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Abstract

N6-methyladenosine (m6A) modification of mRNA mediates diverse
cellular and viral functions. Infection with Epstein–Barr virus (EBV)
is causally associated with nasopharyngeal carcinoma (NPC), 10%
of gastric carcinoma, and various B-cell lymphomas, in which the
viral latent and lytic phases both play vital roles. Here, we show
that EBV transcripts exhibit differential m6A modification in
human NPC biopsies, patient-derived xenograft tissues, and cells
at different EBV infection stages. m6A-modified EBV transcripts are
recognized and destabilized by the YTHDF1 protein, which leads to
the m6A-dependent suppression of EBV infection and replication.
Mechanistically, YTHDF1 hastens viral RNA decapping and medi-
ates RNA decay by recruiting RNA degradation complexes,
including ZAP, DDX17, and DCP2, thereby post-transcriptionally
downregulating the expression of EBV genes. Taken together, our
results reveal the critical roles of m6A modifications and their
reader YTHDF1 in EBV replication. These findings contribute novel
targets for the treatment of EBV-associated cancers.
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Introduction

The N6-methyladenosine (m6A) RNA modification was discovered

in the 1970s, and later studies revealed its presence across different

regions of mRNA transcripts (Desrosiers et al, 1974; Wei et al,

1976). Notably, it is distinctly enriched near the stop codons, where

the consensus motif G[G>A]m6AC[U>A>C] is found (Dominissini

et al, 2012; Meyer et al, 2012). Several m6A-associated proteins have

been identified to date. Among them, the “writer” proteins comprise

the enzyme METTL3 with its two co-factors METTL14 and WTAP

(Bokar et al, 1997; Liu et al, 2014; Ping et al, 2014; Schwartz et al,

2014), while the “eraser” proteins FTO and ALKBH5 act as RNA de-

methylases (Jia et al, 2011; Zheng et al, 2013). Finally, the so-called

“reader” proteins are mainly responsible for regulating RNA meta-

bolism based on the m6A signal. The YTH domain-containing

proteins, including YTHDF1, YTHDF2, and YTHDF3, are the most
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studied “reader” proteins. YTHDF1 enhances the translation effi-

ciency of m6A-modified mRNAs (Wang et al, 2015b), whereas

YTHDF2 mediates RNA degradation (Wang et al, 2014; Du et al,

2016). YTHDF3 can cooperate with either YTHDF1 or YTHDF2 to

further influence RNA fate (Shi et al, 2017; Li et al, 2017a). Impor-

tantly, YTHDF1, YTHDF2, and YTHDF3 can function together to

mediate the degradation of m6A-mRNAs (Lasman et al, 2020;

Zaccara & Jaffrey, 2020). However, other m6A readers can also regu-

late various RNA processes, including RNA splicing, RNA helicase

activity, nuclear export, microRNA processing, or promoting RNA

stability and translation (Alarcon et al, 2015; Liu et al, 2015; Xiao

et al, 2016; Hsu et al, 2017; Wojtas et al, 2017; Huang et al, 2018).

The m6A modification was long known to be present in viral

transcripts, such as those encoded by herpes simplex virus type 1

(HSV-1), influenza A virus (IAV), simian virus 40 (SV40), Rous

sarcoma virus, avian sarcoma virus, and adenovirus (Lavi & Shatkin,

1975; Krug et al, 1976; Sommer et al, 1976; Dimock & Stoltzfus,

1977; Moss et al, 1977; Chen-Kiang et al, 1979; Kane & Beemon,

1985). Recently, the m6A RNA methylomes of RNA viruses have

been sequenced, including human immunodeficiency virus (HIV),

Zika virus (ZIKV), hepatitis C virus (HCV), enterovirus 71 (EV71),

murine leukemia virus (MLV), human respiratory syncytial virus

(RSV), and the plant virus alfalfa mosaic virus (Gokhale et al, 2016;

Kennedy et al, 2016; Tirumuru et al, 2016; Lichinchi et al, 2016a;

Lichinchi et al, 2016b; Courtney et al, 2017; Martinez-Perez et al,

2017; Hao et al, 2018; Lu et al, 2018; Courtney et al, 2019; Xue et al,

2019). Moreover, the methylation pattern has also been elucidated

in the transcripts of numerous DNA viruses, such as hepatitis B

virus (HBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV)

(Ye et al, 2017; Hesser et al, 2018; Imam et al, 2018; Tan et al, 2018;

Baquero-Perez et al, 2019). Crucially, the m6A machinery was

reported to regulate viral replication and infectivity (Gonzales-van

Horn & Sarnow, 2017; Tan & Gao, 2018; Tirumuru & Wu, 2019).

Epstein–Barr virus (EBV), the first identified human oncovirus, is

widely associated with B-cell lymphoma, gastric cancer, and

nasopharyngeal carcinoma (NPC) (Shi et al, 2016; Young et al, 2016;

Liu et al, 2019). The ability of EBV to readily infect primary B cells

in vitro and transform them into proliferating lymphoblastoid cells

(LCLs) strongly supports its role in B-cell malignancies (Young &

Rickinson, 2004). Once inside infected cells, EBV can enter either the

latent phase or the lytic phase, which have been categorized primar-

ily based on the differential expression of viral proteins (Munz,

2019). In latency III, EBV expresses six EBV nuclear antigens (EBNA

1, 2, 3A, 3B, 3C, and -LP), three latent membrane proteins (LMP 1,

2A, and 2B) (Allday et al, 2015; Thorley-Lawson, 2015). In latency

IIa, EBV expresses EBNA1 and LMPs. Latently infected memory cells

express no viral proteins (latency 0) (Babcock et al, 1998). During

homeostatic proliferation, EBNA1 is transiently expressed in EBV-

infected memory B cells, and this pattern is called latency I (Hoch-

berg et al, 2004). In latency IIb, EBV expresses six EBNAs but does

not express LMPs (Doyle et al, 1993; Klein et al, 2013). EBV can be

reactivated by external stimuli, such as 12-O-tetradecanoylphorbol-

13-acetate (TPA) and sodium butyrate (NaB) (zur Hausen et al,

1978; Luka et al, 1979). During reactivation, the viral immediate-

early (IE) lytic genes BZLF1 and BRLF1 are expressed, which both

play pivotal roles in virus reactivation and lytic replication (Country-

man & Miller, 1985; Hardwick et al, 1988). In the lytic phase, EBV

expresses its lytic genes to start the EBV lytic replication machinery

to infectious virions and thereby infect more cells. Although most

studies found that EBV exhibits a latency II pattern in NPC (Fahraeus

et al, 1988), recent studies found that EBV genes of latency III pattern

and lytic phase are also expressed in NPC, indicating a broad range

of spontaneous lytic reactivation of EBV (Arvey et al, 2012; Tsai

et al, 2013; Hu et al, 2016). Previous studies have found that DNA

methylation, transcription factors, and miRNAs can regulate the

expression of BZLF1 and BRLF1 to influence viral replication (Wille

et al, 2013; Woellmer & Hammerschmidt, 2013; Wille et al, 2015; Li

et al, 2016). Recently, the EBV epitranscriptome in EBV-transformed

LCLs and lymphoma cells was examined, and it is illustrated that

m6A modification regulated EBV-associated tumorigenesis (Lang

et al, 2019). However, it remains unclear whether the EBV lifecycle

is regulated by m6A modifications in NPC. In this study, we show

that m6A modifications are present on numerous EBV transcripts.

We also demonstrate that m6A-binding protein YTHDF1 interacts

with the RNA decay machinery to destabilize EBV transcripts,

thereby suppressing the lytic replication of EBV.

Results

m6A modifications are widespread in EBV transcripts in NPC cells
and primary cancer cells

To determine the presence of potential m6A modification sites in the

EBV epitranscriptome, we performed methylated RNA immunopre-

cipitation and sequencing (MeRIP-seq) (Dominissini et al, 2012,

2013; Meyer et al, 2012) on various cells infected with EBV in dif-

ferent life cycle and different biopsies. The examined samples

included NPEC1-Bmi1 cells and HK1 cells with acute EBV infection,

C666 cells and CNE2EBV cells with latent EBV infection, CNE2EBV

cells with lytic EBV reactivation, B cells with latent infection or

lytic reactivation, one nontumor nasopharyngeal biopsy, two

primary NPC biopsies, and two NPC patient-derived xenograft

(PDX) tissues.

The results revealed that m6A-modified EBV transcripts were

present in NPC cells, B cells, and tissue samples. These transcripts

included EBNA1, the IE transcripts BZLF1 and BRLF1, and the lytic

transcripts BHRF1, BXLF2, BNLF2a, and BSLF2/BMLF1 (Figs 1A and

EV1). Notably, EBNA1 and BNLF2a were m6A-modified in the cells

under different EBV infection states and EBV-infected tissues (Figs 1A

and EV1). As expected, no EBV reads were found in the nontumor

control biopsy (NPN in Fig EV1), whereas BZLF1, BSLF2/BMLF1,

BNLF2a, and BHRF1 exhibited higher levels of m6A modifications in

the PDX samples (PDX-NPC04L and PDX-NPC03W in Fig EV1). The

m6A modifications on the transcripts of EBNA1, BZLF1, BRLF1,

BHRF1, BSLF2/BMLF1, BNLF2a, and BXLF2 were confirmed by

MeRIP-qPCR in CNE2EBV cells with induced EBV reactivation

(Appendix Fig S1). Additionally, there were differences in the

expression levels and m6A levels of EBV transcripts among B cells,

NPC cells, and tissue samples (Fig EV1). The m6A modification sites

of EBV transcripts are summarized in Dataset EV1.

Further analysis indicated that distribution of the cellular m6A

peaks occurred in the coding regions (CDS) and 30 untranslated

regions (UTR), with a sharp crest near the stop codon (Fig 1B), which

was consistent with previous reports (Meyer et al, 2012; Dominissini

et al, 2013). In contrast, the m6A peaks of EBV-encoded messages
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might be mostly distributed along the entire CDS region (Fig 1C).

Similarly, m6A sites in the transcripts of IAV, SV40, and KSHV are

also enriched in the CDS (Courtney et al, 2017; Tsai et al, 2018;

Baquero-Perez et al, 2019). This phenomenon may either be virus-

specific or simply a statistical consequence of the relatively short non-

coding transcribed regions in highly compact viral genomes.

Additionally, a previously described photo cross-linking-assisted

m6A sequencing technique (PA-m6A-seq) (Chen et al, 2015) was

A

B C D E

Figure 1.
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used to identify m6A residues in EBV transcripts. When the

photoactivatable ribonucleoside 4-thiouridine (4SU) is incorporated

into mRNAs, it can be covalently cross-linked with nearby aromatic

amino acid residues in RNA-binding proteins upon UV irradiation at

365 nm. The m6A sites can be precisely identified by scoring for

thymidine (T) to cytidine (C) transitions in the sequencing data.

