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N6-methyladenosine (m6A) is an abundant internal RNA modification, influencing transcript fate and function in
uninfected and virus-infected cells. Installation of m6A by the nuclear RNA methyltransferase METTL3 occurs
cotranscriptionally; however, the genomes of some cytoplasmic RNA viruses are also m6A-modified. How the
cellular m6A modification machinery impacts coronavirus replication, which occurs exclusively in the cytoplasm,
is unknown.Herewe show that replication of SARS-CoV-2, the agent responsible for theCOVID-19 pandemic, and a
seasonal human β-coronavirus HCoV-OC43, can be suppressed by depletion of METTL3 or cytoplasmic m6A reader
proteins YTHDF1 and YTHDF3 and by a highly specific small moleculeMETTL3 inhibitor. Reduction of infectious
titer correlates with decreased synthesis of viral RNAs and the essential nucleocapsid (N) protein. Sites of m6A
modification on genomic and subgenomic RNAs of both viruses were mapped by methylated RNA immunopre-
cipitation sequencing (meRIP-seq). Levels of host factors involved in m6A installation, removal, and recognition
were unchanged by HCoV-OC43 infection; however, nuclear localization of METTL3 and cytoplasmic m6A readers
YTHDF1 and YTHDF2 increased. This establishes that coronavirus RNAs arem6A-modified and host m6A pathway
components control β-coronavirus replication.Moreover, it illustrates the therapeutic potential of targeting them6A
pathway to restrict coronavirus reproduction.
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Differential RNA modification by N6-methyladenosine
(m6A) plays a major role in the control of gene expression,
influencing numerous biological processes that impact vi-
ral infection biology (Roundtree et al. 2017; Gokhale et al.
2020). m6A is the most abundant internal modification of
both coding (Desrosiers et al. 1974; Perry and Kelley 1974)
and noncodingRNAs (Alarcón et al. 2015; Patil et al. 2016)
and regulates both their biological function and stability
(Meyer and Jaffrey 2014). Typically, m6A installation is
performed by a nuclear methytransferase (“writer”) com-
plex (METTL3/METTL14/WTAP) that includes the essen-
tial methyltransferase-like enzyme 3 (METTL3) catalytic
subunit (Bokar et al. 1997; Liu et al. 2014; Wang et al.
2016; Schöller et al. 2018). However, METTL3 is also

found at the promoters of specific genes independent of
METTL14 and catalyzes cotranscriptional m6A methyla-
tion of associated transcripts, an activity required for the
maintenance of a leukemic state (Barbieri et al. 2017).
The positions of m6A installation within mRNAs is

tightly controlled and the modification is dynamic. The
extent of cytoplasmic mRNA m6A demethylation re-
mains controversial; however, at least one nuclear deme-
thylase (“eraser”), ALKBH5, has been identified (Zheng
et al. 2013; Ke et al. 2017; Darnell et al. 2018). m6A-modi-
fied RNAs are recognized by a number of RNA-binding
proteins (“readers”) including nuclear YTHDC1 and three
cytoplasmic paralogsYTHDF1,YTHDF2, andYTHDF3 as
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well as other RNA binding proteins (Lasman et al. 2020;
Zaccara and Jaffrey 2020).Whereas it has long been known
that many viral mRNAs are m6A-modified, our under-
standing of the extent to which host components that in-
stall, remove, or recognize m6A-modified RNA either
enhance or suppress virus infection through varied mech-
anisms remains in its infancy (Gonzales-vanHorn andSar-
now 2017; Tsai et al. 2018; Williams et al. 2019).

Besides shaping host innate immune responses critical
for the recognition and response to viral infection, m6A
can also directly influence gene expression and reproduc-
tion of viruses with nuclear life cycles (Rubio et al. 2018;
Williams et al. 2019; Winkler et al. 2019; Gokhale et al.
2020; Kim et al. 2020b; Lu et al. 2020; Price et al. 2020;
Shulman and Stern-Ginossar 2020). Several positive-
sense, single-stranded RNA viruses that replicate in the
cytoplasmhave also been shown to containm6A (Gokhale
et al. 2016; Lichinchi et al. 2016; Hao et al. 2019). In the
case of hepatitis C virus (HCV), depletion of m6A writers
METTL3/14 limited HCV infectious particle production
and protein expression without detectably changing viral
RNA synthesis (Gokhale et al. 2016; Gonzales-van Horn
and Sarnow 2017). Although β-coronaviruses represent a
distinct and important RNA virus family (Coronaviridae)
that also replicates exclusively in the cytoplasm, how
their productive growth cycle might be regulated by the
host m6A modification machinery is largely unknown.
In addition to widespread circulating β-coronaviruses spe-
cies associated with mild disease exemplified by HCoV-
OC43 (Vijgen et al. 2005), emergent viruses such as
SARS-CoV-2 can be far more threatening as evidenced
by the COVID-19 global pandemic (Coronaviridae Study

Group of the International Committee on Taxonomy of
Viruses 2020). Understanding how the host m6A modifi-
cation machinery influences β-coronavirus reproduction
could provide new therapeutic opportunities to interfere
with virus replication and spread and possibly reveal dif-
ferences between pandemic and nonpandemic strains.

Results

Host m6A factors promote HCoV-OC43 replication
and spread

To determine whether the cellular m6Amodification ma-
chinery regulates β-coronavirus replication and identify
the host factors involved, a focused RNAi screen was
performed. Two distinct siRNAs were used to deplete 14
individual host factors reported to participate in the instal-
lation, removal, or recognition ofm6A and their efficacy in
target depletion validated (Supplemental Fig. S1A). RNAi-
treated cultures of MRC-5 normal, diploid human lung fi-
broblasts in 96-well plates were subsequently infected at
lowmultiplicitywithHCoV-OC43, a seasonal, circulating
β-coronavirus typically associated with mild respiratory
disease in humans. As a measure of virus reproduction
and spread, infected cells expressing coronavirus nucleo-
capsid (N) protein were detected by indirect immunofluo-
rescence and quantified using a high-content imaging
platform. Compared with control, nonsilencing siRNA-
treated cultures, depletion of select m6A methyltransfer-
ase subunits and m6A recognition proteins significantly
reduced the percentage of N-expressing cells (Fig. 1A).
Both siRNAs specific for the m6A methyltransferase core
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Figure 1. Focused RNA interference screen
implicates METTL3 and the YTHDF readers
in control of β-coronavirus replication. (A) Hu-
man MRC-5 normal lung fibroblasts were
transfected with a set of validated siRNAs
(two per factor) targeting 14 host components
of the m6A pathway and cultured for 72 h be-
fore infection with HCoV-OC43 at MOI =
0.001. After 48 h, cells were fixed and the
infection assessed by indirect immunofluores-
cence using an antibody to the viral nucleo-
capsid protein (N). The percentage of N-
positive cells per well was determined using
aCellInsightCX7LZRhigh-content screening
platform. Each assay was performed three
times with technical duplicates and normal-
ized to control siRNAtreatedcells. (B) The im-
pact of siRNA depletion on infectious viral
titer was determined by collecting superna-
tant culture media from A and establishing
TCID50 on MRC-5 cells. (C ) A549+ACE2 cells
were transfected with validated siRNAs tar-
geting METTL3, YTHDF1, YTHDF2, and
YTHDF3, either individuallyor as amixof sin-
gle siRNAs to all three YTHDF proteins using
siRNA#1 in each case. After 72 h, the cells

were infected with icSARS-CoV-2-mNG at MOI=0.1 for 48 h and then fixed and scored for green fluorescence. The extent of spread
was normalized to cells transfected with control siRNA. In each case, an ANOVA test with Dunnett multiple comparison correction
was used to establish statistical significance compared with control siRNA. (∗) P <0.033, (∗∗) P< 0.002, (∗∗∗) P <0.001.
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subunit METTL14 and the catalytic subunit METTL3 re-
duced the N-positive fraction by ∼30% and 20%, respec-
tively (Fig. 1A). The slightly reduced efficacy observed
using METTL3 versus METTL14 siRNA is consistent
with METTL3 acting in a catalytic as opposed to stoichio-
metric fashion and difficulties associated with achieving
sufficient enzyme depletion. Only one siRNA for the re-
mainingmethyltransferase core subunitWTAP reduced vi-
rus replication (Fig. 1A), which was not explained by
elevated cytotoxicity (Supplemental Fig. S1B). In contrast,
depletion of noncore methyltransferase subunits (RBM15,
RBM15B, and ZC3H13), with two different siRNAs each,
either did not significantly reduce the percentage of cells
that were detectably infected or did so only with a single
siRNA (VIRMA) (Fig. 1A). Furthermore, depletion of a dif-
ferent m6A methyltransferase, METTL16, did not detect-
ably alter the infection (Fig. 1A). Thus, HCoV-OC43
reproduction and spread inMRC-5 lung fibroblasts was de-
pendent on a METTL3-containing m6Awriter.
In addition to hostm6A installation components, deple-

