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SUMMARY
It is urgent and important to understand the relationship of the widespread severe acute respiratory syn-
drome coronavirus clade 2 (SARS-CoV-2) with host immune response and study the underlining molecular
mechanism. N6-methylation of adenosine (m6A) in RNA regulates many physiological and disease pro-
cesses. Here, we investigate m6A modification of the SARS-CoV-2 gene in regulating the host cell innate im-
mune response. Our data show that the SARS-CoV-2 virus has m6A modifications that are enriched in the 30

end of the viral genome. We find that depletion of the host cell m6A methyltransferase METTL3 decreases
m6A levels in SARS-CoV-2 and host genes, and m6A reduction in viral RNA increases RIG-I binding and sub-
sequently enhances the downstream innate immune signaling pathway and inflammatory gene expression.
METTL3 expression is reduced and inflammatory genes are induced in patients with severe coronavirus dis-
ease 2019 (COVID-19). These findings will aid in the understanding of COVID-19 pathogenesis and the design
of future studies regulating innate immunity for COVID-19 treatment.
INTRODUCTION

Coronavirus disease 2019 (COVID-19) caused by severe acute

respiratory syndrome coronavirus clade 2 (SARS-CoV-2) has

become a globe health emergency since its outbreak in 2019

(Lu et al., 2020b). Aged and immune-deficient people are more

prone to complications and death by infection. The immune

response to the viral infection is an important step to control viral

replication and pathological symptoms such as acute respiratory

distress syndrome (ARDS) (Huang et al., 2020; Xu et al., 2020).

Innate immune signaling is the first response of the host cell to

viral infection. Pattern recognition receptors (PRRs) such as

RIG-I-like receptor (RLR) and Toll-like receptor (TLR) recognize

pathogen-associated molecular patterns (PAMPs) of virus and

activate signaling cascades to stimulate interferon (IFN) and in-

flammatory cytokines and chemokines to mount the initial anti-

viral response (Jensen and Thomsen, 2012). The induced cyto-

kines and chemokines are required for initial immune response

but excessive activation may cause cytokine storm and ARDS
This is an open access article under the CC BY-N
and exacerbate the disease at late stage (Catanzaro et al.,

2020; Qin et al., 2020; Xu et al., 2020). SARS-CoV-2 has evolved

mechanisms to escape the host cell innate immune response,

such asmimicking the host cappingmachinery and 20-O-methyl-

ation by its Nsp16/Nsp10 complex in ORF1ab or inhibiting IFN

production and downstream IFN signaling by Nsp1/Nsp3/

Nsp6/Nsp12/Nsp13/Nsp14/Nsp15, ORF3a/ORF6/ORF7, or

membrane (M) (Krafcikova et al., 2020; Lei et al., 2020; Xia

et al., 2020; Yuen et al., 2020).Viruses may also utilize host cell

components to evade immune surveillance. Studies have shown

that RNA modifications such as N6-methylation of adenosine

(m6A) greatly suppress innate immune recognition and RIG-I

binding or innate immune response (Durbin et al., 2016; Karikó

et al., 2005; Kim et al., 2020; Lu et al., 2020a). m6A is the most

abundant and widely studied internal RNA modification in eu-

karyotes, and it has been found in several types of viruses,

including the ones that only replicate in cytoplasm, such as Hep-

atitis C virus (HCV), Zika Virus (ZIKV), Dengue virus (DENV), West

Nile Virus (WNV), and yellow fever virus (Gokhale et al., 2016;
Cell Reports 35, 109091, May 11, 2021 ª 2021 The Authors. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Hao et al., 2019; Lichinchi et al., 2016b; McIntyre et al., 2018).

m6A plays important roles in viral replication, RNA assembly,

and innate immune responses (Gokhale et al., 2016; Lichinchi

et al., 2016b; Lu et al., 2020a). It is urgent and important to deter-

mine whether the SARS-CoV-2 genome contains RNAmodifica-

tions and their functional relevance to the host cell innate im-

mune response during viral infection. In this study, we report

the presence of m6A modification in SARS-CoV-2 RNA and

discover the roles and molecular mechanism of m6A of the viral

genome and host factors in the host cell innate response during

SARS-CoV-2 infection.