PA-m6A-seq improves the accuracy of the methylation site assign-

ments and provides a high-resolution transcriptome-wide m6A map.

In this study, the addition of 200 µM 4SU had a modest effect on

the cell viability at 20 h (Appendix Fig S2). CNE2EBV cells were

treated with TPA (30 ng/ml) and NaB (2 mM) for 4 h to reactivate

EBV and were then pulsed with 200 µM 4SU for 20 h. The total

mRNA of these cells was incubated with m6A-specific antibody and

cross-linked. The RNAs bound to the m6A antibody were

sequenced. With PA-m6A-seq and bioinformatic analysis, a large

number of m6A sites were identified in the viral transcripts (Fig

EV2A). Consistent with our MeRIP-seq results, the m6A sites of

cellular mRNAs identified using PA-m6A-seq were enriched in the

CDS and 30 UTR, with a sharp crest near the stop codon (Fig 1D),

while the m6A sites of the EBV mRNAs were dispersed throughout

the entire CDS region (Fig 1E). The most consensus m6A motif,

based on all PA-m6A-seq experimental replicates, was “GGAC” in

the host genes and “GAC” in the EBV genes (Fig EV2B and C).

These are both classical m6A motif (Dominissini et al, 2012; Meyer

et al, 2012).

Validation of m6A modifications of the BZLF1 mRNA

As an IE gene, BZLF1 plays critical roles in the reactivation and lytic

replication of EBV (Countryman & Miller, 1985). m6A modification

of BZLF1 mRNA was augmented not only in cells during acute infec-

tion and lytic reactivation but also in PDXs in vivo, compared to the

modification levels detected in CNE2EBV cells with latent EBV infec-

tion (Fig 2A). The PA-m6A-seq data showed that BZLF1 mRNA had

a potential m6A modification region harboring two potential m6A

sites at bases 47 and 58, both positioned within a “GAC” motif

(Fig 2A). Furthermore, EBV reactivation markedly increased the

proportion of m6A-modified BZLF1 transcripts in the CNE2EBV,

Raji, and B95-8 cells (Fig 2B). To determine whether the m6A levels

at specific sites were induced by EBV reactivation, we used the

single-base elongation- and ligation-based PCR method (SELECT)

(Xiao et al, 2018). This method takes advantage of the fact that m6A

inhibits both the single-base elongation activity of the DNA poly-

merases and the nick ligation efficiency of ligases, which can be

detected by qPCR. Within the m6A peaks of BZLF1 mRNA, two

potential m6A sites are located at bases 47 and 58 (Fig 2A). Two

“A” sites at bases 150 and 528, which are not associated with the

"GAC" motifs, were selected as controls. The relative SELECT

product abundance of the two potential m6A sites, normalized to

the product abundance of negative control base 150, was markedly

decreased after the induction of EBV reactivation (Fig 2C). As

expected, EBV reactivation did not affect the relative SELECT

product abundance of the negative control at base 528 (Fig 2C).

Since less SELECT product abundance indicates a higher m6A modi-

fication level, the SELECT results revealed that EBV reactivation

increased the m6A levels of the BZLF1 mRNA at bases 47 and 58

(Fig 2C). The MeRIP-qPCR results revealed a prominent m6A enrich-

ment in the BZLF1 mRNA in PDX tissues, compared with a nontu-

mor control biopsy (Fig 2D).

To further validate the m6A modification sites of the BZLF1

mRNA, we constructed the wild-type and mutant BZLF11–262nt plas-

mids by cloning a wild-type 262 nt length fragment encompassing

the m6A peak region in the BZLF1 mRNA identified according to the

MeRIP-seq data and a mutant fragment with A>T mutations at the

potential m6A sites, respectively (Fig 2E). The plasmids were intro-

duced into the CNE2EBV cells for MeRIP-qPCR analysis, which

exhibited a higher m6A level on the wild-type BZLF11–262nt tran-

scripts than the mutant control (Fig 2F), confirming the presence of

m6A sites in the BZLF1 mRNA.

The m6A reader YTHDF1 represses EBV infection and
lytic replication

To investigate whether m6A modification influences EBV infection

or replication, we used siRNA libraries to knock down m6A “writ-

ers”, “erasers”, and “readers” in the HK1 and CNE2EBV cells.

Western blot analysis confirmed that the siRNAs could efficiently

silence the targeted gene expression (Fig 3A). HK1 cells were

infected with the EBV-GFP virus and subjected to flow cytometry

(FACS) analysis at 24 h post-transfection (hpi). The FACS results

showed that the knockdown of METTL3, METTL14, or YTHDF1

significantly increased the ratio of GFP-positive HK1 cells (Fig 3B),

while the ALKBH5 knockdown could reverse this phenotype (Fig 3C).

CNE2EBV cells carried the recombinant EBV-GFP virions. In the

lytic replicative cycle, the number of EBV genome copies resulted in

a heightened GFP fluorescence intensity, which could be determined

by FACS. After siRNA transfection, CNE2EBV cells were treated with

NaB (2 mM) for 24 h to reactivate EBV, followed by FACS to detect

the GFP intensity. The results indicated that the knockdown of

METTL3, METTL14, YTHDF1, YTHDF2, or YTHDF3 promoted the

lytic replication of EBV in the CNE2EBV cells with induced EBV

reactivation (Fig 3D). The effects of YTHDF1 knockdown on EBV

infection and lytic replication were further confirmed using fluores-

cence imaging (Fig 3E).

To decipher the role of YTHDF1 in promoting EBV infection and

lytic replication (Fig 3A–E), we further focused on the function and

underlying mechanism of YTHDF1 in the modulation of the EBV

lifecycles. qPCR was used to determine the number of EBV copies

◀ Figure 1. EBV transcripts are m6A modified.

A Map showing the EBV epitranscriptome in CNE2EBV with induced EBV reactivation, or HK1 cells with acute EBV infection. CNE2EBV cells were treated with NaB
(2 mM) for 24 h to reactivate EBV. For acute EBV infection, RNA of HK1 cells was harvested at 24 hpi. The m6A peaks, identified based on all MeRIP-seq data using
MACS2, are indicated as pink bars. The input and MeRIP coverage are indicated with gray and orange bars, respectively. The coverage is shown as a number if out
of range.

B, C Distribution of the m6A peaks across host mRNAs (B) and EBV mRNAs (C) was analyzed based on the MeRIP-seq data.
D, E Distribution of the m6A peaks across the host transcripts (D) and EBV transcripts (E) was analyzed based on three independent PA-m6A-seq experiments.

PA-m6A-seq assays were performed in CNE2EBV cells following EBV reactivation, which was induced using TPA and NaB.
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(Zhang et al, 2018b), and FACS was used to quantify the ratio of

GFP-positive cells, which revealed that YTHDF1 knockdown facili-

tated EBV infection and lytic replication in HK1 cells (Figs 3F–H and

EV3A). It also promoted lytic replication in the CNE2EBV cells with

induced EBV reactivation (Figs 3I and J, and EV3B). It did not affect

the viability of either HK1 or CNE2EBV cells (Fig EV3C). Since C666

cells contained original-infecting EBV without GFP, we used qPCR

to quantify the endogenous EBV copies and found that YTHDF1

knockdown also promoted EBV replication in C666 cells (Fig 3K).

Additionally, YTHDF1 knockdown also promoted EBV production in

CNE2EBV cells with induced EBV reactivation and C666 cells (Fig 3

L and M). Moreover, the FACS results revealed that YTHDF1

knockdown increased the ratio of the gp350-positive cells in

CNE2EBV cells with EBV-induced reactivation (Figs 3N and EV3D).

The immunofluorescence results indicated that YTHDF1 knockdown

increased the expression of gB in CNE2EBV cells with EBV-induced

reactivation (Fig EV3E). Therefore, our results suggest that YTHDF1

knockdown promotes lytic replication and progeny production

of EBV.

YTHDF1 represses the expression of BZLF1 and BRLF1

Next, RNA-seq was performed to determine the effect of YTHDF1

knockdown on the global EBV gene expression in acutely infected

A

D E F

B

C

Figure 2.
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HK1 cells or CNE2EBV cells. The results indicated that the YTHDF1

knockdown upregulated most EBV genes’ expression, including

BZLF1 and BRLF1 (Dataset EV2). Strikingly, we observed a remark-

able elevation of the BZLF1 and BRLF1 transcript levels upon

YTHDF1 knockdown in acutely infected HK1 cells, EBV latently

infected or EBV lytic reactivated in CNE2EBV cells, as well as C666

cells (Fig 4A–C). BZLF1 protein level was also induced in the

YTHDF1 knockdown cells (Fig 4D). Additionally, many cellular

pathways related to viral replication were also affected by YTHDF1

knockdown (Appendix Fig S3A and B). On the other hand, EBV

infection and lytic reactivation could in turn suppress YTHDF1

expression (Fig 4E and F), suggesting a positive feedback to facili-

tate EBV infection.

Taken together, the data suggests that YTHDF1 knockdown

promotes EBV infection and replication, at least partially through

upregulating the expression of BZLF1 and BRLF1.

YTHDF1 decreases EBV transcript stability

Based on our observations that the knockdown of YTHDF1 could

increase the expression of BZLF1 and BRLF1, as well as that both

BZLF1 and BRLF1 transcripts were m6A-modified, we further inves-

tigated whether YTHDF1 could bind to the m6A-modified BZLF1 and

BRLF1 mRNA. C666 cells and EBV-reactivated CNE2EBV cells were

subjected to RNA immunoprecipitation (RIP) assay using a

YTHDF1-specific antibody. Compared with the IgG control, YTHDF1

pull down yielded 19-fold and 93-fold enrichment of the BZLF1 and

BRLF1 mRNAs in C666 cells and, likewise, 268-fold and 252-fold

enrichment of BZLF1 and BRLF1 mRNAs in CNE2EBV cells with

induced EBV reactivation (Fig 5A and B). When CNE2EBV cells

were co-transfected the myc-YTHDF1 plasmid and the wild-type or

mutant BZLF11–262nt plasmid, the YTHDF1 pull down contained

more wild-type BZLF11–262nt mRNA than the mutant control (Fig 5C).

It has been established that YTHDF1, YTHDF2, and YTHDF3 interact

with one another (Shi et al, 2017). To investigate the potential joint

roles of these proteins on EBV regulation, we knocked down either

YTHDF2 or YTHDF3 and performed YTHDF1-RIP in CNE2EBV cells

with induced EBV reactivation. YTHDF2 or YTHDF3 depletion did

not affect the binding of YTHDF1 to BZLF1 and BRLF1 mRNAs

(Fig 5D). However, knockdown of the m6A writer METTL14

decreased the m6A level of BZLF1 and BRLF1 mRNAs and reduced

the enrichment level of both transcripts by YTHDF1 (Fig 5E and F).

Thus, we demonstrate that YTHDF1 interacts with the BZLF1 and

BRLF1 transcripts, which is at least partially dependent on the m6A

modifications.