tion of specificm6A recognition proteins (readers) reduced
the fraction of HCoV-OC43-infected cells. The two siR-
NAs targeting the nuclear m6A reader YTHDC1 reduced
the fraction of N-positive cells by 30%–45% (Fig. 1A).
Likewise, both siRNAs against the cytoplasmicm6A read-
ers YTHDF1 and YTHDF3 reduced the N-positive cell
number by 40%–50% and 25%–40%, respectively (Fig.
1A). This phenotype was selective for YTHDF1 or
YTHDF3 depletion, as only a single siRNA targeting
YTHDF2 reduced the N-positive cell number by 13%
(Fig. 1A). Additionally, we found that at high multiplicity
of infection (MOI), codepletion of YTHDF1, YTHDF2, and
YTHDF3 did not detectably reduce overall N protein lev-
els at 24 h beyond the reduction observed from depletion
of either YTHDF1 or YTHDF3 alone (Supplemental Fig.
S1D). Finally, only a single siRNA specific for the known
demethylases ALKBH5 or FTO reduced the fraction that
were infected by >25% (Fig. 1A) but, in the case of FTO
siRNA #1, might be explained in part by the observed
20% reduction in cell viability (Supplemental Fig. S1B).
To establish whether the decrease in N-positive cells

genuinely reflected reduced viral replication, the infec-
tious virus titers from individual RNAi-treated cultures
was measured by TCID50 assay. Compared with control,
nonsilencing siRNA-treated cultures, depletion of
METTL3, YTHDF1, or YTHDF3 reduced virus replication
by between threefold and 24-fold (Fig. 1B). Taken together,
these results show that the m6A methyltransferase core
components METTL3/METTL14 and a subset of m6A
reader proteins (YTHDF1, YTHDF3, YTHDC1) are impor-
tant for HCoV-OC43 reproduction and spread.

SARS-CoV-2 productive replication is antagonized
by writer and reader depletion

We next asked whether the host m6A methyltransferase
and m6A recognition proteins also impact the reproduc-
tion of the recently emerged pandemic β-coronavirus
SARS-CoV-2 by performing a similar RNAi screen direct-
ed against a more limited set of cellular targets. Because

MRC-5 fibroblasts are not sufficiently permissive to study
SARS-CoV-2 productive growth, we used human A549
lung carcinoma cells engineered to constitutively express
the human ACE2 receptor (A549+ACE2). Additionally, a
SARS-CoV-2 reporter virus expressing mNeonGreen
(icSARS-CoV-2-mNG) was used to identify infected cells
and directly monitor virus reproduction and spread (Xie
et al. 2020). Compared with a control, nonsilencing
siRNA, the siRNAs againstMETTL3 reduced the percent-
age of infected cells by 78%or 81% (Fig. 1C). Likewise, the
siRNAs specific for them6A readers YTHDF2 or YTHDF3
reduced the percentage of mNeonGreen-positive cells by
42%–66% or 75%–76% of the control, respectively (Fig.
1C). In contrast, the YTHDF1 siRNAs initially tested re-
duced SARS-CoV-2 infection to differing degrees: 68%
(YTHDF1 siRNA#1) and 23% (YTHDF1 siRNA#2).
Testing of two additional YTHDF1-targeting siRNAs
(YTHDF1 siRNA#3 and siRNA#4), however, resulted in
a 79% and 89% reduction of SARS-CoV-2 compared
with control siRNA, consistent with the more robust in-
hibition observed using YTHDF1 siRNA#1. Codepletion
of all three cellular m6A readers reduced the mNeon-
Green-positive cell number by 72% (Fig. 1C). No major
impact on cell viability was detected for any siRNA treat-
ment of A549+ACE2 cells (Supplemental Fig. S1D). The ap-
parent greater sensitivity of SARS-CoV-2 to METTL3 and
reader protein depletion comparedwithHCoV-OC43may
be due to biological differences between the two viruses
but may also be explained by differences in the cell types
or the dynamics of each infection. As exemplified by
METTL3 and YTHDF1, we can exclude differences in
the efficiency of knockdown between the two cell lines
(Supplemental Fig. S1A,E). These data establish that
SARS-CoV-2 productive growth is reliant on the major
host m6A methyltransferase and cytoplasmic m6A recog-
nition proteins. Thus, a seasonal, circulating human β-co-
ronavirus (HCoV-OC43) and a recently emerged
pandemic β-coronavirus (SARS-CoV-2) exhibit similar de-
pendencies upon the host m6A methyltransferase and se-
lect m6A reader proteins.

Nuclear accumulation of cytoplasmic m6A readers upon
HCoV43 infection

We next examined how the host m6A modification ma-
chinery responded to β-coronavirus infection.No substan-
tial change in the overall abundance of the 14 components
of the cellular m6A modification machinery evaluated
was detected over a 72-h time course in HCoV-OC43-in-
fectedMRC-5 fibroblasts (Fig. 2A). However, the subcellu-
lar distribution of them6A readers YTHDF1 and YTHDF3
was altered by infection. While predominantly cytoplas-
mic in uninfected MRC-5 fibroblasts, YTHDF1 and
YTHDF3 both accumulated within the nucleoplasm as
evidenced by nucleolar sparing in HCoV-OC43-infected
MRC-5 cells (Fig. 2B). Quantitation of nuclear signal in-
tensity in >100 infected cells per condition showed a stat-
istically significant increase in nuclear YTHDF1 and
YTHDF3 and, to a lesser extent, METTL3 (Fig. 2C). The
distribution of YTHDF2, in contrast, was not detectably

m6A positively regulates coronavirus replication

GENES & DEVELOPMENT 1007

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348320.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348320.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348320.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348320.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348320.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348320.121/-/DC1


altered by infection as it remained predominately cyto-
plasmic alongwith the viral N protein (Fig. 2B,C). To eval-
uate this further using a different methodology, equal
numbers of infected and uninfected MRC-5 cells were
fractionated into a soluble (cytosolic) fraction and a partic-
ulate (nuclear) fraction and probed by immunoblotting
(Fig. 2D). Consistent with the indirect immunofluores-
cence analysis, METTL3 was detected in both fractions
(Fig. 2D, lanes 1,2) but was most abundant in the nuclear
fraction. Partitioning of METTL3 and YTHDF2 between
nuclear and cytosolic fractions was not detectably
changed by HCoV-OC43 infection (Fig. 2D, cf. lanes 3,4
and 1,2), and as such, the small increase in nuclear
METTL3 detected by indirect immunofluorescence (Fig.
2C) was not recapitulated. In contrast, both YTHDF1
and YTHDF3 were more abundant in the cytoplasmic
fraction of uninfected cells but were more abundant in

the nuclear fraction in cells infected with HCoV-OC43.
Thus, nuclear accumulation of cytoplasmic m6A recogni-
tion proteins in response to HCoV-OC43 infection of
MRC-5 lung fibroblasts was selective for YTHDF1 and
YTHDF3.