RESULTS

SARS-CoV-2 viral RNA is chemically modified, and m6A
is enriched in the nucleocapsid (N) region of the viral
genome
To investigate the epitranscriptomic profile of the SARS-CoV-2

virus, we purified viral RNA from Vero cells, analyzed its purity,

and examined RNA chemical modifications by mass spectrom-

etry (Figures S1A and S1B). By using liquid chromatography-tan-

dem mass spectrometry (LC-MS/MS and MS/MS/MS), together

with stable-isotope-labeled ribonucleosides as internal stan-

dards or surrogate standards, we were able to reliably detect a

number of modified ribonucleosides in SARS-CoV-2 RNA,

including 20-O-methylated derivatives of all four canonical nucle-

osides (Am, Cm, Um, and Gm), several modified cytidine deriva-

tives (ac4C, m3C, and m5C), two modified uridine derivatives (J

andm5U), and twomodified adenosines (m6A andm6,6A). Addi-

tionally, we were also able to detect 2-thiocytidine, though its

level was not quantified. Among these modifications, m6A ac-

counts for 0.096% of adenosine in the virus, and the estimated

number of m6A-modified sites is 8 (8,954 adenosines 3

0.096%) (Figure S1B).

To validate the mass spectrometric data and examine the dis-

tribution of m6A, we performed methylated (m6A) RNA immuno-

precipitation sequencing (MeRIP-seq) for the full-length SARS-

CoV-2 viral RNA purified from Vero cells. In order to obtain the

most reliable regions and peaks of m6A in the genome, we
Figure 1. SARS-CoV-2 viral RNA contains m6A modifications, and ME

(A) Genome browser tracks for input and MeRIP of SARS-CoV-2 viral RNA isolate

MACS2 without removing duplicates (upper panel) or with removing duplicates (l

peaks are shown under the MeRIP track of each condition. The scale of the peak

view shows the enrichment of m6A signals in the nucleocapsid (N) region of the

(B) MeRIP-qPCR of SARS-CoV-2 viral RNA. IgG control and m6A antibody were

different regions of the N (N-1 to N-4) and E genes were used to quantify viral RN

(C) METTL3 is present in both the nuclear and cytosolic fractions of Caco-2 cell

fraction marker protein beta-actin were examined by western blotting.

(D)METTL3 knockdown (KD) efficiency was examined by qRT-PCR in Caco-2 cell

as the mean ± SEM. Group means were compared by Student’s t test. *p < 0.05

(E) Cell proliferation of control and METTL3 KD Caco-2 cells was evaluated by c

(F) Genome browser tracks for input and MeRIP of SARS-CoV-2 viral RNA from

alignedwith STAR, and peaks were called byMACS2without removing duplicates

green. Bed files of the called peaks are shown under the MeRIP track of each con

shown in the corner. Enlarged view shows the m6A signals in the N region of the

(G) MeRIP-qPCR of viral RNAs from SARS-CoV-2-infected control and METTL

containing equal amounts of viral RNA. Primers amplifying different regions of the

negative control. N = 3. Data are presented as the mean ± SEM. Group means w

See also Figures S1 and S2 and Tables S1, S2, and S4.
applied two different aligners (STAR and Bowtie2) and peak call-

ingmethods (MACS2 andm6A viewer), as well as removed or did

not remove duplicates, to further confirm the common regions

and peaks of m6A in the SARS-CoV-2 genome. We found that

m6A peaks are present in ORF1ab and 30 end of viral genome,

especially the N region of SARS-CoV-2 viral RNA detected by

every method and strategy we used (Figures 1A and S1C–

S1E). We have summarized the detected peak regions in Table

S1. To further validate our MeRIP-seq data, we performed

MeRIP-qRT-PCR for SARS-CoV-2 viral RNA purified from Vero

cells to assess m6A enrichment over immunoglobulin G (IgG)

control by using four different primers in the N region and one

primer in the envelope (E) region. As shown in Figure 1B, we

observed m6A modification enriched in N-3 and N-4 regions,

while other regions had limited enrichment over IgG (N-1 and

N-2) or very few immunoprecipitation (IP) fragments (E). Alto-

gether, these results show that SARS-CoV-2 viral RNA contains

m6Amodifications, which are enriched in the N region of the viral

genome.

