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Interferon-induced transmembrane
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receptor A2-mediated Epstein—-Barr virus
entryintoepithelial cells
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Epstein-Barr virus (EBV) caninfect both B cells and epithelial cells (ECs),
causing diseases such as mononucleosis and cancer. It enters ECs via Ephrin
receptor A2 (EphA2). The function of interferon-induced transmembrane
protein-1(IFITM1) in EBV infection of ECs remains elusive. Here we report
that IFITML1inhibits EphA2-mediated EBV entry into ECs. RNA-sequencing
and clinical sample analysis show reduced IFITM1in EBV-positive ECs and
anegative correlation between IFITM1level and EBV copy number. IFITM1
depletionincreases EBV infection and vice versa. Exogenous soluble

IFITM1 effectively prevents EBV infection in vitro and in vivo. Furthermore,
three-dimensional structure prediction and site-directed mutagenesis
demonstrate that IFITM1interacts with EphA2 viaits two specific residues,
competitively blocking EphA2 binding to EBV glycoproteins. Finally,
YTHDF3, an m°®A reader, suppresses IFITM1via degradation-related
DEAD-box protein 5 (DDX5). Thus, this study underscores IFITMI’s crucial
roleinblocking EphA2-mediated EBV entry into ECs, indicating its potential
in preventing EBV infection.

Epstein-Barr virus (EBV) is the first oncogenic herpesvirus that targets
epithelial cells (ECs) and B lymphocytes'. Itinfects ~95% of the popula-
tion worldwide? and is associated with a spectrum of severe diseases,
especially mononucleosis and various forms of cancer, including naso-
pharyngeal carcinoma (NPC), gastric cancer, colorectal cancer and
B cell lymphoma®®. Effective prevention of EBV infection is a crucial
public healthissue.

During EBV infection, viral glycoproteins collaborate with host
envelope proteins to enable membrane fusion and EBV entry into target
host cells’. Core to this processis the glycoprotein B (gB) homotrimer
andtheglycoprotein H/L (gH/gL) heterodimer, facilitating fusionin ECs
andBlymphocytes® ™. Over the past several decades, extensive research
has been conducted on B cell receptors involved in EBV entry" ™. As
to ECs, integrins were initially identified to be the primary receptors
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for EBV entry'®”, but they were later confirmed to be accessory recep-
tors'™". More recently, following the discovery of Neuropilin 1 (NRP1)
and Non-muscle myosin IIA (NMHC-IIA, also knownas MYH9)**?, Ephrin
receptor A2 (EphA2) has been reported as a crucial EC receptor for
EBV entry'®”, EphA2 confers the susceptibility of ECs to EBV by bind-
ing to viral gH/gL and gB to facilitate the internalization and fusion
of EBV”. Nonetheless, it was surprising to find that EphA2 was highly
expressed in ECs with low susceptibility to EBV?, suggesting that addi-
tional unknown factorsinfluenced host susceptibility to EBV infection.

Interferon-induced transmembrane protein-1 (IFITM1), a vital
IFITM family member, plays a crucial role in host defence against
various viruses* > by suppressing viral entry and replication®*?”’,
Although IFITM1 has been demonstrated to hinder some viruses®™°,
itseffects on EBVinfection appear to be insufficiently studied. IFITM1
has been reported to contribute to EBV infection in BJAB (human B
lymphoma cells) and HMVEC-d (human microvascular endothelial
cells)®*?,yet their underlying mechanism remains unclear. Currently,
thereappearstobenorelevant research ontheinvolvement of IFITM1
in EBV infection of ECs. Further research is necessary to elucidate
IFITMI’s functionin EBV infectionin ECs and to develop effective early-
intervention strategies.

N6-methyladenosine (m°A) modification is crucial in the regula-
tion of gene expression by affecting mRNA stability, splicing, locali-
zation and translation efficiency®. YTH-domain family protein 3
(YTHDF3), an m°A reader, has been found to affect translation and
degradation, negatively impacting interferon-mediated antiviral
immunity®*, but its role in regulating IFITM1 is not yet understood.
Further investigation is required to explore the relationship between
YTHDF3 and IFITM1 during EBV infection of ECs.

Thus, this study aims to explore the role of IFITM1in EBV infection
of ECs, focusing onits effect on theinteraction between host EphA2 and
viralgH/gL or gB.Inaddition, we seek to understand how IFITM1influ-
ences EBV infection through the perspective of m®A modification. This
researchmay reveal additional insightsinto the complex process of EBV
infectionin ECs and potential strategies for preventing EBV infection.

Results

IFITM1 negatively correlates with EBV infectionin ECs

To elucidate the mRNA expression profiles of essential epithelial-cell
receptors and IFITMs, we conducted RNA-sequencing on B cells (Daudi),
EBV-negative ECs (EBV.N, including NP69, NP460, HK1, HEK293) and
EBV-positive epithelial (tumour) cells (EBV.P, including NP460-EBV,
HK1-EBV, C666-1). We observed that EphA2, an EBV entry receptor previ-
ously identified in ECs, exhibited higher expression levels in ECs than
inBcells (Extended DataFig.1a). Thisis consistent with the notion that
EphA2expressionis specific to ECs and absent in B cells'. A similar trend
was seen in other receptors such as MYH9, integrin alpha V (ITGAV),
NRP1 and epidermal growth factor receptor (EGFR) in ECs. These
receptors were upregulated in EBV.P cells compared with EBV.N cells
(Extended Data Fig.1a). Conversely, IFITMs showed lower expressionin
EBV.P cellsthanin EBV.N cells, with IFITM1 being the most significantly
downregulated (-log, fold change = -4.48) (Extended Data Fig. 1a,b).

Tofurther explore the relationship between IFITM1and EBV infec-
tion, we also detected IFITM1level and EBV copy number in NPC tissues
and non-cancerous nasopharynx (NP) tissues. As expected, IFITM1was
significantly lower in NPC tissues than in NP tissues (Extended Data
Fig.1c,d), while EBV copy number was barely detectable in NP tissues
but readily detected in NPC tissues (Extended Data Fig. 1e), aligning
with previous findings* %, A strong negative correlation (R=-0.87,
P=0.0021) was found between IFITM1 level and EBV copy number
(Extended DataFig. 1f).

Collectively, these data suggest a significant negative correla-
tion between IFITM1 and EBV infection in ECs. Given IFITM1’s role as
a cell surface barrier, we subsequently focused on its function in EBV
infectionin ECs.

IFITM1 inhibits EBV infection in ECs

Tofurtherexplore IFITMI'srolein EBVinfection, we conducted aseries
of experiments in various ECs, including NPC-derived ECs (HK1) and
normal ECs (NP69, HEK293). Western blotting showed that HK1 dis-
played arelatively low level of IFITM1, whereas NP69 and HEK293 exhib-
ited relatively high levels of IFITM1 (Extended Data Fig. 2a).

Using lentiviruses, we initially knocked down IFITM1 expression
in NP69 and HEK293 cells. The efficiency of IFITM1 knockdown was
confirmed using both RT-qPCR and western blotting (Extended
Data Fig. 2b,c). Following infection with high-titre virus (multiplic-
ity of infection: 1,000) for 3 h, IFITM1 knockdown cells showed
approximately three times more EBV copies than controls (Fig. 1a
and Extended Data Fig. 2d). After 72 h of EBV exposure, the green
fluorescent protein (GFP)-expressing virus was detectable ininfected
cells. Approximately 2% of control cells were GFP-positive, which
increased to 4% upon IFITM1 knockdown (Fig. 2b,c and Extended Data
Fig.2e-h). Representativeimages of EBV-infected cells are shownin
Extended Data Fig. 2i. In addition, we established IFITM1 overexpres-
sionin HK1 cells by transfecting them with IFITM1 lentiviral vectors
and control vectors (Extended Data Fig. 3a,b). After EBV exposure for
3 h, EBV copy number decreased by ~60% in IFITM1-overexpressed
ECsrelative to control cells (Fig. 1d and Extended Data Fig. 3c). After
72 h of EBV exposure, flow cytometry displayed a reduction in the
infection rate of over 50% (-3% to 1.5%) upon IFITM1 overexpression
(Fig. 1e,f and Extended Data Fig. 3d-g). Representative images of
EBV-GFP-infected cells are shown in Extended Data Fig. 3h. These
results suggest that IFITM1 knockdown increases the vulnerability
of ECs to EBV infection, while IFITM1 overexpression diminishes
their susceptibility.

Given that NP69, HEK293 and HK1 represented distinct epithe-
lial cell models, we supplemented our experiments by manipulating
IFITM1levelsin NPC-derived and normal ECs. Despite HK1'sinherently
low IFITML, effective IFITM1 knockdown was still achieved (Extended
Data Fig. 2b,c), while NP69 and HEK293, initially high in IFITM1, also
successfully overexpressed it (Extended Data Fig. 3a,b). Notably,
IFITM1knockdown weakened HK1 cells’ defence against EBV (Extended
DataFig. 2d-i), while its overexpression enhanced the anti-EBV infec-
tion ability in NP69 and HEK293 cells (Extended Data Fig. 3c-h).