To investigate whether YTHDF1 could affect the half-lives of the

EBV transcripts, we knocked down YTHDF1 in C666 cells and

CNE2EBV cells with induced EBV reactivation. The cells were

treated with the RNA polymerase inhibitor actinomycin D (ActD) to

monitor the effects of YTHDF1 on the stability of the transcripts.

Our results revealed that YTHDF1 knockdown prolonged the half-

lives of the BZLF1 and BRLF1 mRNAs (Fig 5G and H). These data

suggest that YTHDF1 interacts with BZLF1 and BRLF1 mRNAs,

thereby regulating their stability.

YTHDF1 interacts with the RNA degradation complex

While YTHDF1 was originally reported to promote RNA translation

efficiency (Wang et al, 2015b), it was also reported to interact with

the CCR4-NOT complex to promote mRNA de-adenylation and

degradation (Du et al, 2016; Youn et al, 2018). To determine

whether YTHDF1 inhibits EBV replication by interacting with the

CCR4-NOT complex, we knocked down the CCR4-NOT complex

components CNOT, CCR4, CAF1, or CCR4B in CNE2EBV cells.

In contrast to YTHDF1 depletion, knockdown of any of these

CCR4-NOT complex components did not affect EBV replication

(Appendix Fig S4A and B). To further explore the mechanism of the

YTHDF1-mediated decay of the EBV transcripts, we performed the

YTHDF1 pull-down assay in CNE2EBV cells and mass spectrometry

(MS) analysis. The results revealed that YTHDF1 can interact with

◀ Figure 2. The BZLF1 mRNA is m6A modified.

A m6A peak distribution of BZLF1 in different EBV infection stages was analyzed based on MeRIP-seq data. The data presented from the top down are the EBV acute
infected (24 hpi) NPEC1-Bmi1 sphere-like cells (NPEC-sp), and HK1 cells; latently infected CNE2EBV cells; and CNE2EBV cells with reactivated EBV induced using NaB
alone or TPA/NaB together. For acute EBV infection, RNA was harvested at 24 hpi. TPA (30 ng/ml) and NaB (2 mM) were used alone or together to treat the cells for
24 h to reactivate EBV. The PA-m6A-seq peak is indicated by the green box, and the potential m6A sites on the indicated sequence are shown in red. The region
indicated by the dotted box was PCR-amplified to construct the wild-type BZLF11-262nt plasmid.

B The BZLF1 m6A levels were measured using MeRIP-qPCR in CNE2EBV, Raji, and B95-8 cells with latent EBV infection or lytic reactivation. TPA (30 ng/ml) and NaB
(2 mM) were used to treat the cells for 24 h to reactivate EBV. The cellular RNA was harvested for MeRIP-qPCR assays. The fold enrichment was determined by
calculating the 2−ΔCt of the MeRIP sample relative to the input sample. The mean value of the results in mock-treated cells was normalized to 1. Experiments were
independently repeated three times, and the results are represented as the means � SD of n = 3 biological replicates. **P < 0.01 and ***P < 0.001 compared to
mock-treated cells according to unpaired Student’s t-test.

C The relative product abundance of SELECT at the predicted m6A sites in the latently infected or lytic reactivated CNE2EBV cells. TPA (30 ng/ml) and NaB (2 mM) were
used to treat the CNE2EBV cells for 24 h to reactivate EBV. The mean value of results in mock-treated cells was normalized to 1. Experiments were independently
repeated three times, and the results are represented as the means � SD of n = 3 biological replicates. ***P < 0.001 compared to the mock-treated group according
to unpaired Student’s t-test.

D The validation of the BZLF1 m6A peaks by MeRIP-qPCR in PDXs, NPC1, and NPN. One nontumor control biopsy (NPN), one NPC sample (NPC1), and two PDX samples
(PDX-NPC04L and PDX-NPC03W) were used to perform the MeRIP-qPCR assays. The fold enrichment was determined by calculating the 2−ΔCt of the MeRIP sample
relative to the input sample. The data represent the means � SD of n = 3 technical replicates.

E Construction of the WT-BZLF1 and mut-BZLF1 plasmids. The WT-BZLF1 plasmid was constructed by inserting the BZLF11–262nt fragment (1–262 nt of the BZLF1
mRNA) into pcDNA3.1+ plasmid. The mut-BZLF1 plasmid was constructed by introducing A>T mutations at the putative m6A sites of BZLF11–262nt.

F The IgG or anti-m6A antibody enrichment of the WT-BZLF1 and mut-BZLF1 mRNAs was measured by RIP-qPCR in the CNE2EBV cell lines. Blank indicates CNE2EBV
cells without plasmids transfection. The fold enrichment was determined by calculating the 2−ΔCt of the RIP sample relative to the input sample. The mean value of
the m6A enrichment level on WT-BZLF1 mRNA was normalized to 1. Experiments were independently repeated four times, and the results are represented as the
means � SD of n = 4 biological replicates. ***P < 0.001 according to unpaired Student’s t-test.
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proteins from both translation complexes and RNA degradation

complexes (Dataset EV3). Two components of the RNA degradation

complex, ZAP (also named ZC3HAV1) and DDX17, were identified

as interaction partner of YTHDF1 with high confidence (Fig 6A).

Upon comparing the MS results of the YTHDF1 pull down in the

CNE2EBV cells with the published YTHDF1 affinity purification/MS

datasets from HeLa and HEK293 cells (Wang et al, 2015b; Youn

et al, 2018), ZAP and DDX17 were also found to interact with the

YTHDF1 in HEK293 cells (Fig EV4A). ZAP is an anti-viral protein

that inhibits the replication of HIV, HBV, and murine gammaher-

pesvirus 68 (Zhu et al, 2011; Xuan et al, 2012; Mao et al, 2013).

ZAP can interact with the RNA degradation complex to enhance

degradation of targeted mRNAs, and DDX17 can help to restructure

the ZAP-bound mRNAs for efficient degradation (Chen et al, 2008b).

Using co-IP, we further confirmed the YTHDF1 interaction with ZAP

and DDX17 (Figs 6B and C, and EV4B and C).

ZAP can either recruit PARN and the 30–50 exosome complex to

promote de-adenylation-dependent decay or recruit DCP1A, DCP2,

and XRN1 to promote mRNA decapping (Zhu et al, 2011). However,

we failed to detect any physical interaction between YTHDF1 and

XRN1 (Fig EV4D), which was consistent with the findings of a

previous report (Kretschmer et al, 2018). Further, 293T cells were

co-transfected with myc-YTHDF1 and flag-PARN, flag-DCP1A, flag-

DCP2, or flag-EXOSC3. The co-IP results showed that only DCP2

interacted with YTHDF1 (Figs 6D and EV4E). Furthermore, IP of

endogenous YTHDF1 antibody in the CNE2EBV cells using a specific

◀ Figure 3. Knockdown of YTHDF1 promotes EBV infection and replication.

A The knockdown efficiency of METTL3, METTL14, FTO, YTHDF1, YTHDF2, and YTHDF3 in HK1 and CNE2EBV cells at 24 h after siRNA transfection was determined by
Western blot analysis. ACTB was used as loading control.

B The EBV infection efficiency in HK1 cells transfected with the indicated siRNAs was analyzed by FACS. The cells were infected with EBV-GFP virus at 24 h after
siRNA transfection. The ratio of GFP-positive cells was quantified by FACS at 24 hpi. The mean value of the GFP-positive rates in the siNC-transfected HK1 cells
was normalized to 1. Experiments were independently repeated three times, and the results are represented as the means � SD of n = 3 biological replicates. ns,
**P < 0.01 and ***P < 0.001 compared to siNC according to unpaired Student’s t-test.

C The ratio of GFP-positive HK1 cells transfected with ALKBH5-specific siRNAs (siA5-1 and siA5-2) or the siNC control was quantified using FACS. The experiments
were performed similarly as described for (B) except for the different siRNA transfection. At 24 h post-siRNA transfection, the protein level of ALKBH5 was
determined by Western blot analysis. ACTB was used as loading control. Experiments were independently repeated three times, and the results are represented as
the means � SD of n = 3 biological replicates. ***P < 0.001 compared to siNC according to unpaired Student’s t-test.

D The GFP-positive cells of the EBV reactivated CNE2EBV cells transfected with indicated siRNAs. After 24 h of siRNA transfection, the cells were induced with NaB
(2 mM) for 24 h. The GFP-positive cells were quantified using FACS. The mean value of the GFP-positive rates in the siNC transfected cells was normalized to 1.
Experiments were independently repeated three times, and the results are represented as the means � SD of n = 3 biological replicates. ns, *P < 0.05, **P < 0.01,
and ***P < 0.001 compared to siNC according to unpaired Student’s t-test.

E The GFP-expressed cells were visualized by fluorescence microscopy after YTHDF1 knockdown in HK1 cells following EBV infection and CNE2EBV cells with induced
EBV reactivation. The experiments were performed similarly as described for (B) in HK1 cells and (D) in CNE2EBV cells. Representative data from three independent
experiments are shown. Scale bars: 50 μm.

F The knockdown efficiency of YTHDF1 in HK1, CNE2EBV, and C666 cells, transfected with YTHDF1-specific siRNAs (siY1-1 and siY1-2) or the siNC control for 24 h,
was determined by qRT–PCR. The mRNA levels of YTHDF1 were normalized to the housekeeping gene ACTB. Experiments were independently repeated three times,
and the results are represented as the means � SD of n = 3 biological replicates. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to siNC according to unpaired
Student’s t-test.

G, H The HK1 cells were transfected with YTHDF1-specific siRNA (siY1-1 and siY1-2) or the siNC control for 24 h, and then infected with EBV-GFP virus. At 24 hpi, the
ratio of GFP-positive cells was quantified using FACS (G), and the number of EBV copies was quantified using qPCR (H). The EBV copies were determined using a
specific primers targeting BamHI-W fragment region of EBV, and GAPDH was used as a reference genome copy. Experiments were independently repeated three
times, and the results are represented as the means � SD of n = 3 biological replicates **P < 0.01 and ***P < 0.001 compared to siNC according to unpaired
Student’s t-test.

I, J CNE2EBV cells were transfected with YTHDF1-specific siRNA (siY1-1 and siY1-2) or the siNC control for 24 h, and then induced with NaB (2 mM). At 24 h post-
NaB-induced EBV reactivation, the GFP-positive cells (I) and the EBV copies (J) were quantified as described for (G and H). Experiments were independently
repeated three times, and the results are represented as the means � SD of n = 3 biological replicates. ***P < 0.001 compared to siNC according to unpaired
Student’s t-test.

K The relative number of EBV copies in C666 cells transfected with the YTHDF1-specific siRNAs (siY1-1 and siY1-2) or the siNC control was quantified using qPCR. At
24 h after siRNA transfection, the EBV copies were quantified as described for (H). The mean value of EBV copies in the siNC cells was normalized to 1.
Experiments were independently repeated four times, and the results are represented as the means � SD of n = 4 biological replicates. *P < 0.05 and **P < 0.01
compared to siNC according to unpaired Student’s t-test.