METTL3 knockdown (KD) reduces m6A modification of
SARS-CoV-2 RNA
To determine whether the m6A modification in SARS-CoV-2

RNAwas regulated by the host RNAmethyltransferase complex,

we depleted METTL3, which is a catalytic subunit of m6A meth-

yltransferase complex, and analyzed m6A levels in viral RNA.

First, we examined METTL3 subcellular localization, and it was

readily detected in both the cytosolic (Cyto) and nuclear (Nuc)

fractions of SARS-CoV-2-permissive human colorectal adeno-

carcinoma Caco-2 cells (Figure 1C). Then, we knocked down

METTL3 using two different small hairpin RNAs (shRNAs) in

Caco-2 cells, and cell viability and proliferation were not obvi-

ously affected by METTL3 depletion (Figures 1D and 1E).

Caco-2 stable cell lines expressing shRNAs for non-targeting

control or METTL3 were infected with USA-WA1/2020 SARS-

CoV-2 at MOI = 2 and supernatant or cellular RNAs were ex-

tracted 24 h post-infection. Then, we performed MeRIP-seq for

viral RNAs collected from infected Caco-2 cells, and then

compared m6A levels of SARS-CoV-2 virus from control and
TTL3 depletion reduced m6A levels in SARS-CoV-2 viral RNA

d from Vero cells. Reads were aligned with Bowtie2, and peaks were called by

ower panel). Input is indicated in blue and MeRIP in red. Bed files of the called

density is set to be the same for all groups and is shown in the corner. Enlarged

SARS-CoV-2 virus.

added in IP lysates containing equal amounts of viral RNA. Primers amplifying

A. N = 2.

s. Levels of METTL3, the nuclear fraction marker lamin A/C, and the cytosolic

s. Two different shRNAswere used to target METTL3. N = 3. Data are presented

.

olorimetric MTS assay. N = 3.

control and METTL3 KD Caco-2 cells infected with SARS-CoV-2. Reads were

. Input is indicated in blue, MeRIP of control in red, andMeRIP ofMETTL3 KD in

dition. The scale of the peak density is set to be the same for all groups and is

SARS-CoV-2 virus.

3 KD Caco-2 cells. IgG control and m6A antibody were added in IP lysates

N (N-1 to N-4) and E genes were used to quantify viral RNA. GAPDH served as a

ere compared by Student’s t test. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 2. METTL3 depletion reduced viral load and proviral gene expression during SARS-CoV-2 infection

(A and B) METTL3 (A) and METTL14 (B) KD efficiency was examined by qRT-PCR in Caco-2, Caco-2-shControl, Caco-2-shMETTL3 (A), or Caco-2-shMETTL14

(B) cells after SARS-CoV-2 infection. N = 3. Data are presented as the mean ± SEM. Group means were compared by Student’s t test. *p < 0.05 and ***p < 0.001.

(legend continued on next page)

4 Cell Reports 35, 109091, May 11, 2021

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
METTL3 depleted cells (Lichinchi et al., 2016a, 2016b; Lichinchi

and Rana, 2019). As shown in Figure 1F, m6A peaks were de-

tected in ORF1ab and the 30 end of the viral genome, especially

the N region of viral RNAs from infected Caco-2 cells, which is

similar to the detected m6A peaks in virus obtained from Vero

cells (Figure 1A; Table S2). More importantly, we observed a

decreased m6A occupancy in the N region of SARS-CoV-2 virus

fromMETTL3-depleted cells compared to control (Figure 1F; Ta-

ble S2). We further validated the MeRIP-seq data by MeRIP-RT-

qPCR as shown in Figure 1G (Li et al., 2020; Wang et al., 2020a).

Similar to SARS-CoV-2 viral RNA isolated from Vero cells, we

observed that N-3 and N-4 regions are the most enriched m6A

regions in N compared to IgG control. METTL3 depletion signif-

icantly reduced m6A levels in those regions compared to control

(Figure 1G).

Next, we performed MeRIP-seq for cellular RNAs from SARS-

CoV-2-infected control and METTL3 KD Caco-2 cells. Consis-

tently, the results also showed a reduction in m6A signals in

the N region of the virus with or without removing the duplicate

reads in METTL3-depleted cells compared to control (Fig-

ure S2A; Table S2). Altogether, these data showed that METTL3

depletion in human Caco-2 cells reduced SARS-CoV-2 m6A

levels, with the most obvious reduction of m6A in the 30 viral
genomic region by METTL3 depletion.