Fig.1|IFITM1inhibits EBV infection in vitro and in vivo. a, NP69 cell lines (from
Extended Data Fig. 2b,c) were incubated with cell-free EBV-GFP for 3 h, after

which EBV copy numbers were measured by TagMan—-qPCR. b,c, Flow cytometric
analyses (b) were conducted after 72 hto determine the percentage (c) of EBV-GFP-
positive cells. The numbers1and 2 represent two different sequences of shIFITMI,
which canbe referred to as 1-shIFITM1 and 2-shIFITM1, respectively.d, HK1 cell
lines (from Extended Data Fig. 3a,b) were incubated with cell-free EBV-GFP for 3 h,
followed by EBV copy number detection using TagMan—qPCR. e f, After 72 h, flow
cytometric analyses (e) were performed to assess the percentage (f) of EBV-GFP-
positive cells. The results are presented as mean + s.e.m. of at least 3 biological
replicates.*P<0.05 (n >3, a,c,d,f), two-tailed t-test. g-j, Analysis of the effects

of sIFITML1in vitro was performed as follows: g, A flow chart showing exposure

of HEK293 cells to EBV-GFP for 3 h, with sIFITM1being added 2 hin advance at
different concentrations (0,1and 5 ng pl™). h, EBV copy numbers were measured
by TagMan—qPCR.i,j, At 72 h after EBV exposure, flow cytometric analyses (i) were
performed to show the percentage (j) of EBV-GFP-positive cells. Data are presented
asmean ts.e.m., n=3independent experiments, *P < 0.05,*P < 0.01, two-tailed
t-test (hj). k, Nude mice were xenografted with HEK293 to form epithelial-cell
clusters, followed by injection of sIFITM1and EBV-GFP at set intervals.

A control group was included in which double-distilled H,O was injected at the
correspondingintervals. I.H., hypodermicinjection. I, Equal amounts of total DNA
were obtained from the tumour-like cell clusters to detect the EBV copy numbers
by TagMan—qPCR for the four groups. For each group, n =8 and ‘-’ indicates no
treatment. Results are expressed as mean * s.e.m. *P < 0.05, two-tailed ¢-test.
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These results further support IFITMI’s critical role in inhibiting EBV

infection across various ECs.

Collectively, IFITM1 may serve as an inhibitory factor for EBV

infectionin ECs.

Soluble IFITM1inhibits EBV infecting ECs in vitro and in vivo

IFITM1is asmall (-14 kDa) membrane protein. To explore its potential

toinhibit EBVinfectionin ECs, we purified soluble 6 xHis-IFITM1 fusion

protein (sIFITM1) (Extended DataFig. 4a) and treated HEK293 cells with
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low (1 ng pI™) or high (5 ng pl™) concentration for 2 h before EBV-GFP
exposure (Fig.1g). Infection efficiency was assessed by TagMan—-qPCR
after 3 h (Fig. 1h) and by flow cytometry at 72 h post infection. Notably,
compared with the control group (treated with H,0), treatment with
sIFITM1, particularly at higher concentration, significantly reduced
EBV-GFP-positive cells (Fig. 1i,j), and flow cytometry analysis was car-
ried out according to Extended Data Fig. 4b.

Next, we examined the in vivo effect of sIFITM1 on EBV infec-
tion using nude mice xenografted with HEK293 cells subcutaneously
(Fig.1k). Considering the potentialimmune responseimpact of sIFITM1
treatment, we detected interferon-f3/y expressionin vivo and observed
no significant difference between treated and untreated groups
(Extended DataFig.4c). After the formation of detectable epithelial-cell
clusters, sIFITM1 was sequentially injected at the inoculation sites of
HEK293 cells, followed by injections of EBV-GFP. After three injections
of sIFITM1 and EBV-GFP, mice were euthanized and cell clusters were
collected to detect the EBV copy number by TagMan—qPCR. The results
showed that sIFITM1 treatment or IFITM1 overexpression diminished
EBV infection efficiency by nearly half (Fig. 11), suggesting an antiviral
role for IFITMLin vivo.

Collectively, these results indicate that sIFITM1 suppressed EBV
infectionin ECsin vitroandinvivo.

IFITM1 competes with EBV-gH/gL and gB for binding to EphA2

Previous studies have indicated that IFITM1 is localized at the cell
plasma membrane®® and regulates viral fusion along with cellular pro-
teins*’. To clarify the mechanism behind IFITM1I’s role in inhibiting EBV
infection, we utilized the STRING database (http://string-db.org/) to
predict protein-protein interactions between IFITM1and known EBV
infectionreceptors. Our analysis positioned IFITM1within the network
closely associated with EphA2 (Extended Data Fig. 5a, red arrow). The
STRING databaseisarepository of reported or published data. So far,
there have been nostudies documenting adirectinteractionbetween
IFITM1and EphA2. As such, it was unsurprising that we did not find a
direct link between these two proteins, but this predictive outcome
did provide us with aninitial hint regarding their potential interaction.
Given the previously reported close association of EphA2 with EBV
infection'®", we selected EphA2 as afocal point to explore the relation-
ship between IFITM1and EphA2in the context of EBV infection of ECs.

EphA2 is pivotal for EBV infection, yet its high levels are found
in non-susceptible ECs?. To determine whether IFITM1 is involved in
EphA2-mediated EBV infection, we performed immunofluorescence
staining and found co-localization of IFITM1and EphA2 on the cell sur-
face (Fig.2a). Co-immunoprecipitation (Co-IP) assays also confirmed
their interaction (Extended Data Fig. 5b), suggesting the binding of
IFITM1to the EBV entry receptor on the surface of ECs.

Since EBV-gH/gL and gB are known to bind to EphA2 in ECs, we
next examined whether IFITM1 affected this binding using Co-IP
experiments. Previous reportsindicated that gH/gL and gB showed a
slight difference in their binding ability to EphA2 (ref. 19), so we used
the binding of EphA2 to gH/gL as a reference in Co-IP experiments.
We observed that overexpressing IFITM1 reduced EphA2-gH/gL or
gB interaction (Fig. 2b, left), while IFITM1 knockdown enhanced it

(Fig. 2b, right). Moreover, doubling the copy number of IFITM1 plasmid
further decreased the binding affinity of EphA2 to gH/gL (Fig. 2c).

To further validate the direct interaction between IFITM1, EphA2
and gH/gL or gB, we carried out competition binding assays. We
purified 6xHis-IFITM1, 6xHis-gH/gL and 6xHis-gB and glutathione
S-transferase (GST)-EphA2 (Extended Data Fig. 5c-e). GST-EphA2 was
coated on microtitre plates and incubated with purified proteins to
analyse affinity constants. Notably, the binding capacity (ECs,, 50%
effective concentration, refers to the concentration for 50% of maximal
effect) of IFITM1to EphA2 (ECy,, 15.42 nM) was significantly higher than
thatof gB to EphA2 (ECs,, 41.67 nM) or gH/gL to EphA2 (ECs, 33.52 nM)
(Fig. 2d), suggesting that IFITM1 preferentially bound to EphA2 and
competed with EBV-gH/gL and gB for binding to EphA2.

To further validate the effect of IFITM1 on the binding ability
between gH/gL or gB and EphA2, we conducted an additional affin-
ity constant analysis (enzyme-linked immunosorbent assay, ELISA)
incubating gH/gL and gB (with/without IFITM1) on GST-EphA2-coated
plates. We observed that the presence of IFITM1 reduced the bind-
ing ability between gB and EphA2 (EC,,, 39.62 nM versus 84.34 nM,
Fig. 2e left), and between gH/gL and EphA2 (EC,, 32.05 nM versus
75.71nM, Fig. 2e right). These findings suggest that the interaction
between IFITM1 and EphA2 disrupts the binding of EphA2 to gH/gL
or gB.

IFITM1impairs EphA2-mediated EBV infection

To further assess the impact of IFITM1-EphA2 on EBV infection, we
overexpressed them in NP69, HK1 and HEK293 cells. As expected, the
overexpression of IFITM1 and EphA2 had negligible effects on each
other’s expression levels (Extended Data Fig. 6a-c), indicating that
there was no reciprocal regulation between them.

We then exposed cells overexpressing IFITM1 (IFITM1+vector),
EphA2 (Vector+EphA2), both (IFITM1+EphA2) and controls
(vector+vector) to EBV-GFP for 3 h. After removing remaining extra-
cellular viral particles, we collected cells to detect viral copy number
using TagMan—-qPCR. Our results showed that IFITM1overexpression
reduced EBV infection by ~70% compared with control cells, whereas
EphA2 overexpression doubled the EBV copy number in cells, and
their co-overexpression reduced this effect (Fig. 3a). Similarly, after
exposing cells to EBV for 72 h, flow cytometric analysis confirmed
the partial neutralization of EphA2-mediated EBV infection by
co-overexpression of IFITM1 (Fig. 3b,c). Representative images of
EBV-infected cells with green fluorescence are presented in Fig. 3d.
This demonstrates IFITM1-EphA2 antagonism in the context of EBV
infection.

Two residues on IFITM1 are critical for anti-EBV entry

Previous researchindicated that EBV’s fusion with host ECs was initiated
by theligand-binding domain (LBD, amino acids20-206) of EphA2bind-
ingto EBV gH-DIdomain or gL (Extended DataFig. 7a,b)*. To better under-
stand the competitive mechanism, we performed three-dimensional
(3D) structure prediction of the full-length monomers of IFITM1,
EphA2 and gH/gL using I-TASSER (https://zhanglab.ccmb.med.umich.
edu/I-TASSER/) and SWISS-model (https:/swissmodel.expasy.org/).