L The relative production of EBV virions in CNE2EBV cells transfected with YTHDF1-specific siRNAs (siY1-1 and siY1-2) or the siNC control following EBV reactivation
was measured by qPCR. After 24 h of siRNA transfection, CNE2EBV cells were treated with NaB (2 mM) for 24 h, and the DNA from the cell-free culture
supernatant was harvested for qPCR. The number of EBV copies in the supernatant of the cells was quantified by qPCR using specific primers targeting BamHI-W
fragment region of EBV. The mean value of EBV copies in the siNC cells was normalized to 1. Experiments were independently repeated three times, and the
results are represented as the means � SD of n = 3 biological replicates. *P < 0.05 and **P < 0.01 compared to siNC according to unpaired Student’s t-test.

M The relative EBV production in C666 cells transfected with YTHDF1-specific siRNAs (siY1-1 and siY1-2) or the siNC control was measured by qPCR. The DNA from
the cell-free culture supernatant was harvested at 24 h after siRNA transfection. The number of EBV copies in the supernatant of the cells was quantified by qPCR
using specific primers targeting BamHI-W fragment region of EBV. The mean value of EBV copies in the siNC cells was normalized to 1. Experiments were
independently repeated four times, and the results are represented as the means � SD of n = 4 biological replicates. **P < 0.01 and ***P < 0.001 compared to
siNC according to unpaired Student’s t-test.

N FACS analysis of gp350 expression in CNE2EBV cells transfected with YTHDF1-specific siRNA (siY1-1 and siY1-2) or the siNC control following EBV reactivation. To
measure gp350 expression in the reactivated CNE2EBV cells, cells were stained with anti-gp350 mAb (72A1) followed by an Alexa Fluor 594-conjugated secondary
anti-mouse antibody and analyzed by FACS. The quantification of the ratio of GFP-positive and gp350-positive (GFP+/gp350+) cells from three independent
experiments was shown. Experiments were independently repeated three times, and the results are represented as the means � SD of n = 3 biological replicates.
**P < 0.01 and ***P < 0.001 compared to siNC according to unpaired Student’s t-test.

Source data are available online for this figure.
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Figure 4. YTHDF1 knockdown promotes the expression of BZLF1 and BRLF1.

A The relative mRNA levels of BZLF1 and BRLF1 at 24 hpi following EBV infection of HK1 cells transfected with the YTHDF1-specific siRNAs (siY1-1 and siY1-2) or the
siNC control. After 24 h of siRNA transfection, HK1 cells were infected with EBV-GFP and analyzed by qRT–PCR at 24 hpi. All the gene expression levels were
normalized to the housekeeping gene ACTB. Experiments were independently repeated three times, and the results are represented as the means � SD of n = 3
biological replicates. *P < 0.05 and **P < 0.01 compared to siNC according to unpaired Student’s t-test.

B The relative mRNA levels of BZLF1 and BRLF1 in the latently infected or reactivated (24 h post-NaB treatment) CNE2EBV cells transfected with the YTHDF1-specific
siRNAs (siY1-1 and siY1-2) or the siNC control. After 24 h of siRNA transfection, CNE2EBV cells were treated with NaB (2 mM) or mock for 24 h, followed by qRT–PCR
analysis. All the gene expression levels were normalized to the housekeeping gene ACTB. Experiments were independently repeated three times, and the results are
represented as the means � SD of n = 3 biological replicates. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to siNC according to unpaired Student’s t-test.

C The relative mRNA levels of BZLF1 and BRLF1 in C666 cells transfected with the YTHDF1-specific siRNAs (siY1-1 and siY1-2) or the siNC control. The total RNA was
harvested from the cells at 24 h after siRNA transfection. All gene expression levels were normalized to the housekeeping gene ACTB. Experiments were
independently repeated three times, and the results are represented as the means � SD of n = 3 biological replicates. *P < 0.05, **P < 0.01, and ***P < 0.001
compared to siNC according to unpaired Student’s t-test.

D The protein levels of YTHDF1 and BZLF1 in the EBV-infected (24 hpi) HK1 cells, CNE2EBV cells with induced EBV reactivation (24 h post-NaB treatment) and C666
cells transfected with YTHDF1-specific siRNA (siY1-1 and siY1-2) or the siNC control. The whole-cell protein was extracted at same time as the RNA.

E The relative mRNA expression levels of YTHDF1 in CNE2EBV cells following EBV reactivation (24 h post-NaB treatment), EBV-infected HK1 or NPEC2-Bmi1 cells at 24
hpi. Experiments were independently repeated three times, and the results are represented as the means � SD of n = 3 biological replicates. **P < 0.01 according to
unpaired Student’s t-test.

F The protein level of YTHDF1, BZLF1, and ACTB in CNE2EBV cells following EBV reactivation (24 h post-NaB treatment), EBV-infected HK1, or NPEC2-Bmi1 cells at
24 hpi. The whole-cell protein was extracted at same time as the RNA.

Source data are available online for this figure.
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antibody further demonstrated that YTHDF1 interacted with ZAP,

DDX17, and DCP2 (Fig 6E). It has been implicated that YTHDF2

could interact with DCP2, while ZAP and DDX17 were identified as

potential interaction partners of YTHDF2 and YTHDF3, whereas

YTHDF1, YTHDF2, and YTHDF3 are known to interact with each

other (Wang et al, 2014; Shi et al, 2017; Youn et al, 2018). To deter-

mine whether the interactions between YTHDF1 with ZAP, DDX17,

or DCP2 are dependent on either YTHDF2 or YTHDF3, we

performed IP of endogenous YTHDF1 in CNE2EBV cells following

YTHDF2 and/or YTHDF3 knockdown. The results showed that

knockdown of YTHDF2 and/or YTHDF3 did not reduce the interac-

tion between YTHDF1 and ZAP, DDX17, or DCP2 (Fig 6F). Surpris-

ingly, knockdown of either YTHDF2 and/or YTHDF3 augmented the

interaction between YTHDF1 and DDX17, suggesting that YTHDF1,

YTHDF2, and YTHDF3 might compete for binding to DDX17.

Moreover, immunofluorescence staining indicated that YTHDF1 co-

localized with ZAP, DDX17, and DCP2 in the cytoplasm (Fig EV4F).

YTHDF1 destabilizes viral mRNAs by promoting decapping

To investigate the role of the YTHDF1-associated protein complex in

EBV infection and lytic replication, we used siRNAs to knock down

ZAP, DDX17, or DCP2 in HK1, CNE2EBV, and C666 cells. At 24 h

following siRNA transfection, the HK1 cells were infected with EBV-

GFP virus for 24 h, and the GFP-positive cells were analyzed by

FACS analysis. The results indicated that knockdown of these genes

promoted EBV infection in HK1 cells (Fig 7A). On the other hand,

CNE2EBV cells were induced by NaB for 24 h post-siRNA transfec-

tion and subjected to FACS analysis. The results showed that knock-

down of these genes promoted lytic replication of EBV in CNE2EBV

cells with induced EBV reactivation (Fig 7B). At 24 h following

siRNA transfection in C666 cells, the EBV copies were quantified by

qPCR, which indicated that the knockdown of these genes increased

viral replication (Fig 7C). Knockdown of ZAP, DDX17, or DCP2

increased the mRNA level of BZLF1 and BRLF1 in EBV-infected HK1

cells (Appendix Fig S5A–C). Therefore, we conclude that knock-

down of the YTHDF1-associated proteins ZAP, DDX17, and DCP2

promotes EBV infection and replication in NPC cells.

DCP2 was recently identified as a crucial factor to degrade a

subset of m6A-modified RNAs via decapping (Luo et al, 2020). Since

YTHDF1 could interact with DCP2, we hypothesized that YTHDF1

could recruit ZAP, DDX17, and DCP2 to the viral transcripts to

promote RNA decay by decapping. XRN1 is a highly active 50–30

exoribonuclease, which requires 50 monophosphate. XRN1 does not

cleave RNAs that are capped at the 50 ends. To determine whether

the decapping efficiency could be affected by YTHDF1, we treated

the total RNA extracted from the YTHDF1 knockdown and control

cells with XRN1 enzyme to degrade the uncapped RNAs and

measured the ratio of the capped RNAs to the total RNAs by qRT–-
PCR. The results showed that YTHDF1 knockdown significantly

increased the mRNA level of BZLF1 and BRLF1, as well as the

proportion of capped mRNAs of these transcripts in C666 cells (Fig 7

D and E). Therefore, our data suggest that YTHDF1 destabilizes

BZLF1 and BRLF1 transcripts, likely by promoting their decapping.

Since the decapped RNA can be degraded by XRN1 protein, C666

cells were co-transfected with YTHDF1-specific and XRN1-specific

siRNAs. The qPCR results indicated that XRN1 knockdown

increased the mRNA levels of BZLF1 and BRLF1, while YTHDF1

knockdown could not increase the mRNA levels of BZLF1 and

BRLF1 in C666 cells following XRN1 knockdown (Fig 7F). There-

fore, suppression of BZLF1 and BRLF1 expression by YTHDF1 is

dependent on XRN1.

◀ Figure 5. Knockdown of YTHDF1 prolongs the half-life of EBV transcripts.

A, B The relative YTHDF1-RIP enrichment ratio of the indicated genes in C666 cells (A) and CNE2EBV cells with induced EBV reactivation (24 h post-TPA/NaB treatment)
(B). The EEF1A1 mRNA known to contain m6A sites and RPL30 mRNA containing no m6A modification were used as positive and negative controls, respectively.
BALF1 and BCRF1 containing no m6A modification, identified in this study, were used as viral negative controls. The fold enrichment was determined by calculating
the 2−ΔCt of the RIP sample relative to the input sample. The mean of the fold enrichment by IgG was normalized to 1. Experiments were independently repeated
three times, and the results are represented as the means � SD of n = 3 biological replicates. ns, **P < 0.01 and ***P < 0.001 compared to IgG according to
unpaired Student’s t-test.

C The relative Myc-RIP enrichment ratios of wild-type and mutant BZLF11–262nt mRNA in CNE2EBV cells. CNE2EBV cells were co-transfected with wild-type or mutant
BZLF11–262nt and myc-YTHDF1 or vector control for 24 h. The fold Myc-RIP enrichment was determined by calculating the 2−ΔCt of the RIP sample relative to the
input sample. The mean of the fold Myc-RIP enrichment level on WT-BZLF1 mRNA was normalized to 1. Experiments were independently repeated three times,
and the results are represented as the means � SD of n = 3 biological replicates. **P < 0.01 according to unpaired Student’s t-test.

