ppat.1007796.g006
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recognized by YTH domain family members, YTHDF1, YTHDF2 and YTHDF3 [28]. The

consequence of m6A modification differs and depends on being recognized by the readers,

and the position of the m6A modification [29]. YTHDF1 is also known to enhance translation

of mRNA [30]. YTHDF2 is now known to induce mRNA degradation [31], and YTHDF3 co-

operates with either YTHDF1 or YTHDF2 to promote translation or degradation of tran-

scripts, respectively [32]. More recently another family of m6A readers, insulin-like growth

factor 2 mRNA-binding proteins (IGF2BPs; including IGF2BP1/2/3) have been shown to up-

regulate mRNA stability [33]. IGF2BPs belong to a conserved family of single-stranded RNA

binding proteins [33], and can recognize m6A modification to enhance mRNA stability and

translation [33]. IGF2BPs and YTHDF2 show a different distribution on the transcripts and

recognize m6A modification with different motif sequences [33]. Nevertheless, new m6A read-

ers are emerging and there must be more unrevealed readers to be explored. We found that

m6A modifications are distributed on both latent and lytic gene transcripts. M6A modification

at the viral latent and lytic gene transcripts resulted in different outcomes. Modification of

latent transcripts promoted stability while it had a negative role on stability of lytic transcripts.

This difference may be due to the different readers responsible for recognition of the modifica-

tion. Additionally, the enhanced stability of the latent transcripts, such as EBNA3C, had a

direct effect on promoting cell growth and proliferation.

METTL3-METTL14-WTAP-mediated m6A modification is associated with cancer [5] and

the relationship between m6A and cancer has not been fully explored. Silencing of METTL3

led to P53 signaling pathway enrichment in HepG2 cells [5], and knock-down of METTL3 or

METTL14 promoted glioblastoma stem cell growth and tumorigenesis [34]. METTL14 is

highly expressed in normal hematopoietic stem/progenitor cells and acute myeloid leukemia

cells [35]. METTL14 is required for myeloid leukemia cell survival and proliferation [35]. We

found that METTL14 expression was dramatically up-regulated in EBV-infected cells, and

EBNA3C positive cells. We also showed that METTL14 promoted growth and proliferation of

these cells. Importantly, we showed upregulation of METTL14 in EBV-positive PTLDs and

knock-down of METTL14 resulted in a decreased tumorigenic activity of EBV-transformed

cells in the xenograft animal model systems.

Studies in KSHV revealed that blocking m6A inhibits splicing of the pre-mRNA encoding

replication transcription activator (RTA), a key KSHV lytic switch protein, and halts viral lytic

replication [36]. Knockdown of YTHDF1, YTHDC1 or YTHDC2 had no significant or consis-

tent effect on viral lytic replication [12]. Knock-down of YTHDF2 led to a four-fold increase

in KSHV production and an increase in RTA, ORF57, ORF-K8 and ORF65 lytic transcripts

through an increase of the half-life of KSHV transcripts. Another study found that depletion of

the m6A machinery had differential pro- and anti-viral impacts on viral gene expression

depending on the cell-type analyzed [37]. Here we focused on METTL14, a component of

methyltransferase complex and found that METTL14 can promote increased levels of the

latent oncogene EBNA3C. METTL3-METTL14 mediated m6A modification can negatively

regulate EBV lytic gene expression, but knock-down METTL14 cannot drive EBV into full-

blown lytic reactivation from latency. Although we focused on the relationship between m6A

modification and EBV-mediated tumorigenesis, the effects of METTL3-METTL14 mediated

m6A modification on lytic gene expression is an interesting topic for further study.

METTL14-mediated m6A modification can negatively regulate mRNA stability of some lytic

genes according to our initial results. Correspondingly, METTL14 expression is dramatically

downregulated during the EBV lytic infection cycle. These results suggest that m6A modifica-

tion is likely not absolutely a necessary requirement for EBV lytic reactivation. The detailed

mechanism related to EBV reactivation and m6A modification will need to be further

explored.
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In this study, we have now shown for the first time that the host RNA m6A modification

machinery can be targeted and manipulated specifically by a viral-encoded oncoprotein. This

modulated latent and lytic viral gene expression enhancing the pro-oncogenic potential of

EBV. The study now provides a deeper understanding of specific interactions between a potent

oncogenic virus and host cells at the level of the viral epitranscriptome, and further suggests a

critical role for viral mRNA modification in driving the oncogenic process. Furthermore, tar-

geting METTL14 may be a critical strategy for controlling EBV-associated cancers.

Materials and methods

Ethics statement

The University of Pennsylvania Institutional Animal Care and Use Committee reviewed and

approved all the animal experiments (protocol 804549). All the experiments were carried out

in accordance with the Laboratory Animal Welfare guidelines for the Care and Use provided

by National Institutes of Health. The University of Pennsylvania CFAR Immunology Core

provided B-cells from deidentified humans. The CFAR Immunology Core maintains an Insti-

tutional Review Board (IRB)-approved protocol in which Declaration of Helsinki protocols

are strictly followed. Every donor gave written and informed consent at the CFAR Immunol-

ogy Core. All patients provided written informed consent.