Fig.2|IFITM1 competes with EBV gH/gL and gB for binding of EphA2.

a, IF assays showed the co-localization of IFITM1 with EphA2in NP69 and HK1 cells.
IFITM1 was stained by Alexa fluor 488 (green) and EphA2 by Alexa fluor 647 (red).
The co-localization of IFITM1and EphA2 was visualized as a yellow signal (white
arrows). b, Co-IP assays showed that IFITMlinfluenced the binding of EphA2 to
gH/gL or gB. Three combinations of plasmids were designed and three different
plasmids were transfected into each group at aratio of 1:1:1. The reference

group was transfected with Myc-gH/gL, EphA2 and an empty vector, while the
comparison groups were transfected with gH/gL, EphA2 and IFITM1, or gB, EphA2
and IFITM1 (on the left). Simultaneously, the reference group was also transfected
withMyc-gH/gL, EphA2 and shLacZ, while the comparison groups were

transfected with gH/gL, EphA2 and shIFITM1, or gB, EphA2 and shIFITM1 (on the
right). Cell lysates were immunoprecipitated with anti-Myc antibody, followed by
immunoblotting (IB) analysis with anti-EphA2, Myc and IFITM1 antibody.

¢, Co-IP assays showed that the effect of IFITM1 on binding of EphA2 to gH/gL
was dose dependent. After 48 h transfection, cell lysates were collected and then
immunoprecipitated with an anti-EphA2 antibody, followed by immunoblotting
analysis with anti-Myc, EphA2 and IFITM1 antibodies. The numbers below each
band indicate the transfection dosage. d, ELISA showed the affinity constant of
theinteraction between EphA2 and IFITM1, gH/gL or gB. e, ELISA showed the
affinity constant of the interaction between EphA2 and gH/gL or gB with/without
IFITML. All results were obtained from at least 3 biological replicates.
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We calculated and selected a ternary complex model using clustering  shared binding sites with both EphA2-LBD (Val 161, Asn 60 and Met 59)
scoreand alignedit with previously reported models. Notably, ourresults  and EBV gH/gL (Arg 130 and Ala 32) (Fig. 4a bottom). This suggests
showed a ‘clip-like’ interaction between IFITM1and EphA2’s extracel-  that IFITM1 may occupy these two binding sites on EphA2, which
lular domain (Fig. 4a). Two key residues (Tyr 121and Leu104) onIFITM1  EBV glycoproteins also bind.
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Fig.3|IFITM1impairs EphA2-mediated EBV infection. a, Three cell lines
(from Extended Data Fig. 6) were exposed to EBV-GFP for 3 h, and the remaining
extracellular viruses were removed by washing with 1xPBS. The copy numbers of
EBV were then measured using TagMan—-qPCR. b,c, After 72 h, flow cytometric
analyses were performed to determine the percentage of EBV-GFP positive NP69
cells (b) and HEK293 cells (c). The left image is representative flow cytometric

EphA2 + IFITM1

EphA2 + vector
scatterplots, and the rightimage is the corresponding quantitative analysis of
EBV-GFP-positive cells. After 72 h, flow cytometric analyses (left) were performed
to determine the percentage (right) of EBV-GFP-positive cells. d, Representative
images of cells infected with EBV-GFP were recorded for HEK293 cells. All results
are expressed as mean + s.e.m. from at least 3 biological replicates (n >3,
a-c).*P<0.05,*P<0.01, NS, not significant; two-tailed ¢-test.

Next, weinvestigated whether these two residues on IFITM1 were
critical for inhibiting EBV infection. Site-directed mutagenesis was
performed on the Tyr 121 or/and Leu 104 residues of IFITM1 in NP69
and HEK293 cells, producing IFITM1™ (Tyr 121), IFITM1™ (Leu 104) and
IFITM1™* (Tyr 121+Leu 104) (Extended Data Fig. 7c). Subsequently,
EphA2 was overexpressed in these cells followed by exposure to EBV.
After 3 h, EBV entering the cells was detected using TagMan—-qPCR.
The results showed that wild-type IFITM1 (IFITM1%) markedly inhib-
ited EphA2-mediated EBV infection, while single mutations of IFITM1
(IFITM1™ or IFITM1™) slightly impaired this inhibitory effect, and dual
mutations of IFITM1 (IFITM1™*2) completely abolished the inhibition
of EBVinfection (Fig. 4b,c, NP69 and HEK293). After 72 h, flow cytom-
etry confirmed these findings (Fig. 4d). Representative fluorescence

images are presentedin Fig. 4e. These results highlight the critical role
of Tyr121and Leu 104 in IFITM1’s anti-EBV function.

To further validate whether the observed interference was a con-
sequence of the mutations affecting the binding between EphA2 and
gH/gL or gB, we executed Co-IP using IFITM1* and IFITM1™*2 with
endogenous EphA2 and exogenous gH/gL or gB. The results demon-
strated that the mutation of these two residues, Tyr 121 and Leu 104,
onlFITMIresultedinanincreased binding affinity between EphA2 and
either gH/gL or gB (Fig. 4f).

Collectively, these findings suggest that Tyr 121 and Leu 104 resi-
duesonlIFITM1are critical for itsinhibitory effect on EphA2-mediated
EBV infection by influencing the binding between EphA2 and gH/gL
or gB.
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YTHDF3 negatively regulates the level and function

of IFITM1

To explore the regulatory role of m°A on IFITM1 expression, we
performed small interfering RNA (siRNA) knockdown of m°A read-
ers YTHDF1, YTHDF2 and YTHDF3 in HEK293 cells (Extended Data
Fig. 8a). Highest IFITM1 expression was observed following YTHDF3
knockdown, suggesting the key role of YTHDF3 in regulating IFITM1
expression. To substantiate this, we constructed YTHDF3 knockdown
and overexpressed cells using lentivirus (Extended Data Fig. 8b,c).

The results revealed that YTHDF3 downregulation increased IFITM1
by nearly threefold (Fig. 5a), while YTHDF3 overexpression reduced
IFITM1by ~-50% (Fig. 5b). Western blotting corroborated this negative
correlation between IFITM1 and YTHDF3 (Fig. 5c), which was further
supported by RT-qPCR analysis of clinical samples (Fig.5d, R=-0.79,
P=0.00011), suggesting that YTHDF3 may exert anegative regulatory
effect on IFITM1 expression.

To investigate the interaction between YTHDF3 and IFITML1 in
the context of EBV infection, we measured EBV infection efficiency
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inshLacZ and shYTHDF3 cells after a3 h EBV-GFP exposure. Notably, high EBV copy numbers, with YTHDF3 levels and EBV copy numbers
results showed that YTHDF3 knockdown reduced EBV copy number,  correlating positively (Extended Data Fig. 8d,e). These data suggest
which was partially restored by IFITM1 co-silencing (Fig. 5e). Clini-  that YTHDF3 negatively regulates both the expression and anti-EBV
cal data exhibited aberrantly elevated YTHDF3 in NPC tissues with  function of IFITM1in ECs.
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Fig. 5| The expression and function of IFITM1 were negatively regulated by
YTHDF3.a,b, IFITM1 expression levels were tested by RT-qPCRin cells from
Extended Data Fig. 8b (a) and Extended Data Fig. 8c (b). Data are presented
asmean ts.e.m., n = 3independent experiments, *P < 0.05, two-tailed ¢-test.

¢, Western blot showing the relative protein levels of YTHDF3 and IFITM1in
NP69, HK1and HEK293 cells. The Actin protein was used as a control to indicate
equivalent amounts of lysates. Representative of 2 independent experiments.
d, Correlation analysis of the relative YTHDF3 and IFITM1 mRNA expression

levelsin 9 NPC and 9 NP samples. Data are presented as mean +s.e.m.,
n=18,r=-0.79,P=0.00011, two-tailed t-test (d). e, TagMan-qPCR showing

the effects of YTHDF3 and IFITM1 on EBV infection. Lentiviruses encoding
shYTHDF3 or shIFITM1 and their corresponding negative control lentiviruses
(shLacZ + shLacZ) were transfected into NP69, HK1 and HEK293 cells. Cells were
exposed to EBV-GFP for 3 h, EBV copy numbers were measured by TagMan-qPCR
and results from control groups were taken as 100%. Data are presented as

mean +s.e.m., n =4 independent experiments, *P < 0.05, two-tailed ¢-test.

YTHDF3 regulates m°A-modified IFITM1 degradation
viaDDX5

YTHDF3 is an m®A reader that exerts its regulatory roles by binding
to the m®A site on RNA. To determine whether IFITM1 mRNA has m°A
sites recognized by YTHDF3, we silenced YTHDF3 in four NPC lines
(NP460, NP460-EBV, HK1, HK1-EBV) (Fig. 6a left). RNA-seq identified
differentially expressed genes (DEGs) post silencing, which were
cross-referenced with 7,104 human gene m°A sites from ref. 42 (Fig. 6a
right)*>. Of 2,860 DEGs, 952 possessed YTHDF3-associated m°®A sites
(Fig. 6a middle). Further Venn diagram analysis revealed that seven
genes, including IFITM1, were consistently regulated by YTHDF3 across
allfour celllines (Fig. 6aright), suggesting direct regulation of IFITM1
by YTHDF3 through m°A.