Depletion ofm6AmethyltransferaseMETTL3 decreases
SARS-CoV-2 viral load and reduces proviral gene
expression in host cells
Next, we sought to determine the function of METTL3 and m6A

modification during SARS-CoV-2 viral infection. We prepared

Caco-2 cells stably expressing shRNAs with non-targeting con-

trol sequences or targeting m6A methyltransferase METTL3 or

METTL14. Cells were infected with USA-WA1/2020 SARS-

CoV-2 at MOI = 2, and RNA from cellular and supernatant frac-

tions was isolated 24 h post-infection as described previously

(Tiwari et al., 2021; Wang et al., 2020b). Depletion of METTL3

and METTL14 was confirmed before infection (Figures S2B

and S2C) and after SARS-CoV-2 infection by RT-qPCR (Figures

2A-B). The presence of SARS-CoV-2 viral genome was

confirmed in supernatant or cellular RNA after viral infection (Fig-

ures 2C, 2D, and S2D). Our quantitative analysis of viral genes in

supernatant or cellular RNA after infection showed that the viral

load was reduced in METTL3- or METTL14-depleted Caco-2

cells during SARS-CoV-2 infection (Figure 2C). We next per-

formed RNA sequencing (RNA-seq) for cellular RNAs from
(C) SARS-CoV-2 gene expression of mock-infected Caco-2 cells, and SARS-C

shMETTL14 cells. Cells were collected for RNA extraction and RT-qPCR analysis

are presented. N = 3. Data are presented as the mean ± SEM. Group means we

(D) SARS-CoV-2 viral genome copy number of infected Caco-2, Caco-2-shCo

collected for RNA extraction and qRT-PCR detection. N = 3.

(E) Read coverage of SARS-CoV-2 genome of viral infected shControl and shMET

be the same. N = 3.

(F) Downregulated proviral host genes in METTL3-depleted Caco-2 cells compa

with altered m6A levels determined by MeRIP-seq for cellular RNAs in control an

(G) Genome browser tracks for examples of the downregulated proviral genes with

compared with control Caco-2 cells during SARS-CoV-2 infection. Input is indicat

of the called peaks are shown under theMeRIP track of each condition. The scale

See also Figure S2 and Tables S2, S3, and S4.
shControl and shMETTL3 Caco-2 cells after SARS-CoV-2 infec-

tion. Viral RNA analysis from RNA-seq further confirmed that the

viral gene content was greatly reduced inMETTL3-depleted cells

after viral infection (Figure 2E). These results suggested that sup-

pressing m6A by depletion of methyltransferases METTL3/14

reduced the SARS-CoV-2 viral load in infected cells.

We analyzed host gene expression affected by METTL3 KD in

Caco2 cells during SARS-CoV-2 infection. As several host pro-

viral genes have recently been identified or validated to be

essential for the SARS-CoV-2 life cycle (Cantuti-Castelvetri

et al., 2020; Clausen et al., 2020; Daniloski et al., 2021; Hoffmann

et al., 2020; Wei et al., 2021; Zang et al., 2020; Zhou et al., 2020),

we examined the expression of these proviral genes in control

and METTL3 KD cells during SARS-CoV-2 infection. As shown

in Figure 2F, RNA expression of several of the proviral genes

was decreased in METTL3 KD cells compared to the control-

shRNA-treated cells. To determine the m6A signals of the

downregulated proviral genes in control and METTL3 KD cells,

MeRIP-seq was performed for cellular RNAs upon SARS-CoV-

2 infection. We found that m6A signals were also decreased in

some of the SARS-CoV-2 proviral host factors in METTL3 KD

cells during SARS-CoV-2 infection (Figures 2G, S2E, and S2F;

Table S2). Altogether, our findings of reduced viral load and pro-

viral host factors expression and decreased m6A levels of those

genes in METTL3-depleted Caco-2 cells suggested a vital role of

METTL3 in regulating m6A levels and the host response to

SARS-CoV-2 infection.