Cell lines, Plasmids, and antibodies

The plasmid pA3M-EBNA3C and the LcLs, Akata, and BJAB cell lines, have been described

previously [4]. LcLs were generated in our laboratory [4]. BJAB, BL41, Akata, Akata-EBV, and

BL41-B95.8 cell lines were kindly provided by Elliott Kieff (Harvard Medical School, Boston,

MA). Saos-2 (human osteosarcoma cell line) and HEK-293 (human embryonic kidney cell

line) were provided by Jon Aster (Brigham and Woman’s Hospital, Boston, MA). Sav I and

Sav III cell lines, Mutu I and Mutu III cell lines were kindly provided by Dr. Paul M. Lieber-

man (The Wistar Institute, Philadelphia, PA). Antibodies against Myc (9E10) and EBNA3C

antibody (A10) was generated from hybridomas. A rabbit anti-Flag monoclonal antibody was

purchased from Sigma-Aldrich Corp. (St Louis, MO). Rabbit anti-METTL14, YTHDF2 and

ALKBH5 antibodies were purchased from Proteintech Group Inc. METTL14 or EBNA3C

knocked down cells were transduced with lentivirus containing specific shRNAs and shRNAs

against luciferase were used as a control. The knocked down cell lines were then selected with

1ug/ml puromycin.

Isolation of m6A RNA fragments

Isolation of m6A-containing fragments was performed as previously described with minor

modifications [38]. Briefly, total RNA was extracted from cells using TRIzol Reagent (Invitro-

gen, Inc., Carlsbad, CA). The total RNA was fragmented in a buffer containing 100 mM Tris-

HCl at pH 8.0 and 100 mM ZnCl2 followed by incubation at 94˚C for 8 min. Successful frag-

mentation of mRNA with sizes close to 120 nucleotides was validated using a BioRad Geldoc

Station (Bio-Rad, Hercules, CA). Before immunoprecipitation, 10 μg of anti-m6A antibody

was incubated with 30 μl slurry of Pierce Protein A Agarose beads (Thermo Fisher Scientific,

Waltham, MA) in 250 μl PBS with 0.5% BSA at 4˚C for 2 h. The beads were washed three

times in cold PBS with 0.5% BSA. To isolate the m6A-containing fragments, 900 μg of frag-

mented total RNA was added to the antibody-bound beads in 250 μl IP buffer supplemented

with RNasin Plus RNase inhibitor (Promega Inc, Madison, WI), and the mixture was mixed at

4˚C for 2h. The beads were washed four times with 1 ml IP buffer before elution with 100 μl IP
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buffer supplemented with 6.67 mM of m6A salt (M2780, Sigma-Aldrich, St. Louis, MO). The

mixture was incubated for 1 h at 4˚C with continuous shaking and the eluate was collected. A

second elution was carried out and the eluates were pooled together before purification with

2.5-fold ethanol and 1/10 volume of NaAC pH5.2. RNA was washed with 75% ethanol for

twice and dissolved in RNase free H2O.

Preparation of MeRIP-seq complementary DNA library

Purified eluate and Input samples were used for the preparation of libraries and sequencing at

the Genome Sequencing Facility of the GATC core at the Washington University St. Louis.

Approximately 300 ng of mRNA was used for RNA sequencing (RNA-Seq). The library was

prepared using the TruSeq stranded mRNA kit (Illumina, San Diego, CA) according to the

manufacturer’s protocol. First, the elute-frag-prime stage was done at 80˚C for 2 min to allow

annealing without causing fragmentation [12]. RNA was reverse transcribed into first strand

cDNA using reverse transcriptase and random primers. This was followed by the second

strand cDNA synthesis using DNA Polymerase I and RNase H. The cDNA fragments were

used for end repair process with the addition of a single ‘A’ base followed by ligation of adapt-

ers. The products were then purified and enriched by PCR amplification for 12 cycles to gener-

ate the final RNA-seq library. cDNA libraries were quantified and pooled and subsequent

sequencing on an Illumina HiSeq3000 platform 50 bp single read sequencing module.

Data analysis for MeRIP-seqencing sets

After sequencing, the first step is quality and adapter trimming. Trimming was conducted by

Trim Galore (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) to remove

adapter sequences and low-quality bases (bases with < 20 quality score will be removed). After

trimming, the MeRIP-seq reads were aligned to EBV reference genome by the aligner HISAT2

[39] with the annotation of the splice sites (the EBV reference genome and annotation were

downloaded from https://www.ncbi.nlm.nih.gov/nuccore/NC_007605.1). The m6A peaks

were called by a graphical model-based peak calling method–MeTPeak [40], with the parame-

ters of window width = 50, sliding step = 50 and read length = 50. The peaks were visualized in

IGV (http://www.broadinstitute.org/igv).

RNA immunoprecipitation (RIP)

RIP was performed as previously described [33]. Briefly, 107 LcLs or Akata cells were collected

and lysed with RIP buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 5mM EDTA, 0.5mM

DTT, 0.5% NP40, 100 U/ml RNAase inhibitor SUPERase•in, 1×protease inhibitor (539131,

Millipore, Burlington, MA). 3μg of METTL14 (Proteintech Group Inc, Rosemont, IL) or IgG

(NI01, Millipore, Burlington, MA) was conjugated to protein A/G agarose beads (Thermo

Fisher Scientific, Waltham, MA) by incubation for overnight at 4˚C in RIP buffer at 4˚C over-

night. Beads were washed with RIP buffer for three times, followed by DNA digestion at 37˚C

for 30 min and incubation with 50μg of proteinase K (Thermo Fisher Scientific, Waltham,

MA) at 55˚C for 30min. Input and co-immunoprecipitated RNAs were recovered by TRIzol,

extraction and analyzed by qPCR.

Transfection, Immuno-precipitation and Western blotting

Saos-2 and HEK293 cells were transfected with jetPRIME (Polyplus Transfection, Illkirch,

France) according to the manufacturer’s instructions. BJAB cells were transfected by electro-

poration (220V, 950 μF) with Bio-Rad Gene Pulser II electroporator in 400 ul of serum-free
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medium. The cells were then transferred to complete RPMI 1640 media, which was preincu-

bated to 37˚C.