Redistribution and nuclear accumulation of YTHDF1,
YTHDF2, or YTHDF3was not detected inMRC-5 cells in-
fected with UV-inactivated HCoV-OC43 and much re-
duced in HCoV-OC43-infected cells treated with the
viral RNA synthesis inhibitor remdesivir (Supplemental
Fig. S2A,B), indicating that nuclear YTHDF1/3 accumula-
tion is dependent upon virus gene expression and/or the
activity of the viral RNA-dependent RNA polymerase.
While cytoplasmic YTHDF1/3 were redistributed by
HCoV-OC43 infection of MRC-5 cells (Fig. 2B,C), consis-
tent alterations in the subcellular distribution of m6A
modification machinery components normally residing
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Figure 2. HCoV-OC43 infection results in the nuclear accumulation of METTL3, YTHDF1, and YTHDF2. (A) Lysates from uninfected
(UI) or HCoV-OC43-infected MRC-5 cells were prepared at 8, 24, 48, and 72 h postinfection at MOI=3 and probed by immunoblotting
using antibodies to methyltransferase subunits (METTL3, METTL14, WTAP, RBM15, and RBM15B), demethylases (ALKBH5, FTO)
and m6A binding proteins (YTHDC1, YTHDF1, YTHDF2, and YTHDF3). Arrowheads denote target bands. (B) Indirect immunofluores-
cence images of representative uninfected or HCoV-OC43-infected MRC5 cells (24 hpi, MOI=3) with primary antibodies to METTL3,
YTHDF1, YTHDF2, and YTHDF3. Scale bar, 10 µm. (C ) Quantitation of nuclear signal for each primary antibody used in panel B after
normalization to background fluorescence. Analysis was performed on ≥100 cells/condition and statistical significance determined using
an F-test. (∗∗∗∗) P≤ 0.0001, (∗∗) P≤0.0047, (ns) not significant. (D) Uninfected and HCoV-OC43-infectedMRC-5 cells (as in B) were rapidly
lysed to produce insoluble particulate (nuclear [N]) and soluble (cytosolic [C]) fractions and probed by immunoblotting using antibodies to
METTL3, YTHDF1, YTHDF2, and YTHDF3. Lysis and subcellular fractionation efficiency were assessed using antibodies to cytoplasmic
β-tubulin and nuclear histone H3.
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within the nucleus was not observed except for a modest
reduction in nuclear RBM15 and RBM15B (Supplemental
Fig. S3A,B). In contrast, no changes in the subcellular dis-
tribution of any components of the host m6A modifica-
tion machinery were detected in SARS-CoV-2-infected
A549+ACE2 cells (Supplemental Fig. S3C) or in Vero E6
cells (data not shown). Whether this reflects differences
in how HCoV-OC43 and SARS-CoV-2 impact YTHDF1/
3 subcellular distribution, the different inoculum sizes,
or cell line-specific differences such as m6A factor abun-
dance remains to be explored.

β-Coronavirus RNAs are m6A-modified

To determine whether m6A installation on cellular tran-
scripts is altered by infection with either SARS-CoV-2 or
HCoV-OC43 RNAs, we performed meRIP-seq (Fig. 3) on
six biological replicates each of infected and uninfected
A549+ACE2 cells (SARS-CoV-2, MOI = 0.1, 48 h) or MRC-
5 cells (HCoV-OC43, MOI = 3, 48 h) and observed robust
clustering of biological replicates (Supplemental Fig.
S4A,B). Strict peak-calling using ExomePeak2 (Meng
et al. 2014) identified between 6000 and 11,000 peak re-
gions across data sets (Fig. 3A), all of which were enriched
for the canonical DRACH motif associated with sites of
m6A installation (Fig. 3B) and primarily clustered toward
the boundary between the CDS and 3′ UTR (Fig. 3C), re-
gardless of whether cells were infected or not.
We next used the virus-infected meRIP-seq data sets to

examine whether m6A is installed on SARS-CoV-2 or
HCoV-OC43 RNAs. Due to the extremely compact orga-
nization of β-coronavirus genomes, we turned to MACS2
(Zhang et al. 2008) for peak-calling and identified 14
(SARS-CoV-2) and six (HCoV-OC43) robust and reproduc-
ible peak regions enriched in the IP samples that we posit
reflect the presence of one or multiple m6A residues (Fig.
3D,E; Supplemental Fig. S4C,D). It is notable that several
peaks were placed in regions represented by the genome
length transcripts (gRNA) only, suggesting that both
gRNA and subgenomic RNAs (sgRNAs) are m6A-modi-
fied. We also compared the SARS-CoV-2 peak regions
with the meRIP-seq and miCLIP data from SARS-CoV-2-
infected Vero and Huh7 cells reported by Liu and col-
leagues (Liu et al. 2021). Despite the differences in cell
lines and infection conditions, 10 of the meRIP-seq peak
regions were found to overlap between the studies and
four of our meRIP-seq peaks overlapped with sites identi-
fied by miCLIP (Supplemental Fig. S5). The concordance
of these independent studies using established human
cancer cell lines (A549 lung adenocarcinoma, Huh7 hepa-
tocellular carcinoma) and a nontransformed established
African green monkey kidney cell line (Vero) strengthens
the conclusion that the genomic and/or subgenomic
RNAs of SARS-CoV-2 can contain m6A.
By comparing modified with unmodified RNAs, we

have used nanopore direct RNA sequencing (DRS) to
identify recurring sequence determination errors that cor-
respond to modified bases and map m6A sites at nucleo-
tide- and transcript-level resolution (Price et al. 2020).
Indeed, there was good agreement between sites detected

using this DRS approach and peak regions identified by
meRIP-seq for polyadenylated RNAs isolated fromhuman
adenovirus type 5 (Ad5)-infected cells. To test whether
DRS could effectively detect m6A installation on β-coro-
navirus RNAs, cells were infected with SARS-CoV-2
(A549+ACE2) or HCoV-OC43 (MRC-5) under the same con-
ditions used for meRIP-seq in the presence of STM2457, a
new and highly selective small molecule inhibitor of
METTL3 activity (Yankova et al. 2021), or a structurally
related control compound STM2120 that is >3000-fold
less potent as an METTL3 inhibitor as measured by in vi-
tro methylation assay (Supplemental Fig. S6). After sub-
jecting the poly(A) fraction to DRS (Fig. 3; Supplemental
Fig. S7A,B), the structures of the SARS-CoV-2 mRNAs
were found to be in good agreement with an earlier DRS
study (Kim et al. 2020a). Comparative analyses on these
data sets using two different informatic approaches,
DRUMMER (Price et al. 2020) and ELIGOS2 (Jenjaroen-
pun et al. 2021), were subsequently performed. Surpris-
ingly, only a single low-confidence site in SARS-CoV-2
that did not match the NNACN motif characteristic of
host m6A sites was identified along with two high-confi-
dence sites in HCoV-OC43 (AAACT and GAACT, respec-
tively) that did conform to the degenerate m6Amotif (Fig.
3; Supplemental Fig. S7A,B). None of these sites, however,
mappedwithin peak regions identified bymeRIP-seq, rais-
ing the possibility that they are not genuine m6A installa-
tion sites. Thus, unlike the many sites identified by DRS
on RNA polymerase II-transcribed adenoviral mRNAs
and that were frequently contained within meRIP-seq
peak regions, concordance among DRS-detected sites
and meRIP-seq peak regions was not observed on β-coro-
navirus RNAs, which are transcribed by a virus-encoded
RNA-dependent RNA polymerase in cytoplasmic struc-
tures unique to these viruses.

Small molecule inhibition of METTL3 restricts
β-coronavirus replication and spread

Having established that m6A can be detected on β-corona-
virus RNAs and that depletion of either METTL3 or indi-
vidual cytoplasmic m6A reader proteins interferes with
productive replication of both viruses, we asked whether
selective inhibition of METTL3 catalytic activity using
STM2457 could restrict β-coronavirus replication. Follow-
ing low-multiplicity infection of eitherMRC-5 lung fibro-
blasts with HCoV-OC43 or A549+ACE2 lung carcinoma
cells with SARS-CoV-2, cultures were treated with vehi-
cle (DMSO), the active METTL3 inhibitor STM2457, or
control compound STM2120. As in Figure 1, viral replica-
tion and spread was monitored using the high-content
imaging platform to score N protein expression (HCoV-
OC43) or mNeonGreen fluorescence (icSARS-CoV-2-
mNG). Compared with DMSO or STM2120, the higher
concentrations of METTL3 inhibitor STM2457 clearly re-
duced the number of HCoV-OC43-infected MRC-5 cells
(Fig. 4A,E) and icSARS-CoV-2-mNG-infected A549+ACE2

cells (Fig. 4B,E). Minor differences in the viability of
MRC-5 cells and A549+ACE2 cells were only detected at
higher concentrations, indicating that the antiviral
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Figure 3. SARS-CoV-2 and HCoV-OC43 RNAs are m6A-modified. (A) meRIP-seq data sets profiling of SARS-CoV-2-infected A549+ACE2