Tovalidate theinteraction between IFITM1-mRNA and YTHDF3, we
performed RNAimmunoprecipitation with deep sequencing (RIP-seq)
and RIP-qPCR on HK1 and HEK293 cells, showing that IFITM1-mRNA
was specifically bound by YTHDF3 (Extended Data Fig. 9a and Fig. 6b).
Methylated RNA immunoprecipitation sequencing (MeRIP-seq) and
MeRIP-qPCR on shLacZ-HK1 and shYTHDF3-HKI1 cells verified the
mC°A modification linked to YTHDF3. The results revealed that m°A
siteswere present in IFITMI mRNA in ECs, with increased enrichment
inshYTHDF3-HK1 compared with controls (Fig. 6c and Extended Data
Fig.9b).Inaddition, m°A sites binding with YTHDF3 (the immunopre-
cipitated enriched region) were predicted (Fig. 6¢, red arrow). These
resultsindicate adirect YTHDF3-IFITM1 mRNA interaction.

To delve deeper into the mechanism by which YTHDF3 epige-
netically regulates IFITM1, we established stable overexpression
of exogenous tandem affinity purification (TAP)-tags (TAP-vector,
TAP-YTHDF3"T, TAP-Y THDF3PM (oublesiemutants)y iy K] cells. Subse-
quently, external TAP pull-down/mass spectrometry and endogenous
YTHDF3 co-precipitation/mass spectrometry (YTHDF3-IP/MS) were
performed onthelysates of these three celllines (Fig. 6d, left). The Venn
diagram analysis of these two groups of MS dataidentified 598 proteins
binding to both endogenous and external YTHDF3 (Fig. 6d right).
Kyoto Encyclopedia of Genes and Genomes (KEGG) clustering of these
proteinsrevealed several RNA degradation-related factors, including
DEAD-box RNA helicases (DDX) and 5’-3’-exoribonuclease (XRN) fam-
ily members (Extended Data Fig. 9¢), with DDX5, DDX6 and DDX17 as

high-confidence YTHDF3 partners (false discovery rate = 0.03237,
P=0.00173). Co-IP assays confirmed astrong YTHDF3-DDX5 interac-
tion (Fig. 6e).

To explore the relationship between YTHDF3 and DDX5, we
conducted overexpression (OE) and knockdown (KD) experiments.
Notably, the effects of YTHDF3 OE were counteracted by DDX5 KD
(Fig. 6f). Westernblot analysis revealed that combined knockdown of
DDX5and YTHDF3 led toincreased IFITM1expression compared with
YTHDF3 KD alone (Extended Data Fig. 9d). Subsequently, treatment
with transcriptional inhibitor ActD followed by RT-qPCR showed that
YTHDF3 OE accelerated IFITM1 mRNA decay, which was mitigated by
DDXSKD (Fig. 6g). Furthermore, YTHDF3 KD stabilized IFITM1 mRNA,
while simultaneous DDX5 KD further prolonged the half-life of IFITM1
mRNA (Extended Data Fig. 9¢), These findings suggest DDX5’s role in
YTHDF3-mediated degradation of IFITM1.

Tofurther verify theimpact of the YTHDF3-DDX5-IFITMl1regula-
tory network on EBV infection, we conducted an efficiency test for EBV
infectioninaseries of HK1 cells. The results showed that high YTHDF3
expression enhanced EBV infection, while simultaneous depletion of
DDXS5 reversed this process (Fig. 6h). Dual depletion of YTHDF3 and
DDXSssignificantly lowered infection efficiency beyond single YTHDF3
depletion (Extended Data Fig. 9f).

Collectively, these results indicate that YTHDF3 regulates
m°A-modified IFITM1 degradation via DDXS, impacting EBV infection
efficiency.

Discussion

IFITMs have been extensively studied in RNA viruses, yet their roles
in DNA viruses like EBV remain less clear. Our study identifies IFITM1
as a protective factor against EBV infection in ECs. Analysis of clinical
samples and EBV+/-cell lines showed an inverse correlation between
IFITM1 level and EBV infection. In ‘cell-free’ models simulating direct
viral contact with cells, we manipulated IFITM1 expressionand assessed
EBV entry. Our datarevealed that IFITM1 had an adverse impact on
EBV infection, which is not consistent with the conclusion in ref. 32
that IFITMI facilitated EBV infection in B (BJAB) and endothelial
(HMVEC-d) cells. This discrepancy could be due to: (1) Differences in
celllines used. Ourresults, along with other studies, suggest that EBV

Fig. 6| YTHDF3 recognizes m°A modificationsites and interacts with
degradation-related proteins participating in the regulation of IFITM1.

a, Left: YTHDF3 knockdown was performed in NP460, NP460-EBV, HK1and
HK1-EBV cells; representative of 2 independent experiments. Middle: DEGs were
identified through RNA-seq. Right: Venn diagram showing the overlap between
DEGs and m°A modification sites of 7,104 human genes reported in ref. 42.
Seven DEGs including /FITM1 were screened out. b, Fold enrichment of IFITM1
as determined by RIP-qPCR. ¢, Left: MeRIP-sequencing, grey region shows m°A
enrichment based on the input RNA. m®A motif sequences corresponding to
theimmunoprecipitated enriched region are indicated by different coloursin
different cells (NP69, green; HK1, red; HK1-shYTHDF3, magenta; input, grey).
The RNA sequence at the bottom is the predicted m°A site binding with YTHDF3.
Right: MeRIP-qPCR, fold enrichment of IFITM1 as determined by MeRIP-qPCR.
d, Left: silver stain of the eluted protein from tandem affinity purification and
mass spectrometry. Lines 1,2 and 3 show the purified proteins from HK1-TAP,
HKI-TAP-YTHDF3""and HK1-TAP-YTHDF3™, respectively. Right: Venn diagram
of the exogenous YTHDF3-binding proteins (HK1-YTHDF3-Exo-TAP: from

purified proteins in HK1-TAP-YTHDF3%") and endogenous YTHDF3-binding
proteins (HK1-YTHDF3-Endo-TAP: from endogenous YTHDF3-IP). The red
rectangle serves to differentiate the two bands on the gel more clearly.

e, Co-IP assays validated that endogenous YTHDF3 co-immunoprecipitated
with DDXS, DDX6 and DDX17. HK1 cell lysates were immunoprecipitated (IP)
with YTHDF3 antibody, followed by animmunoblotting (IB) assay with the
corresponding DDX antibodies. IgG-IP samples were included as a control.

f, Lentiviruses encoding YTHDF3 overexpression or DDX5 knockdown and their
corresponding negative control lentiviruses (vector + shLacZ) were transfected
into HK1 cells, and immunoblotting assays were performed using anti-YTHDF3,
DDXS5 and IFITML. Representative of 3 independent experiments (d-f). g, IFITM1
remaining, detected by RT-qPCR after treating with transcriptional inhibitor
ActD. h, Cells from fwere exposed to EBV-GFP for 3 h, EBV copy numbers were
measured by TagMan—-qPCR and results from control groups were taken as
100%. Mean + s.e.m., n =3 independent experiments, *P < 0.05,*P< 0.01,
two-tailed t-test (b,c,g,h).
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infection receptors vary between B cellsand ECs, soit is plausible that
IFITM1 may have different functions in BJAB cells and ECs. HMVEC-d,
anendothelial cell line typically used as aKaposi’s sarcoma-associated
herpesvirus infection model, is not representative of EBV infection.
(2) Differences ininfection mechanisms. Reference * suggested arole
forsoluble heparinin EBVinfection of BJAB cells through gp150, without
further elucidating the mechanism. In contrast, our study focused on

the interaction between EphA2 and EBV-gH/gL or gB. As aresult, the
results from both studies on IFITMI’sinvolvement in EBV infection are
independent and notinherently conflicting. In addition, our research
presented evidence that neither knockdown or mutation of IFITM1 nor
extracellular treatment with sIFITM1 affect EBV infection efficiencyin
B cells (Extended Data Fig.10a-d), reinforcing the notion that IFITM1’s
role in EBV infection is specific to epithelial cell type.
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Recentresearch hasidentified EphA2asanentry receptor for EBV
in ECs™", yet some cells remain insusceptible to EBV even with high
EphA2 expression?®. Viral entry often involves multiple molecules.
For example, EphA2 and EGFR collaborate in hepatitis C virus entry*
andinteractin ECs**. Our research confirms that EphA2 mediates EBV
entry and notably uncovers the opposing roles of IFITM1 and EphA2
in EBV infection, validating their direct interaction through immuno-
fluorescence (IF), co-IP and ELISA. Phenotypically, IFITM1 neutralized
the effects of EphA2-induced EBV infection. Mechanistically, IFITM1
inhibited the binding of EphA2 to viral proteins gH/gL or gB. Notably,
we have pinpointed the critical amino acid residues on IFITM1, with
residues Tyr 121 and Leu 104 affecting this interaction and reducing
EBVinfection.

The EphA2-antagonist-like function of IFITM1 against EBV infec-
tion was also substantiated in vivo using sIFITM1, suggesting its poten-
tial for drug development. Nasal sprays or small-molecule inhibitors
haverecently been proposed to prevent coronavirus transmission and
reduceviralload**®. Given EBV’s transmissibility through close contact,
developing barrier agents or entry inhibitors could effectively curb
its spread and associated diseases. Thus, IFITM1-based formulations
present a promising research direction.

In this study, we also discovered m°A modifications on IFITM1
mRNA and identified YTHDF3’s role in recognizing these sites,
thereby regulating IFITM1 expression through DDX5. DDX proteins
are instrumental in epigenetic regulation via m°A and some studies
have linked DDX46 and DDX17 with YTHDF proteins, affecting anti-
viral mRNA nucleo-retention and EBV replication*”*%, Our findings
revealed that YTHDF3, by combining the degradation factor DDXS5,
suppressed IFITM1 expression and influenced EphA2-mediated EBV
infection. This study sheds light on the role of m®A modifications in
interferon-stimulated-gene-mediated EBV infection, although alterna-
tive regulatory pathways or proteins may exist.