Immunoprecipitation (IP) and Western blotting were performed as described previously

[41]. Briefly, cells were collected and were lysed in lysis buffer (10 mM Tris, 1% NP-40, 2 mM

EDTA, 150 mM NaCl [pH 7.5]) with protease inhibitors. For IP, lysates were incubated with

the antibodies indicated in the figures and 30 μl of a 1:1 mixture of protein A/G Sepharose

beads at 4˚C overnight. The beads were washed with RIPA buffer for 3 times, boiled and were

subjected to SDS-PAGE for Western blotting.

Xenograft, Immunohistochemistry, and Immunofluorescence

NOD.CB17-PrkdcSCID (NOD/SCID) male mice were purchased from Jackson Laboratory

(Jackson Labs, Bar harbor, ME) at 6 weeks of age and 6 million cells were subcutaneously

injected. 3 weeks later, mice were sacrificed and the weight and volume of the tumor were

measured.

Immunohistochemistry was performed as described previously [42]. Tissues were embed-

ded in paraffin and sectioned. The slides were treated at 60˚C for 60 min and then deparaffi-

nized in xylene and a gradient concentration of ethanol. Antigen was retrieved in boiling Tris

buffer (pH 9.0) for 18 min. The slides were immersed in 3% H2O2 for 10 min, and permeabi-

lized with 0.5% Triton X-100 at RT for 10 min. The slides were blocked in 5% bovine serum

albumin (BSA) at RT for 30 min and incubated overnight with diluted primary antibody at

4˚C, and then diluted HRP-labeled secondary antibody was added at room temperature for 60

min. After development with diaminobenzidine for 3 min, the slides were washed in water

and counterstained with hematoxylin.

For immunofluorescence, cells were seeded on glass coverslips in 24-well plates before

transfection. After treatment, cells were fixed with 4% paraformaldehyde at 4˚C for 60min and

permeated with 0.2% Triton X-100 in PBS for 10min. Nuclei were visualized by staining with

DAPI for 2 min. Images were acquired using a Fluoview FV300 confocal microscope and Fluo-

view software was used for image analysis.

Dual-luciferase reporter assay

HEK293T cells were co-transfected with pGL4.1 plasmid with METTL14 promoter, pRL-TK

(Promega, Madison, WI, USA), Myc-tagged EBNA3C, or empty plasmids. Cells were har-

vested and the dual-luciferase reporter assay was performed according to the manufacturer’s

instructions (Promega, Madison, WI, USA) 48 hours after transfection. Luciferase value was

read using a Cytation 5 (BioTek, Winooski, VT, USA).

RNA isolation and Real-time PCR

The total RNA extraction was performed using Trizol reagent (Invitrogen, Inc., Carlsbad, CA)

and treated with DNase I (Invitrogen, Inc., Carlsbad, CA). cDNA was prepared with Super-

script II reverse transcriptase kit (Invitrogen, Inc., Carlsbad, CA) according to the manufactur-

er’s protocol. Quantitative real-time PCR analysis was performed by using SYBR green real-

time master mix (MJ Research Inc., Waltham, MA). The primers used are listed in S5 Table.

CSFE proliferation assay

Cells were collected and suspended in 1XPBS at a concentration of 1 million cells/ml. The

CFSE solution was added to make a final concentration of 5μM. An equal volume of 1XPBS

containing 5% FBS was added after 10 min incubation at room temperature. Cells were washed
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three times with 1XPBS containing 5% FBS and equally divided into several plates for incuba-

tion. 3 days later, cells were harvested, washed with ice-cold 1XPBS and resuspended in 5ml

1XPBS, then run on FACS Calibur cytometer (Becton-Dickinson Inc., San Jose, CA) followed

by analysis with FlowJo software (Treestar, Inc., San Carlos, CA).

Colony formation and Soft agar assays

HEK293 or Saos-2 cells were transfected with control vector, Myc-EBNA3C or Flag-

METTL14 and allowed to grow in DMEM supplemented with 1mg/ml G418 (Sigma-Aldrich,

St. Louis, MO, USA). After two weeks of selection, 105 cells were seeded in 6-well plates and

allowed to grow for 5 days. Cells were stained with 0.005% Crystal Violet overnight and

scanned by PhosphorImager (Molecular Dynamics, Piscataway, NJ) and the area of the colo-

nies measured by using Image J software (Adobe Inc., San Jose, CA). Three independent

experiments were performed. The soft agar assays were performed using LcLs and Burkitt lym-

phoma cells. Briefly, 1 ml of 0.5% agar in RPMI media was poured into 6-well plates and set

aside to solidify. 0.5 ml 0.3% agar/medium containing 2×105 cells were added to the plates as

the middle layer. Then cells were covered with a top layer of another 1ml 0.5% agar/medium.

After two weeks, colonies were stained with 0.005% crystal violet for 1 hour and scanned using

a Licor Odyssey system (LiCor Inc., Lincoln, NE). The number of colonies was counted using

ImageJ software (Adobe Inc., San Jose, CA).

Statistical analysis

Each experiment was repeated at least three times. The mean scores were examined by using

Student’s t-test. All statistical tests were performed using Microsoft Office Excel. A P-value of

0.05 was considered to be a statistically significant difference. A P-value of 0.01 was considered

to indicate highly statistical significance.

Supporting information

S1 Fig. Relative amounts of latent and lytic transcripts in input mRNA. (A-C) The tran-

scription level of indicated genes in the input sample of LcLs. Viral gene transcription levels

were detected and normalized to cellular control GAPDH. The relative amount of EBNA1

expression was set as 1. (D) RPKM: Reads Per Kilobase per Million mapped reads of indicated

genes from RNA seq data of LcLs. DNA contamination: Detection of DNA in input RNA sam-

ples before reverse transcription.

(TIF)

S2 Fig. Measurement of METTL14 with and without actinomycin D treatment in unin-

duced LcLs. (A) DMSO or (B) Actinomycin D was used to inhibit transcription for 6 and 12

hours and the levels of METTL14 mRNA was determined. Experiments were independently

repeated three times, and results are presented as mean±s.d. from the three experiments.