cells and HCOV-OC43-infected MRC-5 cells were analyzed to determine numbers of significant (Padj < 0.05) peak ranges, enriched over
input, in each comparison. (B) Sequencemotif analysis of peak regions present in the cellularmeRIP-seq data sets show enrichment for the
classical RRACH/DRACH motif associated with installation of m6A. (C ) Metagene analysis of m6A-peak region distribution across cel-
lular RNAs with annotated 5′ and 3′ untranslated regions (UTR) and coding sequences (CDS). (D) Integration of putativem6A peak ranges
(purple) identified by meRIP-seq of SARS-CoV-2-infected A549+ACE2 cells with candidate m6A sites (red) identified through comparative
profiling of nanopore direct RNA sequencing (DRS) data sets (SARS-CoV-2-infected A549+ACE2 cells with or without STM2457). The top
track shows the normalized coverage for a representative biological replicate of the meRIP-seq paired INPUT (black) and IP (red) data sets
(see Supplemental Fig. S4 for additional replicates). Tomaximize sensitivity and accuracy, comparative DRS analyses were performed us-
ing DRUMMER at three different levels: full exome (i.e., all reads), processed exome (i.e., only reads containing the leader sequence), and
isoform level (i.e., data sets aligned to the transcriptome rather than genome). The canonical SARS-CoV-2 transcriptome structure is
shown below. (E) As in D but for HCOV-OC43-infected MRC-5 cells with or without STM2457.
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activity of STM2457 did not result from general toxicity
under these assay conditions (Fig. 4C,D). For HCoV-
OC43, the reduction in infected cell number was first ev-
ident at 8 µMSTM2457 and increased further in a dose-de-
pendent manner up to 30 µM, where a >80% inhibition
was observed (Fig. 4A). The half maximal inhibitory con-
centration (IC50) for STM2457 was ∼21 µM. SARS-CoV-
2 reproduction in A549+ACE2 cells was also suppressed by
STM2457,with a10%reduction inmNeonGreen-express-
ing cells evident at1.69µMand increasing in adose-depen-
dent manner until a >90% reduction at 30 µM (Fig. 4B).
The IC50 for STM2457 against SARS-CoV-2 was 16.84
µM. Note that use of two different infection models pre-
cludes a direct comparison of the sensitivity of the two vi-
ruses to STM2457.
Quantifyingvirus replication revealed thatSTM2457 re-

duced HCoV-OC43 infectious virus production by >100-
fold (Fig. 4F) and SARS-CoV-2 infectious virus production
by 300-fold (Fig. 4G). This concordance further validates
the high-content imaging assay as ameasure of viral repli-
cation and release. Thus, a selective small molecule

METTL3 inhibitor effectively suppresses the productive
replication of two human β-coronaviruses, the seasonal
HCoV-OC43 and the new pandemic SARS-CoV-2.

Interferon response to β-coronavirus infection unchanged
by METTL3 inhibition

We and others have shown that depletion of either
METTL3 or METTL14 increases the accumulation of
type I interferon (IFN) and antiviral interferon-stimulated
gene (ISG) expression in virus-infected cells (Rubio et al.
2018; Winkler et al. 2019; Qiu et al. 2021). To ask whether
this might explain the reduction in the β-coronavirus repli-
cation and spread when METTL3 catalysis is inhibited us-
ing STM2457, cells infected with HCoV-OC43 (Fig. 4H) or
SARS-CoV-2 (Fig. 4I) were treated with STM2120 or
STM2457 in the presence of a pan-JAK inhibitor to prevent
inductionof the type I IFN response or vehicle control. This
treatment did not prevent the inhibitory effect of STM2457
on spread of either virus but did enhance the replication
and spread of human cytomegalovirus (HCMV) in primary
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Figure 4. Inhibition of METTL3 activity suppresses
β-coronavirus replication. (A) MRC-5 cells were in-
fected with HCoV-OC43 at MOI= 0.001 for 48 h in
the presence of METTL3 inhibitor (STM2457, yel-
low), inactive control compound (STM2120, gray),
or vehicle (DMSO, white) at the indicated concentra-
tions. Identification of infected cells by indirect im-
munofluorescence for nucleocapsid protein was as
described in Figure 1A. (B) A549+ACE2 cells were in-
fected with icSARS-CoV-2-mNG at MOI =0.1 for 48
h, and the percentage of cells infectedwas established
by green fluorescence and normalized to infection of
nontreated cells. (C, D) The viability of MRC-5 cells
(C ) and A549+ACE2 cells (D) in the presence of concen-
trations of STM2120 or STM2457 used in the infec-
tion assays shown in A and B was assessed using a
commercial ATP quantitation assay. Cells were
maintained at either 33°C or 37°C, respectively, in
culture medium containing diluted compound for
48 h prior to lysis. Each experiment was conducted
three times with internal duplicates, normalized to
DMSO-treated cells processed in parallel and plotted
as the mean±SEM. (E) Representative montages
showing wells from the infections quantified in A
and B that were treated with 30 µM STM2120 or
STM2457 and infected with either icSARS-CoV-2-
mNG or HCoV-OC43 as indicated. The signal for
the OC43-N antibody and Alexa Fluor 647 secondary
antibody is represented in green. (F ) Infectious viral ti-
ters from MRC-5 cells infected with HCoV-OC43 at
MOI =0.001 treated with 30 µM either STM2120 or
STM2457 was determined by TCID50 assay. (G) In-
fectious virus titers from A549+ACE2 cells infected
with icSARS-CoV-2-mNG at MOI=0.1 and treated
with 30 µM either STM2120 or STM2457 was deter-
mined by plaque assay. (H,I ) MRC-5 and A549+ACE2

cells were infected with OC43 or icSARS-CoV-2-mNG, respectively, as in (A) and (B) in the presence of 30 µM STM2120 or STM2457
and 10 µM JAK inhibitor (pyridone-6) or vehicle control (DMSO) and the percent infected cells quantified. Each experimentwas conducted
three times with internal duplicates, normalized to DMSO-treated cells processed in parallel, and plotted as the mean±SEM. (J) Immu-
noblot analysis of lysates fromMRC-5 cells infected with HCoV-OC43 atMOI= 0.001 in the presence of 30 µM STM2120 or STM2457 as
in A and collected at 48 hpi and probed for viral N protein, or host ISGs (ISG15, RIG-I, PKR, and MDA5) and GAPDH.
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fibroblasts (Supplemental Fig. S8A) and blocked the accu-
mulation of phosphorylated STAT1, a JAK substrate, and
the interferon-stimulated IFIT2 protein (Supplemental
Fig. S8B). Quantitation by RT-qPCR of mRNAs for β-inter-
feron and interferon-stimulated genes IFIT2, ISG15, and
OAS3 detected very modest induction upon infection,
which was not increased in the presence of STM2457 (Sup-
plemental Fig. S8C). Additionally, immunoblotting of rep-
resentative IFN-responsive proteins ISG15, RIG-I, PKR,
and MDA5 did not show any increase in STM2457-treated
cells infected with HCoV-OC43 even though expression of
the viral N protein was reduced (Fig. 4J) in accordance with
the observed reduction in viral spread (Fig. 4A). Finally,
treatment of MRC-5 cells with β-IFN resulted in robust in-
duction of multiple interferon-stimulated proteins, con-
firming that the pathway is functional in these cells
(Supplemental Fig. 8D). These results argue that enhanced
type I IFN signaling is not responsible for the antiviral ef-
fect of STM2457 against HCoV-OC43 or SARS-CoV-2.

METTL3 inhibition suppresses HCoV-OC43
gene expression

To better understand how STM2457 interferes with
HCoV-OC43 replication, MRC-5 cells were infected at
high multiplicity, to achieve a synchronous infection, in
the presence STM2457 or STM2120, and N protein accu-
mulation was monitored by immunoblotting of lysates
collected over a 3-d period (Fig. 5A). This showed a clear
reduction in N protein abundance by 24 hpi in the
STM2457-treated sample compared with STM2120, al-
though the degree of difference was reduced at both 48
and 72 hpi. However, this delay in viral protein accumula-
tion may account for the reduced spread of newly synthe-
sized virus evident at 48 hpi (Fig. 4A).

Some of the earliest steps in the coronavirus life cycle
involve the production of negative strand RNA from the
incoming positive-strand template and remodeling of
the endoplasmic reticulum to form characteristic dou-
ble-membrane vesicle structures (replication organelles
[ROs]) in the cytoplasm that serve as shielded sites of viral
RNA synthesis (Kindler et al. 2017; Snijder et al. 2020).
This replication strategy results in the accumulation of
double-strand RNA (dsRNA) as a replicative intermediate
within the cytoplasmic viral ROs. Specific antibodies
readily detected viral N protein or dsRNA-containing
puncta in HCoV-OC43-infected MRC-5 cells (Fig. 5B)
treated with the inactive compound STM2120. In con-
trast, the METTL3 inhibitor STM2457 suppressed accu-
mulation of both dsRNA in the ROs and N protein
accumulation in the cytoplasm. RT-qPCR using tran-
script-specific primer pairs to distinguish viral gRNA (ex-
pressing Orf1ab) and a representative sgRNA (expressing
N) further demonstrated a significant reduction of
both RNA species in the presence of STM2457, whereas
a representative host mRNA (GAPDH) remained similar
irrespective of treatment (Fig. 5C). Thus, METTL3 inhibi-
tion results in reduced viral RNA accumulation, which in
turn is expected to reduce viral protein accumulation.