D The relative enrichment of the BZLF1 and BRLF1 mRNA in CNE2EBV cells with transfected with siYTHDF2, siYTHDF3, or siNC siRNA following EBV reactivation. After
24 h of siRNA transfection, CNE2EBV cells were treated with TPA (30 ng/ml) and NaB (2 mM) for 24 h. The RIP assays were performed using YTHDF1-specific
antibody or IgG control in these cells. Fold enrichment was determined by calculating the 2−ΔCt of the RIP sample relative to the input sample. Experiments were
independently repeated three times, and the results are represented as the means � SD of n = 3 biological replicates. ns, not significant according to unpaired
Student’s t-test.

E, F The relative m6A and YTHDF1 enrichment of the BZLF1 (E) or BRLF1 (F) mRNAs measured in CNE2EBV cells transfected with the METTL14-specific siRNAs (siM14)
or siNC control following EBV reactivation. After 24 h of siRNA transfection, CNE2EBV cells were treated with TPA (30 ng/ml) and NaB (2 mM) for 24 h, followed by
MeRIP and RIP assays. The fold enrichment was determined by calculating the 2−ΔCt of the RIP sample relative to the input sample. Experiments were
independently repeated three times, and the results are represented as the means � SD of n = 3 biological replicates. *P < 0.05, **P < 0.01, and ***P < 0.001
according to unpaired Student’s t-test.

G Residual mRNA levels of BZLF1 and BRLF1 after termination of transcription via ActD treatment in C666 cells transfected with YTHDF1-specific siRNAs or the siNC
control. After 24 h of siRNA transfection, the C666 cells were treated with ActD and the mRNA levels analyzed by qRT–PCR. The relative mRNA level at 0 h after the
ActD treatment was normalized to 1. Experiments were independently repeated four times, and the results are represented as the means � SD of n = 4 biological
replicates.

H Residual mRNA levels of BZLF1 and BRLF1 after termination of transcription via ActD treatment in CNE2EBV cells transfected with YTHDF1-specific siRNAs or the
siNC control following EBV reactivation. After 24 h of siRNA transfection, CNE2EBV cells were induced with NaB (2 mM) for 24 h, treated with ActD, and analyzed
by qRT–PCR. The relative mRNA level at 0 h after the ActD treatment was normalized to 1. Experiments were independently repeated three times, and the results
are represented as the means � SD of n = 3 biological replicates.
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Further, RIP assays were performed to determine the interaction

between ZAP, DDX17, and DCP2 with the viral mRNA in CNE2EBV

cells with induced EBV reactivation. The results showed that ZAP,

DDX17, and DCP2 could markedly enrich the mRNAs of BZLF1 and

BRLF1 (Fig 7G). Next, CNE2EBV cells were co-transfected with plas-

mids of either wild-type BZLF11–262nt or mutant control and plas-

mids of either ZAP, DDX17, or DCP2. The RIP-qPCR results showed

that ZAP, DDX17, and DCP2 could enrich greater amounts of wild-

type BZLF11–262nt mRNAs than the mutant control mRNAs

(Fig EV5A–C). Wild-type BZLF11–262nt plasmid was co-transfected

with ZAP, DDX17, or DCP2 in the YTHDF1 knockdown CNE2EBV

cells or control CNE2EBV cells. The RIP-qPCR results showed that

the interactions between the wild-type BZLF11–262nt transcripts and

ZAP, DDX17, or DCP2 proteins could be reduced by YTHDF1 knock-

down in CNE2EBV cells (Fig EV5D–F). Therefore, the interaction of

ZAP, DDX17, and DCP2 with m6A-modified viral mRNA was

partially dependent on YTHDF1. We then investigated the function

of XRN1 in EBV infection and found that knockdown of XRN1

promoted EBV infection in HK1 cells and increased mRNA level of

BZLF1 and BRLF1 (Fig 7H and I).

In conclusion, the m6A “reader” YTHDF1 recognizes the m6A

modification sites in EBV transcripts, promotes m6A-dependent

RNA decay by recruiting the RNA degradation complexes compo-

nents ZAP, DDX17, and DCP2, and thereby suppresses EBV infec-

tion and replication. Conversely, a low expression level of YTHDF1

protects the viral mRNA from RNA decay mediated by the RNA

degradation complex.

Discussion

The m6A methylome has been identified in the epitranscriptomes of

an increasing number of species. Recently, the architecture of the

m6A methylome has been mapped for several viruses, including the

RNA viruses HIV, ZIKV, HCV, IAV, EV71, MLV, RSV, and the plant

virus alfalfa mosaic virus (Gokhale et al, 2016; Kennedy et al, 2016;

Lichinchi et al, 2016a, 2016b; Tirumuru et al, 2016; Courtney et al,

2017; Martinez-Perez et al, 2017; Hao et al, 2018; Lu et al, 2018;

Courtney et al, 2019; Xue et al, 2019). Moreover, m6A modification

sites have also been identified in the transcripts of DNA viruses,

such as those encoded by HBV, SV40, and KSHV (Ye et al, 2017;

Hesser et al, 2018; Imam et al, 2018; Tan et al, 2018; Tsai et al,

2018; Baquero-Perez et al, 2019). Most importantly, KSHV, a γ-
herpesvirus related to EBV, was reported to be regulated by m6A

modification. However, many differences exist between EBV and

KSHV. For example, KSHV is mainly linked to Kaposi’s sarcoma and

primary effusion lymphoma (Tan et al, 2018), whereas EBV is asso-

ciated with NPC, 10% of gastric cancers, Burkitt’s lymphoma, and

multiple other lymphomas. Therefore, it is worth investigating the

m6A modification of EBV. A recent study showed that the m6A

writer METTL14 plays a role in EBV-associated tumorigenesis, and

the authors also examined the viral epitranscriptome of EBV-trans-

formed LCLs and lymphoma cells (Lang et al, 2019). They also

found that depletion of the m6A writer METTL14 could increase the

protein level of BZLF1 and stabilize lytic EBV transcripts, including

BRLF1. Here, the m6A modification landscape of EBV was profiled

in NPC cells and tissues, and we demonstrated that the m6A reader

YTHDF1 could bind to BZLF1 and BRLF1 transcripts, and promote

their degradation to repress EBV infection and lytic replication.

Together with the results from Lang et al, our data demonstrate that

m6A modification can suppress lytic replication of EBV. Accord-

ingly, EBV might co-opt m6A modification in host cells to repress

the lytic cycle reactivators BZLF1 and BRLF1, thereby suppressing

lytic replication to maintain viral latency. However, m6A modifi-

cation was found to mediate mRNA degradation of IFNB1 to

promote virus infection and replication (Rubio et al, 2018; Winkler

et al, 2018). Therefore, we speculate that there might be an equilib-

rium between the degradation of IFNB1 mRNA and the degradation

of viral transcripts during the process of m6A-mediated control of

viral replication.

We observed that the m6A modification status varies largely

depending on the EBV infection stage and EBV gene expression

levels in B cells, NPC cells, and tissue samples. The m6A modifi-

cation sites in host transcripts are enriched near the stop codon,

resulting in a sharp peak of frequency. However, the m6A modifi-

cation sites of EBV transcripts are generally located throughout the

CDS region of the viral mRNA. EBV contains many overlapping

transcripts, untranslated transcripts, unspliced coding transcripts et

cetera. Consequently, the m6A peaks of EBV possibly cannot be

accurately analyzed using short-read MeRIP sequencing, which

might affect the estimate that the m6A peaks belong to the corre-

sponding overlapping viral genes. We found that EBNA1 and

BNLF2a were m6A-modified in almost all samples. Latent gene

expression can be regulated by differential promoter usage (Tierney

et al, 1994). Among them, EBNA1 transcription is mostly initiated

from Wp/Cp in type III latency, from Qp in type I and IIa latency or

Fp during the lytic cycle (Tierney et al, 1994). Therefore, our

MeRIP-seq results could not clearly define these promoters

produced the identified EBNA1 transcripts. The lytic transcripts,

including BNLF2a, are also expressed in latently infected cells or

tissues, which might be due to a small number of cells undergoing

spontaneous lytic reactivation. As BZLF1 and BRLF1 are the crucial

◀ Figure 6. YTHDF1 interacts with the RNA degradation complex.

A The interaction partners of YTHDF1 were identified by pull-down assays and mass spectrometry. The Flag-YTHDF1 pull-down assay was performed in CNE2EBV
cells transfected with a plasmid encoding Flag-tagged YTHDF1. The proteins in the differentially abundant bands were identified by mass spectrometry.

B, C The interactions between YTHDF1 and ZAP (B) or DDX17 (C) were measured by co-IP in 293T cells. The results were detected using specific antibodies.
D The interaction between YTHDF1 and DCP2 was detected by co-IP in 293T cells.
E The interactions between endogenous YTHDF1 and ZAP, DDX17, or DCP2 were detected by endogenous IP using a YTHDF1-specific antibody in CNE2EBV cells.
F The interactions between endogenous YTHDF1 and ZAP, DDX17, or DCP2 were detected by endogenous IP assays in CNE2EBV cells transfected with YTHDF2-,

YTHDF3-specific siRNAs or the siNC control. YTHDF1, YTHDF2, YTHDF3, ZAP, DDX17, and DCP2 were detected in the immunoprecipitated complexes using specific
antibodies, respectively.

Source data are available online for this figure.
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factors regulating the lytic replication, we mainly focused on the

effects of YTHDF1 on BZLF1 and BRLF1.

The m6A reader YTHDF1 has been reported to increase RNA

translation efficiency. YTHDF1 was recently found to promote

mRNA de-adenylation, suggesting a role of YTHDF1 in RNA decay

(Wang et al, 2015b; Du et al, 2016; Zaccara & Jaffrey, 2020). Here,

we found that YTHDF1 destabilized EBV transcripts stability in

EBV-infected cells by promoting the RNA decapping. Mechanisti-

cally, YTHDF1 can interact with the RNA degradation proteins ZAP,

DDX17, and DCP2. Previous studies have indicated that ZAP and

DDX17 can recruit RNA degradation complexes to regulate the

stability of various viral transcripts (Guo et al, 2007; Chen et al,

2008b; Zhu et al, 2011; Todorova et al, 2015). Therefore, we specu-

late that ZAP and DDX17 can help YTHDF1 to mediate the destabi-

lization of EBV transcripts. We also found that the knockdown of

the YTHDF1 interaction partners ZAP, DDX17, and DCP2 promoted

EBV infection and replication. Since DCP2 is an RNA-decapping

enzyme, we focused on the role of YTHDF1 in RNA decapping. A

recent study identified DCP2 as a crucial factor for the degradation

of a subset of m6A-modified RNAs via decapping (Luo et al, 2020).

Here, we revealed that YTHDF1 could promote mRNA decapping of

the endogenous BZLF1 and BRLF1 transcripts. This mechanism was

different from that of YTHDF2, which was reported to promote RNA

decay through mRNA de-adenylation instead of mRNA decapping

(Du et al, 2016).