(TIF)

S3 Fig. The transcription levels of m6A related genes in EBV negative and positive cells. 3

million B-cell, LcLs (A), Akata EBV negative cell and Akata EBV-positive cells (B) were col-

lected and total RNA extraction was performed using Trizol reagent and treated with DNase I,

then cDNA was prepared with Superscript II reverse transcriptase kit. Genes transcription

level was detected and normalized to a cellular control GAPDH RNA. ΔΔCt method was used

to analyze qPCR data. Error bars represent standard deviation. Experiments were indepen-

dently repeated three times, and results are presented as mean±s.d. from the three
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experiments. “��” represents p-value <0.01; “�” represents p-value <0.05.

(TIF)

S4 Fig. The quantitation of METTL14 and EBNA3C protein levels shown in Fig 3. Fold

change means relative densities which were quantified using the Odyssey ImageQuant soft-

ware. This was representative of experiments repeated for each panel with similar results. UI:

uninduced; IN: induced. (A-F) The quantitation of METTL14 protein levels shown in Fig 3A–

3F respectively. (G-L) The quantitation of EBNA3C protein levels shown in Fig 3G–3L respec-

tively.

(TIF)

S5 Fig. The functions of METTL14, METTL3 and demethylase inhibitor activities on infec-

tion with EBV. (A) LcLs with shRNA cr or shMETTL14 were treated with DMSO or TPA (20

ng/ml) and Butyric acid (BA, 2.5 mM) for indicated time. Cells were harvested at various

times (0, 24, 48, 72, 96 and 120h) and EBNA1 primers were used for determination of viral

copy number. (B) RIP using METTL3 antibody to detect the overall levels of METTL3 on viral

genes in LcLs. Primers were designed for the indicated gene regions. (C) 5 million LcL shCr,

LcL shMETTL3 (shM3) cells were collected, lysed and subjected to western blot with indicated

antibodies. (D) The effects of the demethylase inhibitor on EBV latent and lytic gene expres-

sion. 5 million LcLs were treated with TPA and Butyric acid (IN) or DMSO (UI), with or with-

out meclofenamic acid, for 48 hours. Cells were collected, lysed and subjected to western blot

with indicated antibodies. UI: uninduced with drugs; IN: induced with drugs.

(TIF)

S6 Fig. EBNA3C regulates METTL14 expression at the transcription level. (A-G) 5 million

Saos-2 cells were transfected with control plasmids, Myc tagged EBNA2 (E2), LMP1 (L1),

LMP2A (L2A), LMP2B (L2B), EBNA3A (E3A), EBNA3B (E3B) or EBNA3C (E3C). 48 hours

later, cells were collected, lysed and subjected to western blot with indicated antibodies and

METTL14 levels were quantitated. GAPDH (GAP) was used as the loading control. (H-I) 5

million BJAB, BJAB7 (B7), BJAB10 (B10), B cell, LcL shCr, and LcL shEBNA3C cells were col-

lected, lysed and subjected to western blot with indicated antibodies and METTL14 levels were

quantitated. (J-K) 5 million BJAB, BJAB7 (B7), BJAB10 (B10), B cell, LcL shCr, and LcL shEB-

NA3C cells were collected and total RNA was extracted with Trizol reagent. The cDNA was

prepared with reverse transcriptase kit, and EBNA3C and METTL14 mRNA was detected by

RT-qPCR. GAPDH (GAP) was set as an internal reference. (L-M) HEK293 and Saos-2 cells

were transfected with the reporter constructs containing the wild-type METTL14 promoter

and an increasing amount of Myc-EBNA3C. Cells were collected and lysed in lysis buffer at 48

hours post-transfection. Luciferase activity was measured according to the dual-luciferase

reporter assay kit compared to pGL4 vector control. The cell lysate was resolved by 10%

SDS-PAGE to monitor EBNA3C expression. GAPDH western blot was used as an internal

loading control. Experiments were independently repeated three times, and results are pre-

sented as mean±s.d. from the three experiments. “��” represents p-value<0.01; “�” represents

p-value <0.05.

(TIF)

S7 Fig. A control for METTL14-IP in Fig 4H. HEK293 cells were transfected with an empty

vector carrying a Flag tag. Flag antibody was used to do immunoprecipitations to exclude any

non-specific binding in the control group. For blotting, Myc antibody was used to monitor the

expression of EBNA3C and the possible pulled down EBNA3C truncates. Flag antibody was

used to monitor the expression of Flag-associated proteins. METTL14 antibody was used to
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monitor the expression of METTL14 in different samples.

(TIF)

S8 Fig. The truncated regions of EBNA3C have no effect on the expression, protein stabil-

ity and oncogene function of METTL14. (A) 30 million HEK293 cells were transfected with

indicated plasmids and lysed with RIPA buffer 48 hours later, and samples were resolved by

10% SDS-PAGE and proteins were detected by the specific antibodies. (B-C) 10 million

HEK293 cells were co-transfected with control plasmids, EBNA3C100-200 (B) and

EBNA3CΔ100–200 (C), and Flag-METTL14 expression plasmids. 36 hours later, cells were

treated with 40 μg/ml cycloheximide (CHX) for 0, 4, 8, 12 hours, and then cells were collected,

lysed and subjected to western blot with indicated antibodies. (D-G) BJAB cells were trans-

fected with control vector, Myc-EBNA3C, Myc-EBNA3C mutants, Flag-METTL14 or Myc-

EBNA3C plus Flag-METTL14 and allowed to grow in DMEM supplemented with 1mg/ml

G418. The same number of G418 selected cells were seeded to 6-well plates, collected and

lysed in lysis buffer after 5 days culture. The lysates were subjected to western blots with indi-

cated antibodies (D). 1X105 cells were stained with 5μM CFSE for 10 minutes at 37˚C. The

cells were washed, cultured, and harvested after culturing for 3 days. Flow cytometry was used

to analyze CFSE-labeled cells (F). The transfected cells were assessed for their ability to pro-

mote colony formation using the soft agar assays (E and G).