Tomonitor the effect of STM2457 on total viral protein
synthesis, MRC-5 cells infected with HCoV-OC43 in the
presence of either STM2120 or STM2457 were pulsed
with 35S-labeled amino acids. After separation of the la-
beled newly synthesized proteins by SDS-PAGE, a 30%
decrease in protein synthesis was evident in the
STM2457-treated cells (Fig. 5D, cf. lanes 1 and 2; Supple-
mental Fig. S9A). Synthesis of multiple host proteins was
reduced by infection with HCoV-OC43 likely correspond-
ing to the host shutoff activity of Nsp1 (Schubert et al.
2020;Zhang et al. 2021), and accumulation of abundant vi-
ral proteins including N was evident (Fig. 5D, lanes 3,4).
Consistent with the immunoblotting data (Fig. 5A), the
synthesis rate ofNproteinwas reduced in STM2457-treat-
ed cells (Fig. 5A, lane 4) relative to the control (Fig. 5A, lane
3). Additional viral proteins abundantly synthesized in
control-treated infectedcellswerediminished in their syn-
thesis in the presence of STM2457 consistent with a broad
inhibitory effect on viral protein synthesis and was not
limited to N alone. Furthermore, host shutoff appeared re-
duced in STM2457-treated cells. Changes in the phosphor-
ylation status of eIF2α, a modification that mediates
translational inhibition in response to numerous cell stress
conditions including viral infections (Stern-Ginossar et al.
2019), were not observed under any condition (Fig. 5D).

To directly test the impact of STM2457 on viral mRNA
translation, we performed a polysome fractionation exper-
iment using RT-qPCR to assess the association of viral
mRNAs with ribosomes (Fig. 5E). Remarkably, >80% of
mRNAs encoding N were associated with multiple ribo-
somes (polysome fractions 13–20), and this was reduced
to 62% by STM2457 treatment (Fig. 5E; Supplemental
Fig. S9B). The full-length gRNA (ORF1a/b) was also very
abundant in the polysome fractions and was similarly re-
duced with STM2457. To ask whether reduced representa-
tion on polysomes was selective for coronavirus mRNAs,
we probed for GAPDH, a representative cellular transcript.
This was less well represented in the polysome fraction,
again consistent with the dominance of viral RNAs, but
did show a decrease whenMETTL3 activity was inhibited.

Taken together, these results show thatMETTL3 activ-
ity contributes to both an early step in the β-coronavirus
replication cycle that precedes the accumulation of
dsRNAwithin the virus-induced ROs and the translation
of viral mRNAs. Consequently, the synthesis of gRNA
and sgRNA, and viral N protein expression was reduced
by inhibiting METTL3-mediated catalysis. This change
in viral RNA accumulation manifested as a reduction in
the synthesis of viral polypeptides, including the essential
N protein, and thus as a reduction in virus production and
spread within the cultures.

Discussion

Our understanding of how internal RNA modification
pathways impact the replicationand spreadof cytoplasmic
RNA viruses is limited. Here, we show that the reproduc-
tion of two human β-coronaviruses requires the principal
cellular m6A methyltransferase METTL3 and two m6A
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recognition proteins, YTHDF1 and YTHDF3. The catalyt-
ic activity ofMETTL3 is required for efficient synthesis of
viral RNAs within the first 24 h of infection and subse-
quent accumulation of viral proteins. We have also shown
by antibody-based RNA capture (meRIP-seq) that viral
mRNAs arem6A-modified overmultiple regions that con-
tain consensus DRACH m6A acceptor motifs. Recently,
Liu et al. (2021) reported eight high-confidence m6A sites
on SARS-CoV-2 RNAs using a combination of meRIP-
seq and miCLIP. Several of these regions overlap with
the meRIP-seq peaks identified in our study but not with
the single low-confidence site predicted by comparison
of DRS data sets prepared in the presence or absence of a
selective METTL3 small molecule inhibitor. A different
study implicatingMETTL3 in them6Amodification of vi-
ral RNAs and in regulation of host responses during SARS-
CoV-2 infection also appeared while our manuscript was
in revision (Liu et al. 2021).
One plausible explanation as towhy theDRSmethodol-

ogy, which successfully identified m6A acceptor sites in
Ad5 mRNAs (Price et al. 2020), provided little informa-

tion here is that coronavirus RNAs synthesized by a vi-
rus-encoded RNA-dependent RNA polymerase in
unique virus-induced cytoplasmic organelles aremodified
at much lower frequency than either host or Ad5 mRNAs
that are transcribed by RNA polymerase II in the nucleus.
An earlier DRS study of RNAs isolated from SARS-CoV-2-
infected Vero cells compared with synthetic unmodified
RNA reported 41 potential sites of base modification, al-
most half of whichmapped to a purine-richAAGAAmotif
lacking the canonical AC dinucleotide found in METTL3
substrates (Kim et al. 2020a). Taken together, these find-
ings are consistent with the possibility that β-coronavirus
RNAs are infrequently modified and that the requirement
for METTL3 catalytic activity most likely reflects the
modification of host mRNAs in a manner that is benefi-
cial to the virus. While a broadly up-regulated type-I inter-
feron response was not observed in our study, and can
likely be excluded, identification of these host RNAs
should be highly informative.
In addition to METTL3, we also found that members of

the YTHDF family of m6A readers contribute to β-
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Figure 5. Initial HCoV-OC43 RNA synthe-
sis and protein expression is reduced by inhi-
bition of METTL3 catalysis. (A) Immunoblot
analysis of lysates fromMRC-5 cells infected
with HCoV-OC43 atMOI =3 in the presence
of 30 µM STM2120 or STM2457 collected at
24, 48, or 72 hpi and probed for viral N pro-
tein, orhostMETTL3andGAPDH. (B) Repre-
sentative images showing detection of viral
N protein or viral dsRNA by indirect immu-
nofluorescence assay (green) in HCoV-
OC43-infected MRC-5 cells at 24 hpi in the
presence of 30 µM STM2120 or STM2457.
Cell nuclei were stained with DAPI. Scale
bar, 20 µm. (C ). The relative abundance of
HCoV-OC43 gRNA (ORF1ab) or sgRNA (N)
or host GAPDH at 24 hpiMOI =3 in the pres-
ence of 30 µMSTM2120 or STM2457was de-
termined by RT-qPCR using transcript-
specific primers and normalizing to 18S
rRNA and plotted as the mean±SEM (n =3).
(D) MRC-5 cells infected with HCoV-OC43
at MOI =3 in the presence of 30 µM
STM2120 or STM2457 were metabolically
pulse-labeled with 35S amino acids for 1
h. Lysates were separated by SDS-PAGE and
the fixed, dried gel exposed to film.Migration
ofmolecularweight standards is shownat the
left. The arrow at the right indicates migra-
tion of virus-encoded N protein. Additional-
ly, the relative levels of total eIF2α and
phospho-eIF2α in the same lysates was as-
sessed by immunoblotting. Note that an ul-
trasensitive enhanced chemiluminescent
substrate (SuperSignal West Femto) was re-

quired to visualize the very low levels of phospho-eIF2α. (E, left) Cytoplasmic lysates from HCoV-OC43-infected MRC-5 cells treated
with STM2120 (gray) or STM2457 (yellow) for 24 h prior to harvestwere fractionated over a 10%–50%sucrose gradient, and the absorbance
at 254nm is shownwith ribosomal peaks indicated. (Right) The relative abundance of viralNandORF1a/bRNAsandhostGAPDHmRNA
in each gradient fraction was determined by RT-qPCR, and the sum of polysomal mRNA (fractions 13–20) under each drug treatment is
presented. A representative experiment of two biological replicates in which similar results were obtained is shown.
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coronavirus replication and that inMRC-5 cells their sub-
cellular localization can be altered by HCoV-OC43 infec-
tion. A recent study characterizing the interactome of
SARS-CoV-2 identified YTHDF2, but not YTHDF1 or
YTHDF3, associated with viral RNA (Schmidt et al.
2020). Failure to identify YTHDF proteins may reflect
their reported low abundance in human cells (Zaccara
and Jaffrey 2020). Similarly, several recent genome-wide
CRISPR-Cas9 screens failed to implicate YTH domain
proteins in the control of β-coronavirus replication (Dani-
loski et al. 2021; Schneider et al. 2021; Wang et al. 2021;
Wei et al. 2021). By their design, these pooled screens in-
clude a period of expansion and selection after the target-
ing vectors are introduced and also present the virus with
the mix of cells with different gene disruptions, that to-
gether may limit the detection of factors that influence
replication and spread rather than cell entry. Transient
knockdown of an individual reader presents a more uni-
form cell population and may be sufficiently short term
to minimize compensatory changes in the expression of
other factors. It is worth noting, however, that indirect
m6A readers from the IGF2BP protein family (Sun et al.
2019) have been identified in multiple SARS-CoV-2
RNA interactome studies, supporting the idea that m6A
installation onto viral RNAs influences the RNA-protein
interactome (Flynn et al. 2020; Schmidt et al. 2020; Lee
et al. 2021). Whether these associations are dependent
on RNA methylation by METTL3 needs to be tested.