Despite our best efforts, we acknowledge that future research
will need to address two significant aspects. First, even though IFITM1
has been shown to provide protection before viral entry in ECs, its
regulation following EBV infection requires further investigation.
Preliminary datafrom one of our ongoing studies initially suggest that
Epstein-Barr nuclear antigen 1 (EBNA1) may epigenetically repress
IFITM1expression, potentially further enhancing EBV infection. Thisis
anareawarranting deeper explorationinthe future.Second, whileitis
widely accepted that cell-free transmission s the principal mode of EBV
infectionand thatlytic replication represents the default programme
for EBVinfectioninoropharyngeal ECs***°, there s, to our knowledge,
nodirectevidenceso far further suggesting that EBV spreads through
cell-cell fusion. Nonetheless, the broader viral contexts'®*' suggest a
possible modelinvolving cell-cell fusion facilitated by EBV glycopro-
teins and EphA2, which might facilitate the merging of two or more
cells and aid in viral dissemination. We speculate that IFITM1 might
potentially play arole in this process as well. This presents an exciting
direction for continued research.

Insummary (Extended DataFig.10e), our research indicates that
IFITM1 acts asa‘guardian’ against EBV in ECs. Epigenetically controlled
by YTHDF3 and DDXS, IFITM1 effectively thwarts EphA2-mediated EBV
entry into ECs, particularly via critical residues Tyr 112 and Leu 104.
These insights refine our understanding of EBV entry into ECs and
may guide potential preventive and therapeutic strategies against EBV
infection and related disorders.

Methods

Ethics statement

Our research, whichincluded the use of human tissues, adhered to all
relevant ethics regulations approved by the Medical Ethics Commit-
tee of Southern Medical University (SMU). All clinical samples were
obtained withinformed consent from the patients. Experimental ani-
mals were maintained in alignment with the guidelines recommended

in the National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals. The protocols were approved by the Ethics
Committee of Shenzhen Hospital of SMU on Laboratory Animal Care
(No.2022-0028).

Celllines

The normal nasopharyngeal epithelial cell line NP69 (SV40-
immortalized) was grown in complete serum-free medium consist-
ing of basal defined keratinocyte serum-free medium (D-KSFM) sup-
plemented with D-KSFM growth supplement (Gibco). The normal
nasopharyngeal epithelial cell line NP460 (hTert-immortalized) and
EBV-positive NP460-EBV were maintained in a 1:1 mixture of D-KSFM
complete medium and EpilLife medium (containing EpiLife defined
growth supplement, EDGS) (Gibco). For additional details about the
celllines specified above, please refer to previous studies®*>*. The NPC
cellline HK1, EBV-positive NPC cell lines HK1-EBV and C666-1,and Akata
cells carrying recombinant EBV were cultured in RPMI 1640 medium
containing 10% fetal bovine serum (Hyclone). GFP-positive cell lines
Akata-EBV were added with G418 (700 ng ml™; Gibco) when necessary.
The cell lines specified above were kindly provided by Prof. Sai-Wah
Tsao’s group (The University of Hong Kong, Pokfulam, Hong Kong
SAR, China). AGS and HEK293 cells were maintained in our laboratory.
Daudi cells were purchased from FuHeng Cell Center and cultured
in RPMI1640 containing 10% fetal bovine serum (Hyclone). All cells
were cultured with 1% penicillin/streptomycin at 37 °C and 5% CO,.
We did not use any cross-contaminated cell lines according to the
list of known misidentified cell lines maintained by the International
Cell Line Authentication Committee (https://iclac.org/databases/
cross-contaminations/). All cells underwent mycoplasma testing
(Myco-Blue mycoplasma detector, Vazyme) and short tandem repeat
analyses.

Patient samples

The patient-derived tumour and non-tumour samples were provided
by Nanfang Hospital of SMU. The sample set comprised 12 NPC tis-
sues clinically diagnosed by histopathological examination (TNM
stagelll, n=8; TNMstage IV, n=4; male, n=7;female,n=5)and 12 NP
tissues with chronic inflammation. The use of these human tissues
was approved by the Medical Ethics Committee of SMU. Although
no statistical methods were employed to predetermine sample
sizes, our sample sizes are in line with those reported in a previous
study®.

RNA-seq

RNA-seq was entrusted to Novogene. First, total RNA was extracted
fromNP69, NP460, NP460-EBV, HK1, HK1-EBV, C666-1, AGS and Daudi
cells, and three biological replicates were performed. RNA purity,
concentration and quality were measured by aNanoPhotometer spec-
trophotometer (IMPLEN) and the Bioanalyzer 2100 system (Agilent).
Then, RNA libraries were generated using the NEBNext Ultra RNA
library prep kit (NEB) following manufacturer reccommendations, and
atleast1pgofinputtotal RNAwas used for each sample. Library quality
was assessed on the Bioanalyzer 2100 system (Agilent). The libraries
were sequenced onan llluminaHiseq platform, yielding 125 bp/150 bp
paired-end reads with a data volume of 6 G for each sample. Before
analysis, clean data were obtained by filtering out adapter or ploy-N
and low-quality reads. Paired-end cleaned reads were aligned with the
reference genome using Hisat2 v.2.0.5. Gene expression levels were
calculated in FPKM (expected number of Fragments Per Kilobase of
transcript sequence per Million base pairs sequenced).

Lentivirus, plasmids and transfection

Shorthairpin RNA (shRNA) constructs (1-shIFITM1and 2-shIFITM1) and
the overexpression construct of IFITM1were as described previously*.
Forthe EBVinfection assay, cDNAs of IFITM1and EphA2 were integrated
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into the pMSCV-puro vector and MSCV-ires-GFP vector, respectively;
for co-IPassays, cDNAs of EphA2, gB or gH/gl were integrated into the
pCDNA6-Myc vector, and gH/gL-Flag and gB-Flag were integrated into
the pCEP vector; for purification assays of GST- or His-fusion proteins,
cDNAs of IFITM1 and EphA2 were integrated into the pGEX6p-1-GST/
His vector. EphA2, gB and gH/L overexpression vectors were gifted by
Prof. Mu-Sheng Zeng and Hua Zhang (Sun Yat-sen University Cancer
Center). For site-directed mutagenesis, cDNAs of wild-type IFITM1
(IFITM1Y), IFITM1 with the Tyr-121 mutation IFITM1 (IFITM1™), IFITM1
with the Leu-104 mutation IFITM1 (IFITM1™) and IFITM1 with the Tyr-
121 and Leu-104 mutations IFITM1 (IFITM1™"2) were integrated into
the pLVX-blast vector.

For plasmid transfection, NP69, HK1 or HEK293 cells were plated
onto 6-well plates (1 x 10° cells per well) 1 day before transfection;
then the medium was replaced with fresh medium and cellswere incu-
bated for 1 h. The appropriate dosage of plasmid was mixed with lipo-
fectamine2000 and added to each well to ensure the same total dose.
The wells were mixed by gentle shaking; then plates were incubated for
6-8 h. The medium was replaced with fresh medium and plates were
incubated for another 40 h before subsequent experiments.

EBV preparation and cell-free infection

Recombinant EBV (EBV-GFP) was generated from EBV-positive Bur-
kitt lymphoma cells (EBV+Akata) and a cell-free infection was con-
ducted”?°. EBV with GFP integrated was produced from Akata cells
based onaprevious study” with slight modifications. Briefly, Akata-EBV
cells were crosslinked with 0.8% (v/v) goat anti-human IgG (Bersee)
for 6 h; then the cells were cultured for 72 h with standard medium.
EBV particles were collected by centrifugation at 54,000 xgfor2h
and resuspended with serum-free DMEM. The virus suspension was
aliquotedin 0.5 mlaliquots and stored at =80 °C or used immediately
for infection studies. For cell-free infection, NP69, HK1 and HEK293
were exposed to EBV for 3 hbefore detecting the number of copies of
the viral genome. For detection of the infection efficiency, cells were
cultured for an additional 72 h, after which the medium was replaced.
The infection efficiency was roughly judged under a fluorescence
microscope (Leica) and precisely measured using a flow cytometer
(Spectral Cell Analyzer, Sony) on the basis of GFP expression.

Antiviral test of SIFITM1in nude mice

Female BALB/c nude mice aged 6-8 weeks were randomly distributed
intofour distinct groups (eight per group). Sample size was determined
accordingto previous virus experimentsin vivo. We assumed that data
distribution was normal although without a formal test. All mice sub-
jectedto different stimuli were maintained in the same environmental
conditions for growth. Female mice were housed in groups of four, with
12 hlightand 12 hdark conditions, feeding on astandard diet. The room
temperature was 22 °C and humidity was 50%. Two groups were xeno-
grafted with HEK293 cells and the other two groups were xenografted
with vector or IFITM1-overexpressing HEK293 cells subcutaneously.
After epithelial-cell clusters formed and were detectable, SIFITM1 (5 pg
each time for one mouse) or the sIFITM1solvent (H,0) was injected at
the subcutaneous injection site of HEK293 cells 3 times at 10 hinter-
vals, and EBV-GFP was injected (5 x 10° IU each time for one mouse)
3timesat10 hintervals after the firstinjection of sSIFITM1/H,0 (Fig. 1k).
After 30 h, the mice were euthanized and epithelial-cell clusters were
collected for the detection of EBV copy numbers by TagMan-qPCR.