Depletion of m6A methyltransferase METTL3 enhances
the expression of host cell innate immune signaling
effector molecules during SARS-CoV-2 infection
m6A modification is an important mechanism for exogenous

RNAs to evade the host innate immune response (Durbin et al.,

2016; Karikó et al., 2005; Kim et al., 2020; Lu et al., 2020a). To

investigate the role of m6A modification of SARS-CoV-2 viral

RNA in the host cell innate immune response, we asked whether

modulating m6A abundance by depletion of host m6A methyl-

transferases would alter host innate immune signaling effector

gene expression during SARS-CoV-2 infection. SARS-CoV-2

viral replication and innate immune responses to viral infection

in human colorectal carcinoma Caco-2 cells resemble ex-vivo-

cultured normal human bronchus, lung, and alveolar epithelial

cells (Hui et al., 2020). Therefore, we performed the following ex-

periments in Caco-2 cells. RNA-seq was performed for control

and METTL3 KD Caco-2 cells upon SARS-CoV-2 infection.
oV-2-infected Caco-2, Caco-2-shControl, Caco-2-shMETTL3, and Caco-2-

. Fold change of SARS-CoV-2 N and E genes over GAPDHwere calculated and

re compared by Student’s t test. **p < 0.01, ***p < 0.001.

ntrol, Caco-2-shMETTL3, and Caco-2-shMETTL14 cells. Supernatants were

TL3 Caco-2 cells analyzed by RNA-seq. The scale of all the samples was set to

red with control cells during SARS-CoV-2 infection. The red star marks genes

d METTL3 KD cells during SARS-CoV-2 infection.

reducedm6A levels (listed in F andmarked with a red star) in METTL3 KD cells

ed in blue, MeRIP of control in red, andMeRIP of METTL3 KD in green. Bed files

of the peak density is set to be the same in the control andMETTL3 KD groups.
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Gene Ontology (GO) analysis of the differentially expressed

genes (DEGs) showed that METTL3-KD-regulated genes were

involved in diverse cellular processes, including metabolic pro-

cesses, immune response, RNA processing, cell cycle, biogen-

esis, signaling pathways, ribosome function, protein modifica-

tion and location, DNA repair, and cell differentiation (Figures

3A and S2G). Notably, immune response genes were enriched

in METTL3-depleted cells after viral infection, which indicates

an early response of the host cell to viral infection and may

directly link to the altered viral m6A modification levels (Figures

3A and 3B). In METTL3-depleted cells, after viral infection,

RNA-seq showed that the upregulated immune response genes

included inflammatory cytokines and chemokines, including

interleukin-8 (IL-8), CXCL1, CXCL3, and CCL20, among others

(Figure 3B). We did not observe significantly altered IFN genes

expression or m6A levels in METTL3 KD cells, suggesting that

the upregulation of cytokines/chemokines was not dependent

on IFN genes in METTL3 KD Caco-2 cells upon SARS-CoV-2

infection (Tables S2 and S3). Furthermore, we examined effector

genes of innate immune response for their mRNA expression in

control or METTL3- or METTL14-depleted Caco-2 cells upon

SARS-CoV-2 infection by qRT-PCR. The primers used are sum-

marized in Table S4. The genes include type I and II IFNs (IFNa,

IFNb1, and IFNg), inflammatory cytokines (IL-6, IL-8, and tumor

necrosis factor [TNF]), chemokines (CXCL10/IP10, CCL5,

CXCL1, CXCL3, and CCL20), and IFN-stimulated genes (ISGs)

(STAT1, STAT2, MX1, and IRF7). We confirmed that both

METTL3 and METTL14 depletion increased cytokine and che-

mokine expression (IL-6, IL-8, TNF, CXCL10/IP10, CXCL1, and

CXCL3), and METTL3 depletion has more dramatic and signifi-

cant effects; however, IFN genes and ISGs were slightly induced

or not changed in METTL3-depleted cells compared to control

during SARS-CoV-2 viral infection (Figure 3C). In addition, the

expression of these inflammation genes was not significantly

changed in METTL3-depleted cells without viral infection (Fig-

ure S3A). These data suggest that the upregulation of chemo-

kine/cytokine gene expression in METTL3-depleted cells is

dependent on viral infection.