Collectively, our results reveal that a functioning m6A
RNA modification pathway is beneficial to β-coronavirus
reproduction and provides a proof of concept that target-
ing cellular components of this now intensively studied
RNA modification pathway could ultimately lead to
new therapeutic opportunities to control these important
viral pathogens.

Materials and methods

Viruses and cell lines

SARS-CoV-2, isolate USA-WA1/2020 (BEI Resources NR52281, a
gift from Dr. Mark Mulligan, New York University Langone
Vaccine Center) was amplified once in Vero E6 cells (P1 from the
original BEI stock). Briefly, a 90%–95% confluent T175 flask of 1
×107 Vero E6 cells was infected with 10 μL of the BEI stock in 3
mL of SARS-CoV-2 infection media (DMEM, 2% FBS, 1%
NEAA, 10mMHEPES at pH 7.0) for 1 h. After 1 h, 15mL of infec-
tionmediawas added to the inoculum and cells were incubated for
72h at 37°Cand 5%CO2.After 72h, the supernatantwas collected
and the monolayer frozen and thawed once. Both supernatant and
cellular fractions were combined, centrifuged at 1200 rpm for 5
min, and filtered using a 0.22-μm Steriflip filter unit (Millipore).
The mNeonGreen expressing SARS-CoV-2 recombinant
(icSARS-CoV-2-mNG) based on isolate USA/WA/1/2020 (Xie
et al. 2020) was obtained from the UTMBWorld Reference Center
for Emerging Viruses and Arboviruses and similarly amplified by
using 50 μL of original stock to inoculate each T175 flask of Vero
E6 cells. All experiments with SARS-CoV-2 were performed in
the CDC/USDA-approved BSL-3 facility in compliance with the
NYU School of Medicine guidelines for biosafety level 3.
HCoV-OC43 was obtained from ATCC (ATCC VR-1558) and

propagated in MRC-5 cells. We added 3× 106 plaque-forming

units (pfu) of passage 1 stock to a 90%–95% confluent 10-cm
dish of MRC-5 cells in OC43 infection media (DMEM, 2% FBS,
penicillin/streptomycin) and incubated it for 4 d at 33°C. The
cell monolayer was detached using a cell scraper, collected with
the supernatant, and centrifuged at 1000g for 5 min to remove
debris. Tissue culture infectious dose 50 (TCID50) was estab-
lished on MRC-5 cells and working titer (plaque-forming units
per milliliter) estimated to be 0.7 TCID50/mL.
A549 cells stably expressing humanACE2 (A549+ACE2 [de Vries

et al. 2021]), a kind gift of Adil Mohamed and Meike Dittmann
(New York University School of Medicine), were maintained in
DMEM, 10% fetal bovine serum, and penicillin/streptomycin
at 37 °Cwith 5%CO2. Cells were supplemented with puromycin
(2 μg/mL) every other passage. Vero E6 cells (ATCC CLR-1586)
weremaintained inDMEM, 10%FBS, 1%nonessential amino ac-
ids (NEAA), and penicillin/streptomycin at 37°C with 5% CO2.
MRC-5 cells (ATCC CCL-171) were maintained in DMEM, 5%
FBS, and penicillin/streptomycin at 37°Cwith 5%CO2 for amax-
imum of 24 passages from original stocks.

Cellinsight CX7 LZR high-content screening platform

To monitor virus spread in drug treatment and gene knockdown
conditions, cells were seeded in black-walled clear-bottom 96-
well plates. For icSARS-CoV-2-mNG infection of A549+ACE2
cells, the next day media was removed and replaced with media
containing drugs or vehicle control (DMSO) 2 h prior to infection.
Cells were infected in SARS-CoV-2 infection media at MOI =0.1
in the presence of drugs/vehicle and incubated for 48 h at 37°C.
Cells were fixed in a 10% formalin solution for 30 min and per-
meabilized in 0.5% Triton X-100 in PBS for 15 min prior to
DAPI staining and a final PBS wash before analysis. For HCoV-
OC43 infections, MRC-5 cells were infected at MOI =0.001 in
OC43 infection media at 33°C. At 48 hpi, cells were fixed in
4% paraformaldehyde for 30 min and permeabilized in 0.5% Tri-
ton X-100 in PBS for 15 min before blocking in immunofluores-
cence blocking buffer (4% FBS in PBS) for 1 h. Infected cells
were detected by incubation with anti-OC43-N antibody
(1:1000) overnight at 4°C followed by incubation with antimouse
Alexa Fluor 647 secondary (Invitrogen A32787) and DAPI for 2 h
at room temperature. Plates were imaged using a CellInsight CX7
LZR high-content screening platform by collecting nine images
at 4× magnification to cover the entire well. HCS Navigator soft-
ware was used to quantify cell number by DAPI staining and the
percentage infected cells, indicated by either mNeonGreen or
Alexa Fluor 647 positivity.

Plaque assays and TCID50 determination

SARS-CoV-2 titers were determined by plaque assay on Vero E6
cells. In brief, 5 × 105 Vero E6 cells/well were seeded in a
12-well plate. The next day, serial 10-fold dilutions of virus in
DMEM supplemented with 2% FBS were added to the cells and
incubated for 1 h at 37°C. Cells were then overlaidwith 0.8% aga-
rose in DMEM+2% FBS and incubated for 72 h at 37°C. Cells
were fixed with 10% formalin, and after agarose plug removal,
stained with crystal violet. OC43 virus stock and experiment su-
pernatants were titrated by establishing the tissue culture infec-
tious dose (TCID50) on MRC-5 cells, scoring for CPE after
incubation for 7 d at 33°C. Data are presented as mean±SEM of
at least five experiments.

Inhibitor treatments

Small molecule inhibitors STM2120, STM2457, and remdesivir
(Medchem Express HY-104077) were reconstituted in DMSO as
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a 10 mM stock solution and subsequently diluted in appropriate
infection media prior to cell treatment. Stocks of the STM com-
pounds were stored at −20°C, whereas remdesivir was stored at
−80°C. The pan-Janus protein tyrosine kinase (JAK) inhibitor pyr-
idone 6 (Millipore-Sigma 420099) was reconstituted in DMSO
and used at 10 µM.

Cell viability assay

To determine viability, cells were seeded to opaquewhite 96-well
plates. The next day, cells were drug- or vehicle-treated and incu-
bated as in infection experiments (for example, treated-MRC-5
cells were placed for 48 h at 33°C). ATP levels were then assayed
using Celltiterglo2.0 (Promega G9242) according to the manufac-
turer’s instructions. Luciferase signal was read on a Perkin Elmer
Envision 2103 multilabel reader, and 24-h 1 µM staurosporine
treatment used as a positive control for assay sensitivity.

RT-qPCR analysis

Total RNAwas isolated from infected cells usingTRIzol. For each
sample, 500 ng of RNA was subject to cDNA synthesis using
qScript XLT (Quanta). Quantitative PCR (qPCR) reactions were
conducted using Bio-Rad SsoAdvanced SYBR Green supermix
and a Bio-Rad CFX96 real-time system. Primer sequences are de-
tailed in Supplemental Table S1. For each biological replicate,
technical duplicates were conducted. mRNA levels relative to
18S rRNA were calculated using the ΔΔCT method, and statisti-
cal analyses were performed using GraphPad Prism.