Previous studies have found that YTHDF2 not only destabilizes

targeted RNAs, but also facilitates translation in cells under heat

shock stress (Wang et al, 2014; Zhou et al, 2015). Under conditions

of starvation or viral infection, translation could be compromised

and decapping could be stimulated (Parker & Sheth, 2007).

Although YTHDF1 mostly promotes translational efficiency of m6A-

modified mRNAs, we reveal that YTHDF1 recruits ZAP, DDX17, and

DCP2 to degrade the m6A-modified viral transcripts in EBV-infected

cells. We speculate that a balance is maintained between the roles

of YTHDF1 in translation and mRNA decay. EBV infection stress

might influence the function of YTHDF1. Our findings suggest that

during EBV infection in host cells, YTHDF1 promotes viral RNA

decay by inducing RNA decapping.

In conclusion, many EBV transcripts are m6A-modified, including

BZLF1 and BRLF1. The m6A reader YTHDF1 represses EBV infection

and replication by destabilizing the transcripts of BZLF1 and BRLF1.

YTHDF1 promotes the RNA decapping efficiency of the targeted

viral RNA by interacting with the essential components of the RNA

decay complex, including ZAP, DDX17, and DCP2. Moreover, the

interactions between the RNA decay complex and the m6A-modified

viral mRNA are dependent on YTHDF1. The treatment of EBV-asso-

ciated cancers remains a substantial challenge. Further investigation

is warranted to determine whether m6A modification plays a pivotal

role in the progression of NPC and other EBV-related cancers, with

the hope of uncovering novel therapeutic targets.

◀ Figure 7. YTHDF1 promotes viral mRNA decapping by recruiting the RNA degradation complex.

A The ratios of GFP-positive HK1 cells transfected with the ZAP-, DDX17-, and DCP2-specific siRNAs or the siNC control were quantified using FACS. At 24 h post-siRNA
transfection, the protein level of indicated genes was determined by Western blot analysis. ACTB was used as loading control. The experiments were performed
similarly as described in Fig 3B, except the different siRNA transfection. Experiments were independently repeated three times, and the results are represented as the
means � SD of n = 3 biological replicates. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to siNC according to unpaired Student’s t-test.

B The GFP-positive cells in CNE2EBV cells transfected with the ZAP-, DDX17-, and DCP2-specific siRNAs or the control siRNA following EBV reactivation were quantified
using FACS. At 24 h post-siRNA transfection, the protein level of indicated genes was determined by Western blot analysis. ACTB was used as loading control. The
experiments were performed similarly as described in Fig 3D, except the different siRNA transfection. Experiments were independently repeated three times, and the
results are represented as the means � SD of n = 3 biological replicates. **P < 0.01 and ***P < 0.001 compared to siNC according to unpaired Student’s t-test.

C The relative number of EBV copies in C666 cells transfected with the ZAP-, DDX17-, and DCP2-specific siRNAs or the siNC control was measured using qPCR. At 24 h
post-siRNA transfection, the protein level of indicated genes was determined by Western blot analysis. ACTB was used as loading control. The experiments were
performed similarly as described in Fig 3K, except the different siRNA transfection. Experiments were independently repeated four times, and the results are
represented as the means � SD of n = 4 biological replicates. **P < 0.01 and ***P < 0.001 compared to siNC according to unpaired Student’s t-test.

D The relative mRNA levels of BZLF1 and BRLF1 in C666 cells transfected with the YTHDF1-specific siRNAs (siY1-1 and siY1-2) or the siNC control. The experiments were
performed similarly as described in Fig 4C. Experiments were independently repeated three times, and the results are represented as the means � SD of n = 3
biological replicates. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to siNC according to unpaired Student’s t-test.

E The ratio of endogenous 50-capped BZLF1 and BRLF1 mRNAs in C666 cells at 24 h post-transfection with the YTHDF1-specific siRNAs or the siNC control. The ratios of
endogenous 50-capped mRNAs were quantified by dividing the abundance of XRN1-resistant transcripts with the total amount of transcripts. Experiments were
independently repeated three times, and the results are represented as the means � SD of n = 3 biological replicates. **P < 0.01 and ***P < 0.001 compared to siNC
according to unpaired Student’s t-test.

F The relative mRNA levels of BZLF1 and BRLF1 in C666 cells transfected with YTHDF1-specific siRNAs and XRN1-specific siRNAs. The C666 cells were co-transfected
with YTHDF1-specific siRNAs and XRN1-specific siRNAs for 24 h. The mRNA levels were determined using qPCR. Experiments were independently repeated three
times, and the results are represented as the means � SD of n = 3 biological replicates. *P < 0.05 and **P < 0.01 compared to siNC according to unpaired Student’s
t-test.

G The relative enrichment of BZLF1 and BRLF1 mRNAs by ZAP, DDX17, or DCP2 in CNE2EBV cells following EBV reactivation. CNE2EBV cells were transfected with
plasmids encoding myc-ZAP, myc-DDX17, myc-DCP2, or vector control. At 24 h post-transfection, the cells were treated with TPA (30 ng/ml) and NaB (2 mM) for 24 h.
The RIP assays were performed using Myc-beads. The fold enrichment was determined by calculating the 2−ΔCt of the RIP sample relative to the input sample.
Experiments were independently repeated three times, and the results are represented as the means � SD of n = 3 biological replicates. **P < 0.01 and ***P < 0.001
compared to Vector according to unpaired Student’s t-test.

H Determination of the EBV infection efficiency in HK1 cells transfected with the XRN1-specific siRNA or the siNC control. After 24 h of siRNA transfection, HK1 cells
were infected with EBV and analyzed by FACS at 24 hpi. Experiments were independently repeated three times, and the results are represented as the means � SD
of n = 3 biological replicates. ***P < 0.001 compared to siNC according to unpaired Student’s t-test.

I The relative mRNA levels of BZLF1 and BRLF1 in the EBV-infected HK1 cells transfected with the XRN1-specific siRNA (siXRN1) or the siNC control at 24 hpi. All gene
expression levels were normalized to the housekeeping gene ACTB. Experiments were independently repeated three times, and the results are represented as the
means � SD of n = 3 biological replicates. *P < 0.05 and **P < 0.01 compared to siNC according to unpaired Student’s t-test.

Source data are available online for this figure.
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Materials and Methods

Reagents

The antibodies used in this study are listed below in the format

of name (application, catalogue, supplier): anti-YTHDF1 (WB,

ab99080, Abcam); anti-DCP2 (WB, A302-597A, Thermo); anti-

DDX17 (WB, ab180190, Abcam); anti-ZAP (WB, PA5-31650, Invitro-

gen); anti-BZLF1 (WB, sc53904, Santa Cruz); anti-METTL3 (WB,

ab195352, Abcam); anti-METTL14 (WB, ab98166, Abcam); anti-

FTO (WB, ab124892, Abcam); anti-YTHDF2 (WB, ab170118,

Abcam); anti-YTHDF3 (WB, ab103328, Abcam); anti-ACTB (WB,

66009-1-Ig, ProteinTech); anti-Myc-tag (WB, 16286-1-AP, Protein-

Tech); and anti-Flag-tag (WB, 66008-1-Ig, ProteinTech). The anti-gB

monoclonal antibody (CL55) was a kind gift from Professor Richard

Longnecker (Northwestern University, USA); horseradish peroxi-

dase (HRP)-conjugated goat anti-mouse (WB, #31460, Invitrogen);

HRP-conjugated goat anti-rabbit (WB, #61-6520, Invitrogen);

anti-YTHDF1 (RIP, 17479-1-AP, ProteinTech); anti-YTHDF1 (IF,

66745-1-Ig, ProteinTech); goat anti-rabbit Alexa 488 (IF, A11008,

Thermo); and goat anti-mouse Alexa 594 (IF, A11005, Thermo).

Other regents like DAPI (D9542), phorbol 12-myristate 13-acetate

(TPA) (P8139), sodium butyrate (NaB) (B5887), ActD (A9415), and

TRIzol (T924) are obtained from Sigma-Aldrich (USA).

Patients and tissue samples

NPC tissues and PDX samples were obtained from the Sun Yat-sen

University Cancer Center (Guangzhou, China). Samples were

collected after written informed consent forms were obtained from

the patients, and all related procedures were performed with the

approval of the Internal Review and Ethics Board of Sun Yat-sen

University Cancer Center (Approval No.: GZR2018-140). The PDX

mouse model experiments were reviewed and approved by the

Ethics Board and the Clinical Research Committee of Sun Yat-sen

University Cancer Center (Approval No.: L102012018220M).

The NPC PDX tissues were EBER positive, CK14 positive, and

CD19 negative.

Cell culture

HEK293 cells (ATCC, CRL-1573) and 293T cells (ATCC, CRL-3216)

were purchased from ATCC. Bmi1-immortalized primary NPECs

(NPEC1-Bmi1 and NPEC2-Bmi1) were established in our laboratory

and were grown in serum-free keratinocyte medium (Life Technol-

ogy, USA) (Song et al, 2006; Xiong et al, 2015). C666 cells were a

kind gift from Sai Wah Tsao (University of Hong Kong, China)

(Cheung et al, 1999). Raji and B95-8 cells were a kind gift from

Professor Chao-Nan Qian (Sun Yat-sen University, China) (Yang

et al, 2013). EBV-GFP-positive AKATA cells were a kind gift from

Professor Maria G. Masucci (Karolinska Institute, Sweden). HK1 and

CNE2 cells were a kind gift from Professor Quentin Liu (Sun Yat-sen

University, China) (Yan et al, 2014). CNE2EBV cells, EBV-EGFP-

infected CNE2 cells, were cultured in the presence of G418 (500 μg/ml).

HK1, CNE2, CNE2EBV, C666, Raji, and B95-8 cells were grown

in RPMI 1640 medium supplemented with 10% fetal bovine

serum (FBS, GIBCO). AKATA cells were grown in RPMI 1640

medium supplemented with 5% FBS. HEK293 cells were grown in

Dulbecco’s Modified Eagle’s Medium supplemented with 10% FBS.

All cells were maintained in a humidified atmosphere comprising

5% CO2 at 37°C. All cells were tested to ensure that they are free

from Mycoplasma infection.

Plasmids

YTHDF1-pENTER plasmid was purchased from Vigene Biosciences

(Shandong, China). Plasmids encoding myc-tagged YTHDF1 and

ZAP were constructed by the respective cDNAs into the pcDNA6-MYC

plasmid. The plasmids encoding flag-EXOSC3 was constructed by

incorporating EXOSC3-flag into the pcDNA3.1+ plasmid. The plas-

mids of PEYFP-EXOSC3, PCMV-HA-flag-DDX17, PCMV-HA-flag-DCP2,

and PCMV-HA-flag-PARN were a generous gift from Professor

Guangxia Gao (Chinese Academy of Sciences, China). Myc-tagged

DDX17 and DCP2 were PCR-amplified and then inserted into the

pcDNA6-MYC plasmid.