To validate our findings, we used lung epithelial cells (Calu-3)

to perform a similar experiment. Calu-3 cells were reported to

induce IFN expression after SARS-CoV-2 infection compared

with noninfected cells under the same infection conditions we

used (MOI = 2; cells were collected at 24 h post-infection)

(Blanco-Melo et al., 2020). First, we checked type I IFN expres-
Figure 3. METTL3/METTL14 depletion enhances innate immune respo

(A) Gene Ontology (GO) analysis of upregulated genes comparing shMETTL3 w

process categories shown have a false discovery rate (FDR) < 0.001.

(B) Log2 fold change of shMETTL3 compared with shControl Caco-2 cells is sho

(C) Gene expression of innate immune pathway downstream effectors was exam

infection. Gene expression changes were compared between shControl and K

compared by Student’s t test. *p < 0.05, **p < 0.01, and ***p < 0.001.

(D) Gene expression of innate immune pathway downstream effectors was exam

CoV-2 infection. Gene expression changes were compared between shControl a

compared by Student’s t test. *p < 0.05, **p < 0.01, and ***p < 0.001.

(E) 1.23 1013 copies of IVT-SARS-CoV-2-N (IVT-CoV-2) RNA with or without calf

plates, and downstream inflammatory and ISG gene expression was examined b

compared by Student’s t test. *p < 0.05, **p < 0.01, and ***p < 0.001.

See also Figures S2 and S3 and Tables S3 and S4.
sion before and after viral infection, and we found that IFNa

and IFNb expression was increased after viral infection, with

over 10-fold induction for IFNb after infection compared with

noninfected cells (Figure S3B). In addition, IFNb is the most

abundant gene among type I and II IFNs after SARS-CoV-2 infec-

tion (Figure S3C). Next, we examined gene KD efficiency of

METTL3 and METTL14 after viral infection by qRT-PCR (Figures

S3D and S3E). SARS-CoV-2 infection was confirmed by exam-

ining viral genes after infection (Figure S3F). Notably, unlike in

Caco-2 cells, METTL3 KD in Calu-3 cells decreased cell prolifer-

ation without viral infection. We then examined downstream

innate immune effector gene expression in Calu-3 cells during

SARS-CoV-2 infection. We found that compared with control

cells, METTL3 depletion significantly enhances IFNb and ISG

expression (STAT1, STAT2, and IRF7) and cytokine/chemokine

expression (IL-6, IL-8, TNF, CXCL10/IP10, CCL5, CXCL1,

CXCL3, and CCL20) after SARS-CoV-2 infection, while

METTL14 KD only increased IFNg, IL-6, TNF, and CXCL3 levels

(Figure 3D). In summary, we found that METTL3 has more dra-

matic and significant effects on upregulation of inflammatory

gene expression than METTL14 depletion in both Caco-2 and

Calu-3 cells during SARS-CoV-2 infection. The effects of

METTL3 depletion on increased inflammatory cytokine/chemo-

kine expression are not dependent on IFN gene induction and

only occur during SARS-CoV-2 infection.

RIG-I binds to SARS-CoV-2 RNA to stimulate
inflammatory gene expression
Our results thus far showed that the SARS-CoV-2 genome has

m6A modifications that are enriched in the N region and that

depletion of the host cell m6A methyltransferase METTL3 en-

hances innate immune signaling target inflammatory gene

expression during SARS-CoV-2 infection. Next, we strived to

delineate the mechanisms of m6A modification of the SARS-

CoV-2 gene in regulating the innate immune response. Recog-

nizing PAMPs by host cell PRRs is the upstream event of inflam-

matory gene induction during RNA viral infection (Akira et al.,

2006). There are two major PRRs in early innate immune re-

sponses to viral infections, TLRs and RLRs (Brubaker et al.,

2015; Loo and Gale, 2011). Unlike TLR, which are mainly

expressed in dendritic cells (DCs) or macrophages, RLRs are re-

ported to be widely expressed cytoplasmic sensors of double-

stranded/single stranded (ds/ss) viral RNA (Jensen and Thom-

sen, 2012; Totura and Baric, 2012). Similarly, we found that
nse effector gene expression during SARS-CoV-2 infection

ith shControl Caco-2 cells after SARS-CoV-2 infection. All of the biological

wn for upregulated immune response genes after SARS-CoV-2 infection.