(TIF)

S9 Fig. EBNA3C interacts and colocalizes with METTL14 in human cells. (A-D) HEK293

or Saos-2 cells were seeded on coverslips and transfected with Myc-EBNA3C using jetPRIME

transfection reagent. The cells were fixed with 4% PFA, stained with specific antibodies.

EBNA3C was detected by mouse anti-Myc (9E10) antibodies followed by the secondary anti-

mouse Alexa Fluor 594. METTL14 were detected by rabbit anti-METTL14 antibodies, fol-

lowed by anti-rabbit Alexa Fluor 488 as the secondary antibody. The nuclei were subsequently

stained with DAPI, and the images were captured using an Olympus Fluoview confocal micro-

scope.

(TIF)

S10 Fig. Oncogenic assay for expression of METTL14, EBNA3C in BJAB cells. BJAB cells

were transfected with control vector, Myc-EBNA3C, Flag-METTL14 or Myc-EBNA3C plus

Flag-METTL14 and allowed to grow in DMEM supplemented with 1mg/ml G418. The same

number of G418 selected cells were seeded to 6-well plates, collected and lysed in lysis buffer

after 5 days in culture. The lysates were subjected to western blot with indicated antibodies

(A). 1X105 cells were stained with 5μM CFSE for 10 minutes at 37˚C. The cells were washed,

cultured, and harvested after culturing for 3 days. Flow cytometry was used to analyze CFSE-

labeled cells (C). The transfected cells were assessed for their ability to promote colony forma-

tion using the soft agar assays (B and D).

(TIF)

S11 Fig. Knock-down of METTL14 or EBNA3C led to decreased tumor growth. 6 million

LcL shCr, LcL shMETTL14, LcL shEBNA3C, and LcL shMETTL14 plus shEBNA3C were sub-

cutaneously injected into NOD-SCID mice to assess the effect of knocking down METTL14 or

EBNA3C on tumor growth in vivo. 3 weeks later, mice were sacrificed and pictures were taken

(A).The volume of the tumors was measured every 2 days (B).

(TIF)

S12 Fig. Mutations in m6A sites of EBNA3C demonstrates a loss of function of EBNA3C

in cell growth. (A) Mutations within the consensus site of four identified m6A sites in the
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EBNA3C gene were introduced into construct E3Cmut. The framed base pairs were considered

as containing the DRACH motif. (B) The wild-type EBNA3C and mutant EBNA3C were

transfected into BJAB cells and Raji cells. 48 hours later, the expression of wild-type EBNA3C

and mutant EBNA3C were detected with western blot. (C-D) Wild-type EBNA3C or mutant

EBNA3C were assessed for their ability to promote colony formation using the soft agar assays.

Photomicrograph of representative colonies from three independent experiments is shown.

(E) Wild-type EBNA3C or mutant EBNA3C were assessed for their ability to promote cell

growth with CFSE staining assay. Experiments were independently repeated three times, and

results are presented as mean±s.d. from the three experiments. “��” represents p-value <0.01;

“�” represents p-value <0.05.

(TIF)

S1 Table. M6A peak information in LcLs.

(XLS)

S2 Table. M6A peak information in Akata cells.

(XLS)

S3 Table. M6A peak information in lytic LcLs.

(XLS)

S4 Table. M6A peak information in lytic Akata cells.

(XLS)

S5 Table. Primers used in the experiments.

(XLSX)

Author Contributions

Conceptualization: Fengchao Lang, Erle S. Robertson.

Formal analysis: Fengchao Lang.

Investigation: Fengchao Lang.

Methodology: Fengchao Lang, Yonggang Pei, Shengwei Zhang, Kunfeng Sun.

Project administration: Erle S. Robertson.

Supervision: Erle S. Robertson.

Validation: Fengchao Lang, Rajnish Kumar Singh.

Visualization: Fengchao Lang.

Writing – original draft: Fengchao Lang.

Writing – review & editing: Fengchao Lang, Erle S. Robertson.

References
1. Epstein MA, Achong BG, Barr YM (1964) Virus Particles in Cultured Lymphoblasts from Burkitts Lym-

phoma. Lancet 1: 702–&. PMID: 14107961

2. Burkitt DP (1969) Etiology of Burkitt’s lymphoma—an alternative hypothesis to a vectored virus. J Natl

Cancer Inst 42: 19–28. PMID: 4303830

3. Young LS, Rickinson AB (2004) Epstein-Barr virus: 40 years on. Nature Reviews Cancer 4: 757–768.

https://doi.org/10.1038/nrc1452 PMID: 15510157

4. Pei Y, Singh RK, Shukla SK, Lang F, Zhang S, et al. (2018) Epstein-Barr Virus nuclear antigen 3C facili-

tates cell proliferation by regulating Cyclin D2. J Virol.