Polysome analysis and metabolic labeling with 35S amino acids

MRC-5 cells (7.2 × 106) were incubated with 100 μg/mL cyclohex-
imide (SigmaC7698) for 10min at 37°C and 5%CO2 prior to lysis
inpolysome lysis buffer (20mMTris atpH7.5, 0.05MKCl, 10mM
MgCl2, 100 μg/mL cycloheximide) containing 1% Triton X-100
and 100 U/mL RiboLock RNase inhibitor (ThermoFisher Scien-
tific, EO0381). After incubation for 10min on ice, nucleiwere pel-
leted by centrifugation at 20,000g in a tabletop microfuge for
5 min at 4°C. Cytoplasmic lysate was layered onto 10%–50%
sucrose gradients (in polysome lysis buffer with 100 μg/mL cyclo-
heximide) in thin-wall polypropylene ultracentrifuge tubes (Beck-
man Coulter 331372). Gradients were centrifuged at 38,000 rpm
for 2.25h at 4°C in a SW41Ti rotor (BeckmanCoulter 331362). Ab-
sorbance profiles were produced by pumping the gradients
through a flow cell while measuring the absorbance of RNA at
254 nm using a Density Gradient Fractionation System (Brandel,
BR-188). RNA was isolated using Trizol and an equal volume
from each fraction subject to cDNA synthesis and subsequent
RT-qPCRas detailed above.Metabolic labeling of 35S-amino acids
was performed as previously described (Burgess and Mohr 2015).

Immunoblotting and cell fractionation

Antibodies and their corresponding dilutions used for immuno-
blotting are listed in Supplemental Table S2. Immunoblots
were visualized using an iBright system CL1000 system (Life
Technologies). To generate particulate (nuclear) and soluble (cy-
toplasmic) fractions, uninfected and HCoV-OC43-infected
MRC5 cells were lysed by resuspension in low-salt buffer
(20 mM HEPES at pH 7.9, 10% glycerol, 1.5 mM MgCl2, 0.05%
NP40, protease inhibitors) and incubated for 5 min on ice before
centrifugation at 1000g for 5 min at 4°C. The supernatant (cyto-
solic fraction) was collected and saved. The nuclear pellet was
washed with the same buffer once and resuspended in 1×

Laemmli sample buffer and denatured for 5 min at 100°C and
saved (nuclear fraction). Lysis and subcellular fractionation effi-
ciency was monitored by blotting for β-tubulin (cytoplasmic)
and histone H3 (nuclear).

RNA interference screen

siRNAs used are detailed in Supplemental Table S3. Cells were
seeded to clear-bottom, black-walled 96-well plates and transfect-
ed the next day using 3 µL/mL Lipofectamine RNAiMax (Life
Technologies) at a final siRNA concentration of 20 nM. Three
days after transfection, MRC-5 cells were infected with OC43 at
MOI=0.001 and A549+ACE2 cells infected with icSARS-CoV-2-
mNG at MOI =0.1. At 48 hpi, cells were fixed and stained as de-
tailed above prior to infected cell quantification. Knockdown effi-
ciency was established by reproducing transfection conditions in
12-well plates and assaying target protein depletion by immuno-
blotting where possible or target mRNA depletion by RT-qPCR.

Indirect immunofluorescence

Cells were seeded in chamberwell slides and, following infection,
fixed in 4% paraformaldehyde for 15min and permeabilized with
0.2% Triton X-100 in PBS for 15 min. Cells were then incubated
with blocking solution (4% FBS in PBS) for 1 h at room tempera-
ture and incubated with primary antibodies diluted in blocking
solution overnight at 4°C. For the dsRNA primary (J2) antibody,
incubation was for 2 h at room temperature. Primary antibody di-
lutions used are listed in Supplemental Table S2. Cells were
washed five timeswith PBS, incubatedwith antimouse IgGAlexa
Fluor-488 (Invitrogen A11029) or antirabbit IgG Alexa Fluor-555
antibodies (Invitrogen A21429) diluted in blocking solution for
40 min at room temperature, washed five times with PBS, and
costained with DAPI in the penultimate wash prior to mounting
in fluorescence mounting medium (Dako S302380-2). For m6A
factor subcellular localization, cells were imaged using a Zeiss
880 confocal microscope at 63× magnification, and the nuclear
signal intensities in uninfected and infected cells (≥100 cells/con-
dition) were quantified using ImageJ (Schneider et al. 2012). Stat-
istical data are presented as the mean±SEM, as described in the
corresponding figure legends, and statistical significance was de-
termined using an F-test with GraphPad Prism 8. P <0.05 was
considered to be statistically significant. For dsRNA and N pro-
tein localization following drug treatment, cells were visualized
using a Leica DM5000 microscope with a 63× objective using
Leica Imaging LAS V4.3 software.

In vitro methyltransferase assay

Theenzymatic assaywasestablished to determine IC50values for
the inhibition of RNA methyltransferase activity. The enzyme
used was full-length his-tagged METTL3 coexpressed with full
length FLAG-taggedMETTL14 produced in a baculovirus expres-
sion system. The enzyme complexwas purified using standard af-
finity chromatography. Enzymatic reactions were performed at
room temperature in 384-well plates using a final reaction volume
of 20µLcontaining 20mMTrisCl (pH7.6), 1mMDTT, and0.01%
Tween-20.A final concentration of 5nMifMETTL3/14was prein-
cubated with different compound concentrations for 10 min, fol-
lowed by addition of 0.2 µM final concentration synthetic RNA
substrate (5′-UACACUCGAUCUGGACUAAAGCUGCUC-3′)
and 0.5 µM final concentrationmethyl-donor S-adenosyl methio-
nine (SAM). The reaction was incubated for a further 60 min at
room temperature, and then quenched by the addition of 40 μL
of 7.5% TCA with internal standard. After termination, plates
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were sealed, centrifuged, and stored at 4°C until analysis.
METTL3 activity was assessed using the RapidFire mass spec-
trometry (RF/MS) platformtomeasure theS-adenosylhomocyste-
ine (SAH) product. Stopped and stable assay plates were analyzed
on the Agilent RF300 integrated autosampler/solid phase extrac-
tion (SPE) system coupled to an ABSciex 4000mass spectrometer
for the quantification of the SAH and normalized to the ratio of
signal of two internal standards. Themass transition for the prod-
uct (SAH) was 384.9/135.9 Da. Transitions of the internal stan-
dard were used for normalization of matrix effects. IC50 values
were calculated based on dilution series of individual compounds.
Potency of a compound wasmeasured at varied inhibitor concen-
trations and normalized to control wells without RNA substrate
and without inhibitor (DMSO only).

RNA nucleoside quantification by mass spectrometry

Kasumi-1 cells were grown inRPMI-1640 supplementedwith 20%
FBSandmaintained inculture between0.3 ×106 and1.5 ×106 cells/
mL.Cellswerewashed inPBSand resuspended inRPMI-1640with-
out L-methionine (Thermo Fisher Scientific), 20%FBS, and 30mg/
L L-methionine (99% methyl-13C; 98% methyl-D3) (Cambridge
Isotope Laboratories). Cells were plated into round-bottom low-at-
tachment 96-well plates (Corning) at 25,000 cells per well, with
compounds, and incubated for 16h.Foranalysis, cellswerepelleted
and snap-frozen at −80°C for 10 min. The plate was then thawed
and toeachwellwasadded100μLofnucleasedigestmixcontaining
62.5 U of benzonase (SigmaAldrich), 5 U of Antarctic phosphatase
(NEB), and 10 mU/µL phosphodiesterase I (Sigma Aldrich) in 20
mMTris-HCl (pH 8), 20mMMgCl2, and 100mMNaCl, and incu-
bated overnight at 37°C. One-hundredmicroliters of ice-cold 0.1%
formic acid containing 1 µg/mL uridine-13C9,15N2 was added to
each well and transferred to an AcroPrep Advance 96-well 30-
kDamolecularweight cutoff filter plate (Pall Laboratories) andcen-
trifuged at 2000g for 10min intoa fresh96-well plate. Sampleswere
analyzed on a 4500 triple-quad mass spectrometer (Sciex) fed by a
Dionex U3000 standard-flow UPLC (Thermo). Separation was
achieved with a gradient of 2%–10% acetonitrile with a constant
concentrationof0.1%formicacidonanAcquityUPLCHSST3col-
umn, 100 Å, 1.8 µm, 2.1 mm×100 mm, which was held at 15°C.
The following transitions were monitored for the specified ana-
lytes: adenosine: 268.06>135.80; cytidine: 244.06>111.90; guano-
sine: 284.11>152.10; uridine: 245.02>113.0; heavyuridine: 256.03
>119.00; m6A: 282.08>149.90; and heavy m6A: 286.08>153.90.