The plasmids of WT-BZLF1 and mut-BZLF1 were constructed by

inserting the wild-type BZLF11–262nt sequence (50-ATTGCACCTTG
CCGGCCACCTTTGCTATCTTTGCTGAAGATGATGGACCCAAACTCG

ACTTCTGAAGATGTAAAATTTACACCTGACCCATACCAGGTGCCTT

TTGTACAAGCTTTTGACCAAGCTACCAGAGTCTATCAGGACCTGGG

AGGGCCATCACAAGCTCCTTTGCCTTGTGTGCTGTGGCCGGTGCTG

CCAGAGCCTCTGCCACAAGGCCAGCTCACTGCCTATCATGTTTCAG

CCGCACCAACTGGGTCGTGGT-30) or the mutant sequence (50-AT
TGCACCTTGCCGGCCACCTTTGCTATCTTTGCTGAAGATGATGGTC

CCAATCTCGTCTTCTGAAGATGTAAAATTTACACCTGTCCCATACC

AGGTGCCTTTTGTACAAGCTTTTGTCCAAGCTACCAGAGTCTATCA

GGTCCTGGGAGGGCCATCACAAGCTCCTTTGCCTTGTGTGCTGTGG

CCGGTGCTGCCAGAGCCTCTGCCACAAGGCCAGCTCACTGCCTATC

ATGTTTCAGCCGCACCAACTGGGTCGTGGT-30) into the pcDNA3.1+
plasmid, respectively.

Virus preparation and infection

The EBV-GFP (strain Akata) was prepared in AKATA cells as

described previously (Kanda et al, 2004; Wang et al, 2015a; Zhang

et al, 2018a). Briefly, EBV was produced in AKATA cells by reactiva-

tion with 0.8% (v/v) of a goat anti-human IgG (Huayang Zhenglong

Biochem Lab, China). The MOI of the EBV suspension was deter-

mined by detecting the BamHI-W fragment region of the EBV

genome using TaqMan real-time PCR. A calibration curve was

constructed using the DNA extracted from the EBV-positive

Namalwa cell line, which contains two integrated viral genomes per

cell, as a standard. 5 × 104 HK1 cells were seeded in 24-well plates,

infected with serial dilutions of EBV, and analyzed by FACS at 24

hpi to evaluate the infection efficiency of the newly purified EBV.

The percentage of infected HK1 cells was 1–10% at the MOI of 250

or 500, about 10–20% at the MOI of 1,000, and about 30% at the

MOI of 2,000 (Appendix Fig S6). EBV infection of HK1 cells was

mediated in a virus titer-dependent manner. We performed the EBV

infection assays at an MOI of 1,000 to investigate the function of the

genes. Briefly, HK1 cells were exposed to EBV at an MOI of 1,000

for 3 h at 37°C, and the unbound virus was removed by washing

twice with Hanks’ solution. The infected cells were cultured in fresh

medium for 24 h, followed by the determination of the ratio of GFP-

positive cells via flow cytometry (Beckman Coulter FC500) and fluo-

rescence microscopy.

16 of 23 EMBO reports 22: e50128 | 2021 ª 2021 The Authors

EMBO reports Tian-Liang Xia et al



Induction of the EBV lytic cycle

Raji and B95-8 cells were seeded at a density of 5 × 105 cells per ml,

and 2 × 106 CNE2EBV cells were plated on 10 cm dishes before lytic

induction. After 24 h, the cells were treated with TPA (30 ng/ml)

and/or NaB (2 mM) and were incubated for 0, 24, and 48 h, respec-

tively. Following the induction of EBV lytic cycle, the cells were

harvested, and the cellular RNA was extracted using TRIzol reagent.

siRNA transfection

A total of 1 × 105 cells per well were seeded into 12-well plates for

12 h and transfected with the indicated siRNA duplexes using

RNAiMAX (Invitrogen) according to the manufacturer’s instruc-

tions. The cells were used for further experiments 24 h after trans-

fection. The siRNA pools targeting METTL3, METTL14, WTAP,

FTO, YTHDF1, YTHDF2, YTHDF3, and XRN1, as well as control

siRNA (siNC), were synthesized by RIBOBIO (Guangzhou, China).

The single siRNA duplexes used in this study are listed in

Appendix Table S1.

Immunoprecipitation and mass spectrometry

The transfected cells were lysed in IP lysis buffer [50 mM Tris–HCl,
pH 7.4; 150 mM NaCl; 5 mM EDTA; 0.5% NP-40 containing 1 mM

phenylmethylsulfonyl fluoride, and Roche complete protease inhi-

bitor cocktail (04693159001, Roche)] for 20 min at 4°C. The super-

natants were collected by centrifugation at 12,000 g for 20 min at

4°C, leaving behind 10% as the input.

For co-IP with overexpressed flag- or the myc-tagged proteins,

the supernatant was incubated with 25 μl Anti-c-Myc Agarose Affin-

ity Gel (A7470, Sigma) or Anti-FLAG-M2 Affinity Gel (A2220,

Sigma) for 2 h at 4°C.
For endogenous IP, the supernatant was incubated with 2 μg

YTHDF1-specific antibody (17479-1-AP, ProteinTech) or rabbit IgG

for 2 h at 4°C. The mixture was then incubated with 25 μl Pierce
Protein A/G Agarose (20421, Thermo Scientific) for 2 h at 4°C.

After washing three times with lysis buffer to remove the

unbound proteins, the sample was resuspended in 2× SDS

sample loading buffer and denatured for 5 min at 98°C. The

complex was then analyzed by Western blot analysis with the

indicated antibodies.

For Flag-YTHDF1 pull down in CNE2EBV cells, the cells were

transfected with the plasmid encoding Flag-YTHDF1 or empty vector

for 24 h. The cells were then lysed in IP lysis buffer and the super-

natant was incubated with 25 μl Anti-FLAG-M2 Affinity Gel (A2220,

Sigma) for 2 h at 4°C. After washing three times with lysis buffer,

the samples were suspended in 2× SDS sample loading buffer,

denatured for 5 min at 98°C, and separated by SDS–PAGE. The dif-

ferential bands were isolated and analyzed by mass spectrometry.

The proteins identified in the Flag-YTHDF1 samples are summarized

in Dataset EV3.

Genome annotation

The AKATA EBV genome (GenBank: KC207813.1) and annotation

files were provided by Dr. Lin Zhen (Tulane University, USA).

Mapping and annotatoion were performed using the UCSC

hg38 human reference genomes and UCSC calJac3 marmosets

reference genomes.

MeRIP-seq and analysis

The total RNA was isolated using the TRIzol and was incubated

with DNase I at 37°C for 30 min. The RNA integrity was validated

using an Agilent 2100 Bioanalyzer to ensure that all RNA integrity

numbers were > 9.0. The mRNA was purified from the total RNA

using the GenElute™ mRNA Miniprep Kit (MRN10, Sigma). The

mRNA was further fragmented using the Ambion RNA Fragmenta-

tion Reagents (AM8740, Life Technologies) and purified via ethanol

precipitation. The fragmented mRNA was analyzed on an Agilent

2100 Bioanalyzer to ensure that the distribution of the RNA frag-

ment sizes was around ~ 150 nt. Then, 1% of the fragmented RNA

was retained as input for RNA-seq. For MeRIP, the fragmented RNA

was denatured for 5 min at 70°C, chilled on ice for 3 min, and incu-

bated with the anti-m6A antibody (202003, Synaptic Systems) conju-

gated to Protein A/G Dynabeads (88803, Thermo Fisher Scientific)

in 500 μl of MeRIP Buffer (50 mM Tris–HCl, 750 mM NaCl and

0.5% NP-40) overnight at 4°C. The unbound RNA was removed

using a magnetic separator, and the beads were washed three times

with MeRIP buffer. The MeRIP RNA was collected by adding TRIzol

to the beads. Finally, the MeRIP RNA samples were analyzed on an

Agilent 2100 Bioanalyzer to verify the RNA quality. The sequencing

libraries (input RNA-seq and MeRIP-seq) were prepared using the

Illumina TruSeq Stranded mRNA Kits, beginning the protocol at the

“elute prime-fragment” step. This step was slightly modified to only

prime the samples by heating at 80°C for 2 min. The samples were

sequenced on an Illumina HiSeq 2500 with a single read of 50 bp.

Read mapping and m6A peak calling were performed as

described previously (Dominissini et al, 2013; Li et al, 2017b).

Briefly, the reads from the mRNA input (RNA-seq) and MeRIP-seq

libraries were aligned to the hg38 human reference genome or the

calJac3 marmoset reference genome with the AKATA EBV genome

(GenBank: KC207813.1) using STAR (Dobin et al, 2013). We deleted

the reads that could be mapped to both the EBV genome and the

host genome. MACS2 (Zhang et al, 2008) was used for m6A peak

calling in the MeRIP-seq data, and further analyses were carried out

using all peaks detected in at least two replicates. Since some EBV

transcripts overlapped on the same locus, the m6A peaks in these

regions were annotated: using BEDtools (Quinlan, 2014) to calculate

the RPKM normalized reads count of every overlapped EBV tran-

script and the m6A peak regions from the input RNA-seq data,

respectively. A Pearson correlation coefficient was calculated based

on the RPKM of the m6A peak, and the one with a higher Pearson

correlation coefficient was annotated on the transcript. The m6A

peak regions of EBV are shown in Dataset EV1. The RNA-seq reads

were normalized using the RSEM method (Li & Dewey, 2011). The

reads of EBV and host genome are listed in Dataset EV4.

PA-m6A-Seq and analysis

PA-m6A-Seq was performed as described previously (Chen et al,

2015). Briefly, the CNE2EBV cells were induced with TPA and NaB

for 4 h and then pulsed with 200 µM 4-thiouridine (4SU) (T4509,

Sigma) for 20 h. The RNA was isolated using TRIzol, and mRNA

was purified using GenElute™ mRNA Miniprep Kit. Then, 10 µg of
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oligo-dT purified mRNA was incubated with 7.5 µg of m6A poly-

clonal antibody in 500 μl of MeRIP Buffer (50 mM Tris–HCl,
750 mM NaCl, 0.5% NP-40, proteinase inhibitor, and RNasin) for

2 h at 4°C. After incubation, the sample was irradiated three times

with 0.15 J of at UV light 365 nm. The cross-linked RNA was

digested using 0.1 U/μl RNase T1 for 15 min at 22°C. Then, 100 μl
pre-blocked Protein A/G Dynabeads was incubated with the reac-

tion mixture for 1 h at 4°C. The beads were washed three times with

IP wash buffer (50 mM HEPES-KOH, pH 7.5, 300 mM KCl, 0.05%

NP-40, proteinase inhibitor, and RNasin) and incubated with RNase

T1 at a final concentration of 15 U/μl for 15 min at 22°C. After

washing the beads three times with high salt wash buffer (50 mM

HEPES-KOH, pH 7.5, 500 mM KCl, 0.05% NP-40, proteinase inhi-

bitor, and RNasin), the beads–RNA mixture was resuspended in

100 μl of 1× NEB T4 polynucleotide kinase buffer and 10% (v/v)

NEB T4 PNK. Then, the samples were incubated at 37°C for 20 min

on a shaker incubator at maximum speed. ATP was added to a final

concentration of 100 μM. The RNA fragments were then washed

and digested with proteinase K to remove covalently bound

peptides. Finally, the RNA was extracted using TRIzol. The PA-m6A-

Seq libraries were prepared as described in the NEB protocol

(E7300L, NEB). The samples were sequenced with a single read

of 75 bp.