METTL14 regulates EBV-associated tumorigenesis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007796 June 21, 2019 23 / 25

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007796.s013
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007796.s014
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007796.s015
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007796.s016
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007796.s017
http://www.ncbi.nlm.nih.gov/pubmed/14107961
http://www.ncbi.nlm.nih.gov/pubmed/4303830
https://doi.org/10.1038/nrc1452
http://www.ncbi.nlm.nih.gov/pubmed/15510157
https://doi.org/10.1371/journal.ppat.1007796


5. Dominissini D, Moshitch-Moshkovitz S, Schwartz S, Salmon-Divon M, Ungar L, et al. (2012) Topology

of the human and mouse m6A RNA methylomes revealed by m6A-seq. Nature 485: 201–206. https://

doi.org/10.1038/nature11112 PMID: 22575960

6. Meyer KD, Saletore Y, Zumbo P, Elemento O, Mason CE, et al. (2012) Comprehensive analysis of

mRNA methylation reveals enrichment in 3’ UTRs and near stop codons. Cell 149: 1635–1646. https://

doi.org/10.1016/j.cell.2012.05.003 PMID: 22608085

7. Schwartz S, Mumbach MR, Jovanovic M, Wang T, Maciag K, et al. (2014) Perturbation of m6A writers

reveals two distinct classes of mRNA methylation at internal and 5’ sites. Cell Rep 8: 284–296. https://

doi.org/10.1016/j.celrep.2014.05.048 PMID: 24981863

8. Yue Y, Liu J, He C (2015) RNA N6-methyladenosine methylation in post-transcriptional gene expres-

sion regulation. Genes Dev 29: 1343–1355. https://doi.org/10.1101/gad.262766.115 PMID: 26159994

9. Lichinchi G, Gao S, Saletore Y, Gonzalez GM, Bansal V, et al. (2016) Dynamics of the human and viral

m(6)A RNA methylomes during HIV-1 infection of T cells. Nat Microbiol 1: 16011. https://doi.org/10.

1038/nmicrobiol.2016.11 PMID: 27572442

10. Gokhale NS, McIntyre ABR, McFadden MJ, Roder AE, Kennedy EM, et al. (2016) N6-Methyladenosine

in Flaviviridae Viral RNA Genomes Regulates Infection. Cell Host Microbe 20: 654–665. https://doi.org/

10.1016/j.chom.2016.09.015 PMID: 27773535

11. Lichinchi G, Zhao BS, Wu Y, Lu Z, Qin Y, et al. (2016) Dynamics of Human and Viral RNA Methylation

during Zika Virus Infection. Cell Host Microbe 20: 666–673. https://doi.org/10.1016/j.chom.2016.10.

002 PMID: 27773536

12. Tan B, Liu H, Zhang S, da Silva SR, Zhang L, et al. (2018) Viral and cellular N(6)-methyladenosine and

N(6),2’-O-dimethyladenosine epitranscriptomes in the KSHV life cycle. Nat Microbiol 3: 108–120.

https://doi.org/10.1038/s41564-017-0056-8 PMID: 29109479

13. Tsai K, Courtney DG, Cullen BR (2018) Addition of m6A to SV40 late mRNAs enhances viral structural

gene expression and replication. PLoS Pathog 14: e1006919. https://doi.org/10.1371/journal.ppat.

1006919 PMID: 29447282

14. Linder B, Grozhik AV, Olarerin-George AO, Meydan C, Mason CE, et al. (2015) Single-nucleotide-reso-

lution mapping of m6A and m6Am throughout the transcriptome. Nat Methods 12: 767–772. https://doi.

org/10.1038/nmeth.3453 PMID: 26121403

15. Huang Y, Yan J, Li Q, Li J, Gong S, et al. (2015) Meclofenamic acid selectively inhibits FTO demethyla-

tion of m6A over ALKBH5. Nucleic Acids Research 43: 373–384. https://doi.org/10.1093/nar/gku1276

PMID: 25452335

16. Humme S, Reisbach G, Feederle R, Delecluse HJ, Bousset K, et al. (2003) The EBV nuclear antigen 1

(EBNA1) enhances B cell immortalization several thousandfold. Proc Natl Acad Sci U S A 100: 10989–

10994. https://doi.org/10.1073/pnas.1832776100 PMID: 12947043

17. Dai D, Wang H, Zhu L, Jin H, Wang X (2018) N6-methyladenosine links RNA metabolism to cancer pro-

gression. Cell Death Dis 9: 124. https://doi.org/10.1038/s41419-017-0129-x PMID: 29374143

18. Jha HC, Pei Y, Robertson ES (2016) Epstein-Barr Virus: Diseases Linked to Infection and Transforma-

tion. Front Microbiol 7: 1602. https://doi.org/10.3389/fmicb.2016.01602 PMID: 27826287

19. Kaiser C, Laux G, Eick D, Jochner N, Bornkamm GW, et al. (1999) The proto-oncogene c-myc is a

direct target gene of Epstein-Barr virus nuclear antigen 2. J Virol 73: 4481–4484. PMID: 10196351

20. Fish K, Chen J, Longnecker R (2014) Epstein-Barr virus latent membrane protein 2A enhances MYC-

driven cell cycle progression in a mouse model of B lymphoma. Blood 123: 530–540. https://doi.org/10.

1182/blood-2013-07-517649 PMID: 24174629

21. Bajaj BG, Murakami M, Cai Q, Verma SC, Lan K, et al. (2008) Epstein-Barr virus nuclear antigen 3C

interacts with and enhances the stability of the c-Myc oncoprotein. J Virol 82: 4082–4090. https://doi.

org/10.1128/JVI.02500-07 PMID: 18256156

22. Knight JS, Sharma N, Robertson ES (2005) SCFSkp2 complex targeted by Epstein-Barr virus essential

nuclear antigen. Mol Cell Biol 25: 1749–1763. https://doi.org/10.1128/MCB.25.5.1749-1763.2005

PMID: 15713632

23. Knight JS, Sharma N, Robertson ES (2005) Epstein-Barr virus latent antigen 3C can mediate the degra-

dation of the retinoblastoma protein through an SCF cellular ubiquitin ligase. Proc Natl Acad Sci U S A