ined in shControl, shMETTL3, or shMETTL14 Caco-2 cells after SARS-CoV-2

D cells. N = 3. Data are presented as the mean ± SEM. Group means were

ined in Calu-3, shControl, shMETTL3, or shMETTL14 Calu-3 cells after SARS-

nd KD cells. N = 3. Data are presented as the mean ± SEM. Group means were

alkaline phosphatase (CIP) were transfected to Caco-2 cells seeded in 24-well

y qRT-PCR. N = 3. Data are presented as the mean ± SEM. Group means were
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RIG-I is the most expressed upstream RLR/TLR in Caco2 cells

during SARS-CoV-2 infection, and there was no significant

change in RIG-I expression in METTL3 KD cells during SARS-

CoV-2 infection (Table S3). In addition, m6A levels in RIG-I or

any of the innate immune signaling pathway genes were not

changed (Table S2). RLRs were reported to recognize a murine

coronavirus to induce innate immune response (Li et al., 2010),

and it was reported that m6A modification of viral RNA dimin-

ishes the innate immune response by reduced RIG-I binding

(Durbin et al., 2016; Karikó et al., 2005). Therefore, we reasoned

that the upregulation of inflammation genes in METTL3-depleted

cells during SARS-CoV-2 infection may be due to the altered im-

mune signaling mediated by recognition of RIG-I with modified

viral RNA.

To test our hypothesis and investigate the mechanisms, we

prepared in-vitro-transcribed (IVT) capped and uncapped N re-

gion of SARS-CoV-2 virus, which showed enriched m6A modifi-

cation by MeRIP-seq (Figure 1). We transfected the IVT RNA in

three different cell lines to analyze the induction of innate im-

mune downstream effectors. In all the three cell lines we tested,

IVT SARS-CoV-2-N RNA successfully induced IFNb and cyto-

kine/chemokine expression (such as IL-6/IL-8, TNF, CXCL10/

IP10, and CCL5) (Figures S3G–S3I). Among these cell lines,

Caco-2 showed more dramatic reduction of inflammatory gene

expression when transfecting capped comparing with uncapped

RNA. As 50-capped RNA does not trigger RIG-I recognition and

downstream signaling activation (Kell and Gale, 2015), these re-

sults again indicate a potential role of RIG-I in inducing the innate

immune response in Caco-2 cells (Figures S3G–S3I). Since

METTL3 depletion did not cause cell death or alteration of cell

survival in Caco-2 cells upon SARS-CoV-2 infection, we per-

formed the following experiments using uncapped IVT SARS-

CoV-2-N RNA (IVT CoV-2) in Caco-2 cells. First, we examined in-

flammatory gene and ISG expression by transfecting IVT CoV-2

RNAs that retained 50 phosphorylated groups or were treated

with calf intestinal phosphatase (CIP). We observed that the in-

duction of inflammatory gene and ISG expression was substan-
Figure 4. Reduction of m6A levels in SARS-CoV-2 viral RNA by METTL

(A) Graphic illustration of RIG-I RNA immunoprecipitation (RIP) experiments.

(B) 6 3 1013 copies of IVT-CoV-2 RNA with or without CIP treatment were use

antibody for CIP-treated or nontreated groups. IgG serves as a negative contro

alcohol and purified by RNAClean & Concentrator Kits. The purified RNAwas reve

± SEM. Group means were compared by Student’s t test. **p < 0.01 and ***p < 0

(C) Graphic illustration of biotinylated RNA pull-down experiments.

(D) Biotinylated IVT-CoV-2 RNA (13 1014 copies) was treated with or without CIP

by western blot.

(E) RIG-I RIP assay for SARS-CoV-2 virus from infected Caco-2 cells. 5 3 109 c

immunoprecipitated with IgG control and anti-RIG-I antibody (left panel). IgG or

purified by RNA Clean & Concentrator Kits. The purified RNA was reverse transc

Group means were compared by Student’s t test. ***p < 0.001 (right panel).