The PA-m6A-Seq data were analyzed as previously reported

(Chen et al, 2015). The reads from the PA-m6A-Seq libraries were

aligned to the hg38 human reference genome with the AKATA

EBV genome (GenBank: KC207813.1) using STAR (Dobin et al,

2013), allowing up to 1 mismatch. The reads that could be mapped

to both the EBV genome and the human genome were deleted.

Only reads containing mutations were considered. Characteristic

T>C mutations resulting from 4SU incorporation and cross-linking

were present among the aligned reads. Additionally, A>G muta-

tions were also present, corresponding to negative-strand align-

ments. All data were processed using in-house Perl scripts and

SAMtools (Li et al, 2009). The regional distribution of m6A modifi-

cations was plotted using the Guitar package (Cui et al, 2016).

Motif analysis of m6A peaks was performed using the MEME pack-

age (Bailey et al, 2009).

Quantitative PCR with reverse transcription (qRT–PCR)

The total RNA was isolated using TRIzol Reagent. For gene expres-

sion analyses, 1 μg of RNA was reverse-transcribed using the

GoScript Reverse Transcription System in a 20 μl reaction mixture.

The mRNA level was determined by qRT–PCR using the SYBR Green

I Master mix and analyzed on a Roche LightCycler 480 instrument.

All gene expression levels were normalized to that of the

housekeeping genes ACTB or GAPDH. The primers are listed in

Dataset EV5.

Quantification of mRNA methylation using MeRIP-qPCR

We carried out MeRIP enrichment followed by qRT–PCR to quantify

the changes in the m6A modification of the indicated genes of inter-

est. Briefly, after MeRIP, all of the MeRIP RNA and input RNA

samples were subjected to qRT–PCR. The fold enrichment was

determined by calculating the 2−ΔCt of the MeRIP sample relative to

the input sample. The primers are listed in Dataset EV5.

Determination of site-specific m6A modification levels
using SELECT

SELECT was performed as described previously (Xiao et al, 2018).

Briefly, the total RNA was mixed with 40 nM Up Primer, 40 nM

Down Primer, and 5 µM dTTP in 17 μl 1× CutSmart Buffer (NEB).

The RNA and primers were annealed using a temperature gradient

of 90°C for 1 min, 80°C for 1 min, 70°C for 1 min, 60°C for 1 min,

50°C for 1 min, and then 40°C for 6 min. The mixture was then

mixed with 0.01 U Bst 2.0 DNA Polymerase, 0.5 U SplintR Ligase,

and 10 nM ATP to a final volume of 20 μl. The final reaction

mixture was incubated at 40°C for 20 min, 80°C for 20 min, and

then kept at 4°C. Finally, qPCR was used to analyze the relative

product abundance. The primers are listed in Dataset EV5.

Measurement of mRNA stability

C666 cells were transfected with YTHDF1-specific siRNA or control

siRNA for 24 h and then treated with ActD (5 μg/ml). RNA was

collected at 0, 0.5, and 1 h after treatment and examined by qRT–-
PCR. Similarly, CNE2EBV cells were transfected with YTHDF1-speci-

fic siRNA or control siRNA for 24 h and then induced with NaB

(2 mM) for 24 h. RNA was collected at 0, 0.5, 1, and 2 h following

ActD treatment and examined by qRT–PCR.
The turnover rates and half-lives of mRNAs were estimated

according to previously published papers (Chen et al, 2008a; Huang

et al, 2018). After ActD treatment, the change in mRNA concentra-

tion at a given time (dC/dt) is proportional to the constant of the

mRNA decay rate (Kdecay) and the mRNA concentration (C) accord-

ing to the following equation:

dC=dt¼�KdecayC

The mRNA degradation rate (Kdecay) was estimated by:

lnðC=C0Þ¼�Kdecayt

To calculate the mRNA half-life (t1/2), when 50% of the mRNA

decayed (that is, C/C0 = 1/2), we used the equation:

lnð1=2Þ¼�Kdecayt1=2

where:

t1=2 ¼ ln2=Kdecay

RIP-qPCR

The RIP assay was performed using Magna RIP Quad RNA-Binding

Protein Immunoprecipitation Kit (Millipore, CA, USA, 17–704).
For the endogenous YTHDF1-RIP, C666 cells were plated into a

10-cm dish and allowed to grow for 24 h. Then, the cells were lysed

and the lysate was incubated with anti-YTHDF1 antibody or with a

rabbit IgG antibody conjugated to Protein A/G Dynabeads in 1 ml

RIP buffer overnight at 4°C. The beads were then washed five times

with wash buffer and the RNA was collected by adding TRIzol to

the beads.
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Similarly, CNE2EBV cells were plated onto a 10-cm dish and

induced by TPA (30 ng/ml) and NaB (2 mM) for 24 h. Following

EBV reactivation, CNE2EBV cells were lysed with lysis buffer and

the RNA was collected as described above.

For the Myc-RIP, CNE2EBV cells were transfected with the Myc-

ZAP, DDX17, or DCP2 and pcDNA6-MYC plasmids. At 24 h post-

transfection, CNE2EBV cells were induced with TPA (30 ng/ml) and

NaB (2 mM) for 24 h. The cells were then lysed and the cell lysates

were incubated with rabbit anti-c-Myc Agarose Affinity Gel over-

night at 4°C. The beads were then washed five times with wash

buffer. For Myc-DCP2 RIP assays, the beads were washed additional

three times with high salt wash buffer (50 mM Tris–HCl, pH 7.4;

500 mM NaCl; 0.5% NP-40; 1 mM EDTA). The RNA was collected

by adding the TRIzol Reagent to the beads.

For the Myc-RIP of wild-type or mutant BZLF11–262nt mRNA in

CNE2EBV cells, the cells were co-transfected with the indicated plas-

mids and/or siRNAs for 24 h. The cells were then lysed and the cell

lysates were incubated with rabbit anti-c-Myc Agarose Affinity Gel

overnight at 4°C. Then, the beads were washed five times with wash

buffer and the RNA was collected by adding TRIzol to the beads.

Finally, the input samples (1%) and all the IP RNA samples

were subjected to qRT–PCR. The relative RIP enrichment was

determined by calculating the 2−ΔCt of the RIP sample relative to

the input sample.

Immunofluorescence analysis and confocal microscopy

For the co-localization assays, the HK1 cells were seeded into 24-

well plates and allowed to grow for 24 h. Then, the cells were fixed

with 4% paraformaldehyde in PBS, permeabilized with 0.1% Triton

X-100 in PBS on ice, and blocked with 5% BSA in PBS. The slides

were stained with specific antibodies, washed three times with PBS,

stained with conjugated Alexa Fluor secondary antibodies, the

nuclei were counterstained with DAPI, and the samples were

mounted using ProLong Gold.

To detect the expression of gB, CNE2EBV cells were seeded into

24-well plates and allowed to grow for 12 h. The cells were then

transfected with YTHDF1-specific siRNAs or siNC control for 24 h,

followed by EBV reactivation with NaB for 24 h. The reactivated

cells were then fixed with 4% paraformaldehyde in PBS and blocked

with 5% BSA in PBS. The slides were stained with anti-gB mAb

(CL55), washed three times with PBS, stained with Alexa Fluor

594-conjugated secondary anti-mouse antibody, the nuclei were

counterstained with DAPI, and the samples were mounted using

ProLong Gold.

The fluorescence images were recorded using an FV1000 confo-

cal laser scanning microscope (OLYMPUS, Japan).

Measurement of gp350 by flow cytometry

To measure of the expression of gp350 in the reactivated CNE2EBV

cells, the cells were seeded into 12-well plates and allowed to grow

for 12 h. The cells were transfected with YTHDF1-specific siRNAs or

siNC control for 24 h, followed by EBV reactivation with NaB for

24 h. The cells were stained with anti-gp350 mAb (72A1, (ATCC cell

line ID: HB168)) followed by staining with Alexa Fluor 594-conju-

gated secondary anti-mouse antibody, washed three times with PBS,

and analyzed by flow cytometry (Beckman Coulter FC500).

mRNA decapping assay

C666 cells were plated into 6-well plates for 24 h and transfected

with YTHDF1-specific or control siRNAs. After 24 h, RNA was

extracted from the transfected cells, and the presence of the 50-cap
was determined as described previously (Du et al, 2016). Briefly,

the cytoplasmic RNA samples (3 µg) were treated with three units of

50-phosphate-dependent exonuclease XRN1 (New England BioLabs,

USA) for 2 h at 37°C according to the manufacturer’s protocol. The

treated RNAs were then purified overnight by ethanol precipitation

and subjected to qPCR along with the total RNA sample. Finally, the

ratios of capped RNA were calculated by dividing the RNA expres-

sion in XRN1-treated samples by that in total RNA samples.

Western blot analysis

Western blot analysis was performed as described previously

(Zhang et al, 2018a). Briefly, the cells were lysed in RIPA buffer

containing a protease inhibitor mixture (Roche), and the proteins

were resolved using SDS–PAGE, transferred onto a polyvinylidene

difluoride (PVDF) membrane, and incubated with the indicated

primary antibodies. The PVDF membrane was then incubated with

goat anti-mouse or goat anti-rabbit HRP-conjugated secondary anti-

bodies at 1:3,000 dilution. The membrane was washed and visual-

ized using enhanced chemiluminescence reagent (ECL, Millipore).

Statistical analyses

Data were analyzed by two-tailed unpaired Student’s t-test in R

(v.3.3.0) and GraphPadPrism 8 (GraphPad Software Inc., La Jolla,

CA). All results were expressed as the mean � SD from at least

three independent experiments. Differences with P-values < 0.05

were considered statistically significant. In all results, ns denotes

“not significant”, * denotes P < 0.05, ** denotes P < 0.01, and ***
denotes P < 0.001.

Data availability

The key raw data have been uploaded onto the Research Data

Deposit public platform (www.researchdata.org.cn), with the

approval RDD number RDDB2021001069. The raw sequence data

reported in this paper have been deposited in the Genome Sequence

Archive of the BIG Data Center at the Beijing Institute of Genomics,

Chinese Academy of Science, under Project accession number

PRJCA004279 (accessible at http://bigd.big.ac.cn/gsa-human).

Expanded View for this article is available online.
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