102: 18562–18566. https://doi.org/10.1073/pnas.0503886102 PMID: 16352731

24. Saha A, Murakami M, Kumar P, Bajaj B, Sims K, et al. (2009) Epstein-Barr virus nuclear antigen 3C

augments Mdm2-mediated p53 ubiquitination and degradation by deubiquitinating Mdm2. J Virol 83:

4652–4669. https://doi.org/10.1128/JVI.02408-08 PMID: 19244339

25. Skalska L, White RE, Parker GA, Turro E, Sinclair AJ, et al. (2013) Induction of p16(INK4a) is the major

barrier to proliferation when Epstein-Barr virus (EBV) transforms primary B cells into lymphoblastoid cell

lines. PLoS Pathog 9: e1003187. https://doi.org/10.1371/journal.ppat.1003187 PMID: 23436997

METTL14 regulates EBV-associated tumorigenesis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007796 June 21, 2019 24 / 25

https://doi.org/10.1038/nature11112
https://doi.org/10.1038/nature11112
http://www.ncbi.nlm.nih.gov/pubmed/22575960
https://doi.org/10.1016/j.cell.2012.05.003
https://doi.org/10.1016/j.cell.2012.05.003
http://www.ncbi.nlm.nih.gov/pubmed/22608085
https://doi.org/10.1016/j.celrep.2014.05.048
https://doi.org/10.1016/j.celrep.2014.05.048
http://www.ncbi.nlm.nih.gov/pubmed/24981863
https://doi.org/10.1101/gad.262766.115
http://www.ncbi.nlm.nih.gov/pubmed/26159994
https://doi.org/10.1038/nmicrobiol.2016.11
https://doi.org/10.1038/nmicrobiol.2016.11
http://www.ncbi.nlm.nih.gov/pubmed/27572442
https://doi.org/10.1016/j.chom.2016.09.015
https://doi.org/10.1016/j.chom.2016.09.015
http://www.ncbi.nlm.nih.gov/pubmed/27773535
https://doi.org/10.1016/j.chom.2016.10.002
https://doi.org/10.1016/j.chom.2016.10.002
http://www.ncbi.nlm.nih.gov/pubmed/27773536
https://doi.org/10.1038/s41564-017-0056-8
http://www.ncbi.nlm.nih.gov/pubmed/29109479
https://doi.org/10.1371/journal.ppat.1006919
https://doi.org/10.1371/journal.ppat.1006919
http://www.ncbi.nlm.nih.gov/pubmed/29447282
https://doi.org/10.1038/nmeth.3453
https://doi.org/10.1038/nmeth.3453
http://www.ncbi.nlm.nih.gov/pubmed/26121403
https://doi.org/10.1093/nar/gku1276
http://www.ncbi.nlm.nih.gov/pubmed/25452335
https://doi.org/10.1073/pnas.1832776100
http://www.ncbi.nlm.nih.gov/pubmed/12947043
https://doi.org/10.1038/s41419-017-0129-x
http://www.ncbi.nlm.nih.gov/pubmed/29374143
https://doi.org/10.3389/fmicb.2016.01602
http://www.ncbi.nlm.nih.gov/pubmed/27826287
http://www.ncbi.nlm.nih.gov/pubmed/10196351
https://doi.org/10.1182/blood-2013-07-517649
https://doi.org/10.1182/blood-2013-07-517649
http://www.ncbi.nlm.nih.gov/pubmed/24174629
https://doi.org/10.1128/JVI.02500-07
https://doi.org/10.1128/JVI.02500-07
http://www.ncbi.nlm.nih.gov/pubmed/18256156
https://doi.org/10.1128/MCB.25.5.1749-1763.2005
http://www.ncbi.nlm.nih.gov/pubmed/15713632
https://doi.org/10.1073/pnas.0503886102
http://www.ncbi.nlm.nih.gov/pubmed/16352731
https://doi.org/10.1128/JVI.02408-08
http://www.ncbi.nlm.nih.gov/pubmed/19244339
https://doi.org/10.1371/journal.ppat.1003187
http://www.ncbi.nlm.nih.gov/pubmed/23436997
https://doi.org/10.1371/journal.ppat.1007796


26. Knight JS, Lan K, Subramanian C, Robertson ES (2003) Epstein-Barr virus nuclear antigen 3C recruits

histone deacetylase activity and associates with the corepressors mSin3A and NCoR in human B-cell

lines. J Virol 77: 4261–4272. https://doi.org/10.1128/JVI.77.7.4261-4272.2003 PMID: 12634383

27. Cotter MA, Robertson ES (2000) Modulation of histone acetyltransferase activity through interaction of

Epstein-Barr nuclear antigen 3C with prothymosin alpha. Mol Cell Biol 20: 5722–5735. https://doi.org/

10.1128/mcb.20.15.5722-5735.2000 PMID: 10891508

28. Wang X, He C (2014) Reading RNA methylation codes through methyl-specific binding proteins. Rna

Biology 11: 669–672. https://doi.org/10.4161/rna.28829 PMID: 24823649

29. Mauer J, Luo X, Blanjoie A, Jiao X, Grozhik AV, et al. (2017) Reversible methylation of m(6)Am in the 5’

cap controls mRNA stability. Nature 541: 371–375. https://doi.org/10.1038/nature21022 PMID:

28002401

30. Wang X, Zhao BS, Roundtree IA, Lu Z, Han D, et al. (2015) N(6)-methyladenosine Modulates Messen-

ger RNA Translation Efficiency. Cell 161: 1388–1399. https://doi.org/10.1016/j.cell.2015.05.014 PMID:

26046440

31. Wang X, Lu Z, Gomez A, Hon GC, Yue Y, et al. (2014) N6-methyladenosine-dependent regulation of

messenger RNA stability. Nature 505: 117–120. https://doi.org/10.1038/nature12730 PMID: 24284625

32. Shi H, Wang X, Lu Z, Zhao BS, Ma H, et al. (2017) YTHDF3 facilitates translation and decay of N(6)-

methyladenosine-modified RNA. Cell Res 27: 315–328. https://doi.org/10.1038/cr.2017.15 PMID:

28106072

33. Huang HL, Weng HY, Sun WJ, Qin X, Shi HL, et al. (2018) Recognition of RNA N-6-methyladenosine

by IGF2BP proteins enhances mRNA stability and translation (vol 20, pg 285, 2018). Nat Cell Biol 20:

1098–1098.