RNA isolation, reverse transcription and RT-qPCR

Total RNA extraction was performed using RNA Trizol (Invitrogen).
RNAwastranscribed into cDNA using the All-in-One First-Strand cDNA
Synthesis kit (TransGen) following manufacturer instructions. The
real-time qPCR mixture was prepared following manufacturer instruc-
tions using the PerfectStart Green qPCR SuperMix kit supplemented
with Dye Il (Transgen), and the reaction was run on an ABI Prism 7500

(ABI). The expression level of each mRNA was normalized to the house-
keeping gene B,M mRNA level and the fold change relative to the con-
trol represented the expression difference. The RT-qPCR primers
(5'to 3’) arelisted below:

IFITM1-F: CATCCGGAAGAAACTGGT

IFITM1-R: TCCCACAAAGCCAACTC

EphA2-F: CCCGATGAGATCACCGTCAG

EphA2-R: GGCACCGATATCCTGGAAGG

YTHDF1-F: ACCTGTCCAGCTATTACCCG

YTHDF1-R: TGGTGAGGTATGGAATCGGAG

YTHDF2-F: AGCCCCACTTCCTACCAGATG

YTHDF2-R: TGAGAACTGTTATTTCCCCATGC

YTHDF3-F: TCAGAGTAACAGCTATCCACCA

YTHDF3-R: GGTTGTCAGATATGGCATAGGCT

B,M-F: TGAAGCTGACAGCATTCGG

B,M-R: CTGCTGGATGACGTGAGTAAA

Westernblotting

Celllysates were collected in RIPA buffer (Thermo Fisher, 89900) or cell
lysis buffer and supplemented with a commercial protease inhibitor
cocktail (Thermo Fisher, 78442) before use. Total protein was obtained
by centrifugation and the protein concentration was determined by a
Pierce BCA Protein Assay kit (Thermo Fisher, 23225). An equal amount
oftotal protein was fractionated by 8 ~12% SDS-PAGE and transferred
ontoa0.22 pm PVDF membrane (Millipore, ISEQ 00010). Membranes
wereimmunoblotted with the indicated primary antibodies and then
incubated with HRP-conjugated secondary antibody. Primary antibod-
ies were as follows: mouse anti-IFITM1 (60074-1, Proteintech, SBSE2,
KD/KO validated, 1/1,000), rabbit anti-EphA2 (6997, CST, 1/1,000),
rabbit anti-EGFR (18986-1, Proteintech, KD/KO validated, 1/1,000),
rabbit anti-DDX5 (ab126730, Abcam, EPR7239, KD/KO validated,
1/1,000), rabbit anti-DDX6 (ab174277, Abcam, EPR12146, KD/KO vali-
dated, 1/1,000), rabbit anti-DDX17 (ab180190, Abcam, EPR13807(B),
KD/KO validated, 1/1,000), rabbit anti-Actin (YTO096, ImmunoWay,
1/5,000) and rabbit anti-GAPDH (ab9485, Abcam, 1/5,000). Second-
ary antibodies were HRP-conjugated goat anti-rabbit IgG (SAO0001-
2, Proteintech, 1/5,000) and HRP-conjugated goat anti-mouse IgG
(SA00001-1, Proteintech, 1/5,000). Blots were incubated with ECL
substrate (BioRad, 1705061) and imaged with the ECL detection system
(ChemiDoc, BioRad).

Flow cytometry

Todetermine EBV infectionrates, 1 x 10° cellsincubated with EBV were
collected and washed using 1xPBS containing 0.2% bovine serum albu-
min (BSA). Cells were then resuspended in 300 pl of 1XPBS containing
0.2% BSA. Data were acquired using an LE-SA3800 Spectral Analyzer
(Sony) and FlowJo software was used for analysis.

Indirectimmunofluorescence assay

To detect the co-localization of IFITM1and EphA2 or IFITM1and EGFR,
cells were plated on glass-bottom cell culture plates (801006, NEST)
for 24 h. After brief washing twice with 1xPBS, cells were fixed with 4%
paraformaldehyde (BioSharp) and permeabilized with 0.2% Triton
X-100 (Thermo Fisher, 89900). Plates were washed gently and blocked
with 3% normal goat serum (C0265, Beyotime). Subsequently, the
cells were incubated with the primary antibody pairs overnight, fol-
lowed by incubation with respective fluorophore-conjugated second-
ary antibodies (Alexa Fluor 488 goat anti-mouse IgG H&L and Alexa
Fluor 647 goat anti-rabbit IgG H&L; 150113, 150079, Abcam) for 1 h
and counterstained with DAPI (C1005, Beyotime) for 10 min at room
temperature. Toavoid false-positive cross-reactivity, primary antibody
pairs were chosen from different species (mouse anti-IFITM1 and
rabbitanti-EphA2, mouse anti-IFITM1and rabbit anti-EGFR). Fluores-
cenceimages were recorded using the High Content Analysis System
(CQ1, Yokogawa).
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Co-immunoprecipitation

Immunoprecipitation was performed using an IP kit (abs955, Absin) fol-
lowing supplier instructions. Briefly, whole-cell proteins were isolated
inlysisbuffer and the lysate was centrifuged; the supernatant was sub-
sequently collected. To lower the background, 500 pl of supernatant
containing ~500-1,000 pg protein was incubated with 5 pl of protein
Aand 5 plof proteinGfor1hat4 °C. Total protein lysates that removed
unspecific binding proteins were obtained after centrifugation. For
protein binding, 1-5 pug of the corresponding antibodies (to IFITM1
or EphA2, as mentioned above) and homologous IgG (eBiosciences)
was added to pre-cleaned protein lysates. Immediately afterwards,
samples were incubated at 4 °C overnight under gentle rotation. To
precipitate the target proteins, 5 pl of protein A and 5 pl of protein G
were added to bind the antigen—-antibody complexes; the reaction was
maintained at 4 °C for 3 h. After gently washing three times with wash
buffer, the unbound proteins were removed and the pellet (agarose-
antibody-antigen complex) was resolved in 20-40 pl of SDS-loading
buffer for further western blotting with the indicated antibodies.
For exogenous co-IP of IFITM1, EphA2, gH/gL and gB, HEK293 cells
were transfected with the corresponding combination of Myc-gH/gL,
Myc-gB, pSMCV-IFITM1, pSMCV-EphA2 and empty vector (see figure
legends for details).

Protein expression and purification

IFITM1, gB, gH/gL and EphA2 DNAs were constructed into pGEX6p-
1-GST/His vector and recombinant fusion proteins were purified in
the Rosetta strain of E. coli. Briefly, after the constructed plasmids
were cloned into pET28a vector, E. coli Rosetta star pLysS cells were
transformed with these plasmids. Colonies were inoculated into
25 ml of Luria-Bertani (LB) media containing ampicillin (100 pg ml™)
and grown for 16 h at 37 °C; then 25 ml cultures were transferred
into 500 ml of fresh LB medium and grown at 37 °C for 4 h, adding
isopropyl-B-D-thiogalactopyranoside (IPTG,1 mM) to continue cultiva-
tion for 24 h at 16 °C. Bacterial cells were collected by centrifugation
and 6xHis- or GST-tagged target proteins were purified through His-tag
or GST-tag affinity chromatography (Qiagen) and desalted using an
Amersham column.

Competitive binding assays

First, 96-well microtitre plates were coated with 200 ng of GST-EphA2
overnightat 4 °C, followed by blocking with 5% BSA in1xPBS for 2 hat
room temperature. Then, gradient concentrations of 6xHis-IFITM1
and 6xHis-gB or 6xHis-gH/gL proteins were added and incubated for
2 hatroom temperature. After washing with 1xBST (0.05% Tween-20
in 1xPBS), the plate was incubated with a rabbit anti-GST antibody
or mouse anti-His antibody (1:4,000 dilution) for 2 h at room tem-
perature. The plate was then washed andincubated at 37 °C for 1 hwith
HRP-conjugated goat anti-rabbit antibody or HRP-conjugated goat
anti-mouse antibody. After adding the substrate tetramethyl-benzidine,
the absorbance was measured at 450 nm using the Nanodrop One spec-
trophotometer (Thermo Fisher).

3D structure and spatial binding site prediction

Two main methods, I-TASSER from the University of Michigan and
SWISS-model from the European Center for Bioinformatics, were used
to select the model consistent with the local structure published in
ref. 41. After selecting a single predicted structure, the 3D structures
of the complex formed by IFITM1, EphA2 and gH/gL were calculated.
The top 100 models were selected from the 2,000 rigid docking models
optimized by geometry and electrostatics. On the basis of the accu-
rately predicted binding sites and side-chain flexibility of the binding
interfaceaminoacids, 200,000 models were generated, and the 10 best
models were selected after clustering and scoring. After comparing
with the model published in ref. 41, the first model was selected for
subsequent calculations.

Site-specific mutation

IFITM1 mutant primers were designed by the homologous recombina-
tion method, and IFITM1 wild-type plasmids were amplified by PCR
using mutant-specific primers and the KOD-Plus-Neo amplification kit
(Toyobo). After mutation, the PCR products were recombined at 37 °C
for 30 min. The top 10 competent cells were added to the recombinant
products, and the transformation mixture was evenly spread onto an
LB plate containing ampicillinand incubated overnight at 37 °C. Single
clones were selected for Sanger sequencing.