RNA extraction, meRIP, and sequencing library preparation

The following protocol was adapted from Zeng et al. (2018).
Briefly, total RNAwas isolated from infected and uninfected cells
using Trizol and up to 10 µg was treated with 2 U of DNase I
(Roche Diagnostics) for 10 min at 37°C. RNAwas fragmented us-
ing 10× RNA fragmentation buffer (Thermo Fisher Scientific) in a
preheated thermocycler for 6 min at 70°C before stopping the re-
action with 0.5 M EDTA and incubating on ice. Following etha-
nol purification, 10% of fragmented RNA was retained as input
while the remainder was subjected to meRIP. Briefly, a 50:50
mix of protein A and protein G beads was washed with 1× IP buff-
er (150 mM NaCl, 10 mM Tris-HCl at pH 7.5, 0.1% NP40) and
tumbled with 5 µg of EpiMark N6-methyladenosine antibody
overnight at 4°C. Fragmented RNA was incubated at 4°C with
the antibody-bead conjugate for 2 h and subsequently washed
once with 1× IP buffer, and twice each with 1× low-salt (50 mM
NaCl, 10 mM Tris-HCl at pH 7.5, 0.1% NP40) and 1× high-salt
(500mMNaCl, 10mMTris-HCl at ifpH 7.5, 0.1%NP40) IP buffer
before eluting in 200 µL of RLT buffer from an RNeasy kit (Qia-

gen) and extracting according to the manufacturer’s protocol be-
fore eluting in 14 µL of nuclease-free H20.
meRIP validation was performed by synthesizing cDNA using

the high-capacity cDNA reverse transcription kit (Thermo Fisher
Scientific) for quantitative real-time PCR using primers targeting
GAPDH and SETD7 (Zeng et al. 2018) with a minimum of a
50-fold increase in SETD7 relative to GAPDH required for a
meRIP sample to be considered successful.
Sequencing libraries for input and IP fractions were prepared

using the SMARTer stranded total RNA-seqkit version 2 (Pico in-
put mammalian, Takara Biosciences) with the following modifi-
cations. IP (3.5 µL ) and 100 ng of input were used as starting
material, entering the protocol at the addition of first strand
cDNA synthesis mix (i.e., skipping fragmentation). For the final
PCR step, 12 cycles of amplification were used for input samples
and 16 cycles for IP. Purified, indexed libraries were subsequently
multiplexed and sequenced in paired-endmode (100 cycles) on an
Illumina NovaSeq SP1 flowcell.

meRIP-seq data processing and alignment

Sequence read data sets were trimmed using TrimGalore (https://
www.bioinformatics.babraham.ac.uk/projects/trim_galore) to re-
move adapter sequences, low-quality bases at the 3′ ends, and the
first three nucleotides on the R2 read (trim_galore –paired –length
30 –clip_R2 3). This latter step is required to remove additional
adapter sequence present at the 5′ end. Processed data sets were
competitively aligned using STAR, a splice-aware aligner (Dobin
et al. 2013), against a genome indexcombining thehumangenome
(hg38), the HCoV-OC43 reference genome (NC_006213.1), and
the SARS-CoV-2 WA1 strain (MN985325.1). Only uniquely
aligned reads were retained (–outFilterMultimapNmax 1) for
downstreamprocessingwith SAMtools (Li et al. 2009). Here, sort-
ed BAMfileswere split to provide separate files for each genomese-
quence and the SARS-CoV-2 andHCoV-OC43 data sets (input and
IP) normalized by randomly sampling to produce, respectively,
500,000 and 200,000 unique alignments using reformat.sh from
the bbmap package (https://sourceforge.net/projects/bbmap).
To examine the variability between conditions and biological

replicates, input and IP data sets were also pseudoaligned against
the hg38 transcriptome (protein coding and long noncoding
RNAs) using Kallisto (Bray et al. 2016) with subsequent transcript
counts converted to gene counts. Variance stabilizing transfor-
mation was then used prior to generating sample distance corre-
lation matrices.

meRIP-seq peak-calling

Peak calling for hg38 was performed using ExomePeak2 (Meng
et al. 2014) with the following flags (paired_end=true, library_ty-
pe=1st_strand, consistent_peak=TRUE, genome=“hg38,” peak_-
calling_mode=”full_tx”), and only consistently detected peaks
with Padj < 0.05 were considered true positives. Each data set
(comprising six biological replicates of input and IP) was analyzed
individually and comparatively (SARS-CoV-2-infected vs. unin-
fected, and HCoV-OC43-infected vs. uninfected).
Peak calling for SARS-CoV-2 and HCoV-OC43 was performed

on sampled BAM files using MACS2 (Zhang et al. 2008) with
the following flags (-f BAMPE -g 30000 -q 0.05 -B –call-summits
–keep-dup auto –nomodel –extsize 150).

Motif discovery and metagene analysis

Peak ranges derived fromthe exomePeak2 analyseswere processed
using the findMotifsGenome.pl from the HOMER package (Heinz

Burgess et al.

1016 GENES & DEVELOPMENT

https://www.bioinformatics.babraham.ac.uk/projects/trim_galore
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore
https://sourceforge.net/projects/bbmap
https://sourceforge.net/projects/bbmap
https://sourceforge.net/projects/bbmap
https://sourceforge.net/projects/bbmap


et al. 2010) using the following parameters: -mask -size given -nor-
evopp -S 5, -len 5,6,7,8,10,12.Metagene analysis was performedus-
ing metaPlotR (https://github.com/olarerin/metaPlotR).

Nanopore direct RNA sequencing

Direct RNA sequencing libraries were generated from 400–1000
ng of poly(A) RNA, isolated using theDynabeadsmRNApurifica-
tion lit (Invitrogen 61006). Isolated poly(A) RNA was subse-
quently spiked with 0.5 µL of a synthetic Enolase 2 (ENO2)
calibration RNA (Oxford Nanopore Technologies Ltd.) and pre-
pared for sequencing using the SQK-RNA002 edition of the man-
ufacturer’s protocol with the following modifications: First
strand synthesis was performed using SuperScript IV (Thermo
Fisher Scientific) and the incubation time adjusted to 90 min.
Sequencing was performed on a MinION MkIb using R9.4.1

(rev D) flow cells (Oxford Nanopore Technologies Ltd.) for
24–48 h (one library per flowcell), yielding between ∼170,000
and 870,000 reads per data set. Raw fast5 data setswere basecalled
usingGuppy v3.6.0 (-c rna_r9.4.1_70bps_hac.cfg -r –calib_detect –
trim_strategy rna –reverse_sequence true) with only reads in
passing filter used for subsequent analyses.
Sequence reads were aligned against either the SARS-CoV-2

(MN985325.1) or HCoV-OC43 (NC_006213.1) genome sequence,
using MiniMap2 (-ax splice -k 8 -w 3 -g 30000 -G 30000 -C0 -un
–no-end-flt –splice-flank=no), a splice aware aligner (Li 2018),
with subsequent parsing through SAMtools and BEDtools (Quin-
lan andHall 2010). Subsequent analyseswere carried out using ei-
ther the complete aligned data set (full exome) or a processed data
set (processed exome) in which only viral reads containing the
SARS-CoV-2 or HCoV-OC43 leader sequence (LS) and poly(A)
tail were retained (22%–68%of reads).We additionally performed
isoform-level alignment with MiniMap2 (-ax map-ont -L -p 0.99)
against both viral transcriptomes (derived from their canonical
transcript annotations) and an hg38 transcriptome comprising
protein coding and long noncoding RNAs. Here, additional pars-
ing with SAMtools (-F 2324 -q 10) was used to retain only primary
alignments (SAM flag 0) with mapping qualities (MapQ) > 0.

RNA modification detection

We used DRUMMER (https://github.com/DepledgeLab/
DRUMMER) to perform comparative profiling of DRS data sets.
When presented with two data sets aligned against the same ge-
nome or transcriptome (e.g., aligned DRS data sets derived from
SARS-CoV-2-infected MRC-5 cells treated with either the
METTL3 inhibitor STM2457 or noninhibiting control STM2120),
DRUMMER identifies individual nucleotides at which basecall er-
ror rates differ in a statistically robustmanner (Price et al. 2020). Al-
ternative profiling using ELIGOS2 (Jenjaroenpun et al. 2021) was
performed using the Full Exome data set with the following flags
“–pval 0.05 –oddR 1.5 –esb 0.”

Data visualization

Coverage plots and transcriptomemaps were generated using the
R Bioconductor packages Gviz (Hahne and Ivanek 2016) and
GenomicFeatures (Lawrence et al. 2013). Sequence motif logos
were generated using Seq2Logo (Thomsen and Nielsen 2012).
Metagene plots were produced by ggplot2 (Wickham 2016).

Data availability

All sequencing data sets associated with this study have been
deposited as fastq (Illumina) or fast5 (nanopore) at the European

Nucleotide Archive (ENA) under the project accession
PRJEB42052.
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