34. Cui Q, Shi H, Ye P, Li L, Qu Q, et al. (2017) m(6)A RNA Methylation Regulates the Self-Renewal and

Tumorigenesis of Glioblastoma Stem Cells. Cell Rep 18: 2622–2634. https://doi.org/10.1016/j.celrep.

2017.02.059 PMID: 28297667

35. Weng H, Huang H, Wu H, Qin X, Zhao BS, et al. (2018) METTL14 Inhibits Hematopoietic Stem/Progen-

itor Differentiation and Promotes Leukemogenesis via mRNA m(6)A Modification. Cell Stem Cell 22:

191–205 e199. https://doi.org/10.1016/j.stem.2017.11.016 PMID: 29290617

36. Ye F, Chen ER, Nilsen TW (2017) Kaposi’s Sarcoma-Associated Herpesvirus Utilizes and Manipulates

RNA N(6)-Adenosine Methylation To Promote Lytic Replication. J Virol 91.

37. Hesser CR, Karijolich J, Dominissini D, He C, Glaunsinger BA (2018) N6-methyladenosine modification

and the YTHDF2 reader protein play cell type specific roles in lytic viral gene expression during Kaposi’s

sarcoma-associated herpesvirus infection. PLoS Pathog 14: e1006995. https://doi.org/10.1371/

journal.ppat.1006995 PMID: 29659627

38. Dominissini D, Moshitch-Moshkovitz S, Salmon-Divon M, Amariglio N, Rechavi G (2013) Transcrip-

tome-wide mapping of N(6)-methyladenosine by m(6)A-seq based on immunocapturing and massively

parallel sequencing. Nat Protoc 8: 176–189. https://doi.org/10.1038/nprot.2012.148 PMID: 23288318

39. Kim D, Langmead B, Salzberg SL (2015) HISAT: a fast spliced aligner with low memory requirements.

Nat Methods 12: 357–360. https://doi.org/10.1038/nmeth.3317 PMID: 25751142

40. Cui X, Meng J, Zhang S, Chen Y, Huang Y (2016) A novel algorithm for calling mRNA m6A peaks by

modeling biological variances in MeRIP-seq data. Bioinformatics 32: i378–i385. https://doi.org/10.

1093/bioinformatics/btw281 PMID: 27307641

41. Lang FC, Li X, Zheng WH, Li ZR, Lu DF, et al. (2017) CTCF prevents genomic instability by promoting

homologous recombination-directed DNA double-strand break repair. Proc Natl Acad Sci U S A 114:

10912–10917. https://doi.org/10.1073/pnas.1704076114 PMID: 28973861

42. Li LH, Li ZR, Wang EL, Yang R, Xiao Y, et al. (2016) Herpes Simplex Virus 1 Infection of Tree Shrews

Differs from That of Mice in the Severity of Acute Infection and Viral Transcription in the Peripheral Ner-

vous System. J Virol 90: 790–804. https://doi.org/10.1128/JVI.02258-15 PMID: 26512084

METTL14 regulates EBV-associated tumorigenesis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007796 June 21, 2019 25 / 25

https://doi.org/10.1128/JVI.77.7.4261-4272.2003
http://www.ncbi.nlm.nih.gov/pubmed/12634383
https://doi.org/10.1128/mcb.20.15.5722-5735.2000
https://doi.org/10.1128/mcb.20.15.5722-5735.2000
http://www.ncbi.nlm.nih.gov/pubmed/10891508
https://doi.org/10.4161/rna.28829
http://www.ncbi.nlm.nih.gov/pubmed/24823649
https://doi.org/10.1038/nature21022
http://www.ncbi.nlm.nih.gov/pubmed/28002401
https://doi.org/10.1016/j.cell.2015.05.014
http://www.ncbi.nlm.nih.gov/pubmed/26046440
https://doi.org/10.1038/nature12730
http://www.ncbi.nlm.nih.gov/pubmed/24284625
https://doi.org/10.1038/cr.2017.15
http://www.ncbi.nlm.nih.gov/pubmed/28106072
https://doi.org/10.1016/j.celrep.2017.02.059
https://doi.org/10.1016/j.celrep.2017.02.059
http://www.ncbi.nlm.nih.gov/pubmed/28297667
https://doi.org/10.1016/j.stem.2017.11.016
http://www.ncbi.nlm.nih.gov/pubmed/29290617
https://doi.org/10.1371/journal.ppat.1006995
https://doi.org/10.1371/journal.ppat.1006995
http://www.ncbi.nlm.nih.gov/pubmed/29659627
https://doi.org/10.1038/nprot.2012.148
http://www.ncbi.nlm.nih.gov/pubmed/23288318
https://doi.org/10.1038/nmeth.3317
http://www.ncbi.nlm.nih.gov/pubmed/25751142
https://doi.org/10.1093/bioinformatics/btw281
https://doi.org/10.1093/bioinformatics/btw281
http://www.ncbi.nlm.nih.gov/pubmed/27307641
https://doi.org/10.1073/pnas.1704076114
http://www.ncbi.nlm.nih.gov/pubmed/28973861
https://doi.org/10.1128/JVI.02258-15
http://www.ncbi.nlm.nih.gov/pubmed/26512084
https://doi.org/10.1371/journal.ppat.1007796