MeRIP-seq and MeRIP-qPCR

mP®ARNAimmunoprecipitation was performed according to the Magna
MeRIP m°AKit (17-10499, Merck) instructions. Total RNA was extracted
by the Trizolmethod and theninterrupted to form fragments of ~100 nt.
Beads with anti-m®A antibodies were added and incubated at 4 °C for
8 hto form m°A RNA-antibody-magnetic bead complexes, whichwere
adsorbed using a magnetic rack and washed several times to remove
impurities. The m°A RNA was eluted by competitive binding and sub-
mitted for sequence analysis by RT-qPCR.

RIP-seq and RIP-qPCR

RNA immunoprecipitation (RIP) was performed according to the
instructions of the Magna RIP RNA-Binding Protein Immunoprecip-
itation kit (Merck). Cells lysed by lysis buffer were incubated with
anti-YTHDF3 antibody and magnetic beads at 4 °C for 8 h. The magnetic
bead-antibody-target protein-RNA complex was adsorbed with a
magneticrackand cleaned 5times with wash buffer to remove impuri-
ties. RNA was extracted by Trizol, and the purified RNA was analysed
by RT-qPCR or submitted for sequence analysis.

Tandem affinity purification pull-down and mass
spectrometry

Wide-type full-length YTHDF3 and its double m®A binding site defec-
tive mutants, designated YTHDF3"“"and YTHDF3"™, were constructed
into a tandem affinity purification vector pLVpuro-TAP (SBP-3HA).
Then, three stably expressing TAP-Vector, TAP-YTHDF3"" OF and
TAP-YTHDF3P OE HK1 cell lines were subjected to 2 pg ml™ puromycin
selection for a week. The TAP affinities of the exogenously expressed
TAP-Vector, -YTHDF3"" and -YTHDF3" cells were extracted from the
three cell lysates by excess streptavidin resin; then the endogenously
expressed YTHDF3 partners were immunoprecipitated by YTHDF3
antibodies coupled to protein A/G beads. Finally, the YTHDF3 exog-
enously expressed TAP affinities and endogenously expressed immu-
noprecipitates were separately identified by mass spectrometry.

RNA stability assay

To assess IFITM1 RNA stability, cells were incubated with actinomycin
(ActD) to terminate transcription. Briefly, HK1 cells were incubated
with ActD (5 pg ml™) for 0,30 and 60 min, and collected. Total RNA was
extracted and the IFITM1RNA expression was determined by RT-qPCR.

Statistical analyses

Data are presented as mean + s.e.m. derived from at least three inde-
pendent experiments. All statistical analyses, including Pearson’s cor-
relation coefficients (r), t-tests and so on were two-tailed and executed
using GraphPad Prism 8. Although the data conformed to the assump-
tions of the statistical tests utilized, normality of data distribution was
presumed but was not rigorously tested. In addition, the collection
and analysis of data were carried out in a blinded manner relative to
experimental conditions and no animal or data point was excluded
fromthe analysis for any reason.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

The datasets that support the findings of this study are available
within the paper. Transcriptomic datasets generated in this study
can be found on the NCBI Sequence Read Archive (SRA) under Bio-
Project PRINA946546 and PRINA976759. The prediction of the pro-
tein—protein interactions was performed using the STRING database
(http://string-db.org/). The prediction of the three-dimensional
structure of IFITM1, EphA2 and gH/gL was performed using I-TASSER
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) and SWISS-model
(https://swissmodel.expasy.org/). The raw sequencing data of the
MeRIP-seq canbe found under PRINA997768. Mass spectrometry data-
sets canbeaccessed viaHarvard Dataverse at https://doi.org/10.7910/
DVN/QHCEZI (ref. 57).Source data are provided with this paper.
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(EBV.P) cells, analyzed by RNA sequencing. Data were plotted as the log,, of
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n=2independent experiments; *p < 0.05, two-tailed t-test. (c) The Western blot
analysis of tissue lysates from three NPC and three nasopharynx (NP) samples
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for IFITM1 protein expression using actin as aloading control, n = 3 pairs. (d) The
mRNA level of IFITM1in nine NPC and nine NP samples was assayed by RT-qPCR,
and B,M was used as areference gene, n = 9 pairs. (e) The EBV copy numbers
innine NPC and nine NP samples were also assayed by TagMan-qPCR using an
EBV detection kit, n = 9 pairs. Data are presented as mean values + s.e.m.,n=9
pairs, *p < 0.05, *p < 0.01, **p < 0.001(d, e), two-tailed t-test. (f) A correlation
analysis was performed between the relative IFITM1 mRNA expression and

EBV copy numbers in nine NPC samples (horizontal axis: relative IFITM1 mRNA
levels; vertical axis: relative EBV copy numbers). The black dot denotes scattered
samples. Data are presented as mean values +s.e.m.,n=9,r=-0.87,p = 0.0021
(f), two-tailed t-test.
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Extended Data Fig. 2| Knockdown IFITM1 facilitates EBV infection in ECs.
(a) NP69, HK1, and HEK293 cell lines were collected, and immunoblotting
assayed expression of IFITM1at the protein level. (b-c) Knockdown of IFITM1in
NP69, HK1, and HEK293 cells by infection with lentiviruses encoding shIFITM1

(1-shIFITM1 and 2-shIFITM1). shLacZ-transfected cells were included as a control.

(b) Knockdown efficiency of IFITM1at the mRNA level. Bars show the relative
IFITM1mRNA level detected by RT-qPCR and data are presented relative to

B,M (2-2). (¢) Knockdown efficiency of IFITM1 at the protein level. (d) HEK293
and HK-1 cell lines were incubated with cell-free EBV-GFP for 3 hours, and EBV
copy numbers were then measured by TagMan-qPCR. (e-h) After 72 hours, flow
cytometric analyses were performed to show the percentage of EBV-GFP-positive
cells. Representative images of cells infected with EBV-GFP were recorded for
HEK293 cells (i). Data are presented as mean values + s.e.m., n > 3 independent
experiments, *p < 0.05, **p < 0.01, two-tailed t-test (b, d-h).
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Extended Data Fig. 3| Overexpression IFITM1inhibits EBV infectionin ECs.
(a) The efficiency of overexpression of IFITM1 at the mRNA level. Bars show
therelative IFITM1 mRNA level detected by RT-qPCR and data are presented
relative to B,M (2-“) and are expressed as the mean + s.e.m. (n =3 independent
experiments, **p < 0.001), two-tailed t-test. (b) Efficiency of overexpression of
IFITM1at the protein level. GAPDH was used as a control to indicate equivalent
amounts of lysates. (c) NP69 and HEK293 cell lines were incubated with cell-free

EBV-GFP for 3 hours, and the remaining extracellular viruses were removed by
washing with 1xPBS. EBV copy numbers were then measured by TagMan-qPCR.
(d-g) After 72 hours, flow cytometric analyses were performed to show the
percentage of EBV-GFP-positive cells. Representative images of cells infected
with EBV-GFP were recorded for HEK293 cells (h). The results are expressed as the
mean + s.e.m. from at least three biological replicates. *p < 0.05,*p < 0.01(n >3,
a,b,d, e), two-tailed t-test. OE, overexpression.
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Extended Data Fig. 5| STRING interactome analysis of IFITM1 and proteins
involved in EBV infection. (a) EphA2, NRP1, MYH9, and ITGAV are EBV infection
receptorsin epithelial cells (dark blue). EGF and EGFR are also involved in EBV
infectionin epithelial cells (light blue). CR2, CD81, CD9, TLR2,and ClITAare B
cell-related receptors (pink). IFITM1(green) and EphA2 are indicated by the red
arrow. (b) Co-IP assays showed that endogenous IFITM1 co-immunoprecipitated
with EphA2.NP69 and HK1 cell lysates were immunoprecipitated (IP) with IFITM1
antibody, followed by animmunoblotting (IB) assay with EphA2 antibody.

1gG-IP samples were included as a control. (c) Recombinant His-IFITM1 protein

expression detected by Coomassie Brilliant Blue staining. Lane 2: without IPTG
induction, lane 3: IPTG induction, lane 1 purified fusion protein. (d) Recombinant
GST-EphA2 protein expression detected by Coomassie Brilliant Blue staining.
Lane 4: without IPTG induction, lane 3: IPTG induction, lane 2 purified fusion
protein. (e) Recombinant His-gB, and His-gH/gL protein expression detected by
Coomassie Brilliant Blue staining. Lane1and 7: without IPTG induction, lane 2
and 6: IPTG induction, lane 3 and 5 purified fusion protein. Representative of two
independent experiments (b-e).
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to B,M (2-2%). Mean £ s.e.m., n >3 independent experiments, *p < 0.05,**p < 0.01,
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***p < 0.001, two-tailed t-test (a-c). (d) RT-qPCR of YTHDF3 mRNA expression in
nine nasopharyngeal carcinoma (NPC) and nine nasopharyngeal (NP) samples.
Total RNA from each tissue was assayed by RT-qPCR and B,M was used as a
reference gene. Data are presented as mean values * s.e.m., n =18, two-tailed
t-test. (e) Correlation analysis of the relative YTHDF3 mRNA expression level and
the EBV copy number (horizontal axis: YTHDF3 relative mRNA level; vertical axis:
relative EBV copy number). Data are presented as mean values +s.e.m.,n=38,
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Extended Data Fig. 9 | IFITM1 expression is negatively regulated by YTHDF3
via RNA degradation. (a) Fold enrichment of IFITM1 was analyzed by RIP-seq in
shLacZ or shYTHDF3-HK1cells. (b) Fold enrichment of IFITM1 was determined
by MeRIP-qPCRinshLacZ or shYTHDF3-HEK293 cells and data was presented

relative to B,M (2-2%"). (c) KEGG pathway analysis of the 598 proteins from Fig. 6d.

Proteinsin the DDX family related to RNA degradation were detected.
(d) Lentiviruses encoding shYTHDF3 or shDDXS5 and their corresponding
negative control lentiviruses (shLacZ + shLacZ) were transfected into HK1 cells,

and immunoblotting assay were performed with anti-YTHDF3, DDXS5, and IFITM1.
(e) Cells from Extended Data Fig. 9d were treated with transcriptional inhibitor
ActD, followed by IFITM1 detection using RT-qPCR. (f) Cells from Extended Data
Fig. 9d were exposed to EBV-GFP for 3 hours and the remaining extracellular
viruses were removed by washing with 1xPBS. EBV copy numbers were then
measured by TagMan-qPCR and results from control groups were taken as 100%.
Data are presented as mean values + s.e.m., n =3 independent experiments,

*p <0.05,**p <0.01, two-tailed t-test (a, b, e, ).
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Extended Data Fig. 10 | IFITM1 does not affect Epstein-Barr virus infection in
B cells. (a) Knockdown of IFITM1in B cells by infection with lentiviruses encoding
shIFITM1 (1-shIFITM1 and 2-shIFITM1), then cells were incubated with cell-free
EBV-GFP for 3 hours and remaining extracellular viruses were removed by
washing with 1xPBS. EBV copy numbers were then measured by TagMan-qPCR.
(b) B cells were infection with lentiviruses encoding wild-type IFITM1 (IFITM1"),
or dual mutations (IFITM1™*2), then cells were incubated with cell-free EBV-GFP
for 3 hours and remaining extracellular viruses were removed by washing with
1xPBS. EBV copy numbers were then measured by TagMan-qPCR. (c) Analysis

of the anti-EBV effects of sIFITM1 on B cells, exposure of B cells to EBV-GFP for

3 hours, with sIFITM1being added 2 hours in advance at different concentrations

(0,1,and 5 ng/pL), EBV copy numbers were then measured by TagMan-qPCR.
Data are presented as mean values + s.e.m., n =4 independent experiments,

*p <0.05,**p <0.01(a-c). (d) According to the method in Fig. 1k and |, anti-EBV
effects of sSIFITM1was tested on B cells in vivo. (e) A schematic diagram showing
two models of EBV infection: an insusceptibility model (left), in which IFITM1
inhibits EBV entry by competing with EBV gH/gL and gB for binding to EphA2; and
asusceptibility model (right), in which YTHDF3 recognizes m°A modification
siteson IFITM1and interacts with RNA degradation-related proteins DDXS5, then
leads to the degradation of IFITM1. The loss of IFITM1 would result in exposure of
EphA2, whichmay aid EBV entry.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XX [ [0 XX [0

X0

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code
Data collection  We didn’t use software for data collection in this study.

Data analysis The following software were used for data analysis: GraphPad Prism 8, FlowJo VX.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The datasets that support the findings of this study are available within the paper and Supplementary Information. Transcriptomic datasets generated in this study
can be found on the NCBI Sequence Read Archive (SRA) under BioProject PRINA946546 and PRINA976759. Predication of the protein—protein interactions was
performed at STRING database (http://string-db.org/). The predication of three-dimensional structure of IFITM1, EphA2 and gH/glL was performed using I-TASSER
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) and SWISS-model (https://swissmodel.expasy.org/). The raw sequencing data of the MeRIP-seq can be found




under PRINA997768. Mass spectrometry datasets can be accessed at https://doi.org/10.7910/DVN/QHCEZI. The source data underlying Figures, Extended Data
Figures and Supplementary Figures are provided as a Source Data file.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender In our study, the clinical sample size was relatively smaller and the selection of clinical samples was conduct on a random
basis. As a result, we did not explicitly stratify for sex and/or gender. We believe that this is unlikely to impact the validity of
our analysis results.

Population characteristics All patients were diagnosed with NPC according to the 2017 edition for staging of nasopharyngeal carcinoma in China and
were aged between 30 and 69 years. The age range for normal controls was 30-52 years.

Recruitment Not applicable.
Ethics oversight This study complies with all relevant ethical regulations approving by the Medical Ethics Committee of Southern Medical
University.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We use a relatively smaller sample size in our study. Although we do not use statistical methods to predetermine the sample size, our sample
size is consistent with what has been reported in other previous nasopharyngeal carcinoma studies, such as an article published in
Oncotarget, titled ‘Up-regulation of long non-coding RNA AFAP1-AS1 expression is associated with progression and poor prognosis of
nasopharyngeal carcinoma.’

Data exclusions | No data were excluded from the analysis.

Replication The experiments were biologically replicated at least three times independently.

Randomization In our study, we used randomization in the mouse experiments; animals in the experimental and control groups were randomly assigned.
We also considered the randomization in clinical samples.

Blinding The collection and analysis of data were conducted blindly to the experimental conditions.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| |Z| ChIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
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Antibodies

Antibodies used

Validation

mouse anti-IFITM1 (#60074-1, Proteintech, 5BSE2, KD/KO VALIDATED, 1/1000), rabbit anti-EphA2 (#6997, CST, 1/1000), rabbit anti-
DDX5 (#ab126730, Abcam, EPR7239, KD/KO VALIDATED, 1/1000), rabbit anti-DDX6 (#ab174277, Abcam, EPR12146, KD/KO
VALIDATED, 1/1000), rabbit anti-DDX17(#ab180190, Abcam, EPR13807(B), KD/KO VALIDATED, 1/1000), rabbit anti-ACTIN (#YT0096,
ImmunoWay, 1/5000), and rabbit anti-GAPDH (#ab9485, Abcam, 1/5000), HRP-conjugated goat anti-rabbit 1gG (#SA00001-2,
Proteintech, 1/5000) and HRP-conjugated goat anti-mouse IgG (#SA00001-1, Proteintech, 1/5000).

Validation of commercial antibodies and target specificity was confirmed in the technical data sheets provided by the manufacture,
containing example data and relevant citations.1.mouse anti-IFITM1 (Proteintech#60074-1): Validated. Details provided by the
manufacture:https://www.ptglab.co.jp/Products/IFITM1-Antibody-60074-1-lg.htm#protocols. 2.rabbit anti-EphA2 (CST#6997):
Details provided by the manufacture: https://www.cellsignal.com/products/primary-antibodies/epha2-d4a2-xp-rabbit-mab/6997. 3.
rabbit anti-DDX5 (Abcam#ab126730): Validated. Details provided by the manufacture: https://www.abcam.com/en-au/products/
primary-antibodies/ddx5-antibody-epr7239-ab126730. 4. rabbit anti-DDX6 (Abcam#ab174277): Validated. Details provided by the
manufacture: https://www.abcam.cn/products/primary-antibodies/ddx6-antibody-epr12146-ab174277.html 5. rabbit anti-
DDX17(Abcam#ab180190): Validated. Details provided by the manufacture: https://www.abcam.com/en-hk/products/primary-
antibodies/ddx17-antibody-epr13807b-ab180190

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

The cell lines include NP460, NP69, NP460-EBV, HK1, HK1-EBV, C666-1, Akata, AGS, HEK293 and Daudi, all cell lines are
human. NP460, NP69, NP460-EBV, HK1, HK1-EBV, C666-1 and Akata cells were kindly provided by Professor Sai-Wah Tsao’s
group (The University of Hong Kong, Pokfulam, Hong Kong SAR, China). AGS and HEK293 cells were maintained in our
laboratory. Daudi cells were purchased from FuHeng Cell Center (Shanghai).

All cells underwent STR analyses. Addtionally, we did not use any cross-contaminated cell lines based on the lists provided by
International Cell Line Authentication Committee(ICLAC).

Mycoplasma contamination All cells underwent mycoplasma tests (Myco-Blue ® Mycoplasma detector, Vazyme) that showed negative.

Commonly misidentified lines  No commonly misidentified cell lines were used in the study based on ICLAC.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals
Wild animals
Reporting on sex

Field-collected samples

Ethics oversight

The animals used in this study were female BALB/c nude mice, aged 6-8 weeks.
No wild animals were used in the study.
As usual, all mice were female.

The mouse housing conditions comprised a standard 12-hour light/dark cycle, with an ambient temperature maintained between
20-22°C and a relative humidity level of 40-60%.

Animal experiments were conducted following protocols approved by the Medicine Animal Care and Use Guidelines of Southern
Medical University .

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

X, The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

To determine EBV infection rates, 1 x 1076 cells incubated with EBV were collected and washed using 1xPBS containing 1%
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Sample preparation bovine serum albumin (BSA). Cells were then resuspended in 300 L of 1xPBS containing 1% BSA.

Instrument Data were acquired using an LE-SA3800 Spectral Analyzer (Sony).

Software FlowJo VX software was used for analysis.

Cell population abundance 1 x 1076 cells incubated with EBV were collected for each sample.

Gating strategy We set the gates according to scattered light, which are commonly referred as forward scatter (FSC) and side scatter (SSC).

The size of FSC was positively correlated with cell diameter; the larger the cell was, the larger the FSC was. The smaller the

vice versa. The size of SSC was positively correlated with the mass of intracellular granular structure. For different cells, the
more complex the intracellular granular structure was, the larger the mass was, and the larger the SSC was. The smaller the
vice versa.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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