(F) METTL3 expression in control and METTL3 KD Caco-2 cells was examined b

(G) Equal amounts of IVT-CoV-2 RNA were transfected into control and METTL3-

efficiency was examined by western blotting (left panel). RIG-I-bound RNA was

mean ± SEM. Group means were compared by Student’s t test. **p < 0.01 (right

(H) RIG-I RIP assay for SARS-CoV-2 virus from control and METTL3 KD Caco-2 c

infected control and METTL3 KD Caco-2 cells were used for RIG-I RIP experim

negative control (left panel). RIG-I-bound RNAs were purified and quantified as d

were compared by Student’s t test. *p < 0.05, **p < 0.01, and ***p < 0.001. (right

See also Figure S3 and Table S4.
tially reduced in CIP-treated IVT CoV-2 RNA compared to the

nontreated group (Figure 3E). As 50 phosphorylation is essential

for RIG-I binding (Wang et al., 2010), our results suggested that

RIG-I binding to SARS-CoV-2 RNA may be important for stimu-

lation of downstream inflammatory gene expression during viral

infection. To validate the role of RIG-I in mediating the METTL3-

regulated innate immune response, we performed RIG-I RNA IP

(RIP) experiments by immunoprecipitating RIG-I in cell lysates

followed by detecting RIG-I-bound RNAs (Figure 4A). When

incubated with similar amounts of RIG-I (Figure 4B, right panel

immunoblot), IVT CoV-2 RNA binds to RIG-I, and CIP treatment

of RNA greatly reduced RIG-I binding to IVT CoV-2 RNA (Fig-

ure 4B, right panel). To confirm these results, we also applied a

biotinylated RNA pull-down assay to examine the binding of

RIG-I to biotinylated IVT CoV-2 RNA. Similarly, we found that

wild-type, but not CIP-treated, IVT CoV-2 RNAs bind to RIG-I

(Figures 4C and 4D). Next, we performed RIG-I RIP using

SARS-CoV-2 viral RNA from SARS-CoV-2-infected Caco-2 cells

and found that RIG-I binds to SARS-CoV-2 RNA compared to

IgG control, which is in line with the IVT CoV-2 results (Figure 4E).

All in all, these data show that RIG-I binds to SARS-CoV-2 RNA,

which is the upstream event of the inflammatory gene stimulation

during SARS-CoV-2 infection.

Depletion of the m6A methyltransferase METTL3
enhances RIG-I binding to SARS-CoV-2 RNA
After determining the binding of RIG-I to SARS-CoV-2 RNA, we

studied the role of m6A modification of SARS-CoV-2 RNA in

RIG-I recognition. First, we tested whether depletion of the

m6A methyltransferase METTL3 in host cells would change

RIG-I binding to the transfected cellular IVT-CoV-2 RNA.

METTL3 protein levels were greatly reduced in METTL3-

depleted Caco-2 cells (Figure 4F), and m6A levels of transfected

IVT CoV-2 RNA were also reduced in METTL3-depleted Caco-2

cells (Figure S3J). In RIP experiments, RIG-I proteins were

precipitated at similar levels in control and METTL3 KD cells

(Figure 4G, left panel), and RIG-I-bound transfected cellular
3 depletion leads to an increased recognition by RIG-I

d in RIG-I RIP experiments. RIG-I were equally immunoprecipitated by RIG-I

l (left panel). RIG-I-bound RNA was extracted by phenol-chloroform-isoamyl

rse transcribed and quantified by qPCR. N = 4. Data are presented as themean

.001. (right panel).

and used in RNA pull-down assays. RNA-bound RIG-I proteins were detected

opies of SARS-CoV-2 viral RNA were incubated with Caco-2 cell lysates and

RIG-I-bound RNA was extracted by phenol-chloroform-isoamyl alcohol and

ribed and quantified by qPCR. N = 4. Data are presented as the mean ± SEM.

y western blotting.

depleted Caco-2 cells, cell lysates were incubated with RIG-I antibody, and IP

purified and quantified as described before. N = 4. Data are presented as the

panel).

ells after SARS-CoV-2 infection. 53 109 copies of SARS-CoV-2 viral RNA from

ents. RIG-I IP efficiency was examined by western blotting. IgG serves as a

escribed before. N = 4. Data are presented as the mean ± SEM. Group means

panel).
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Figure 5. Mutagenesis of m6A-modified

adenosine sites in SARS-CoV-2 RNA in-

creases RIG-I recognition and inflammatory

gene expression

(A) Mutagenesis of putative m6A sites in the SARS-

CoV-2 N region.

(B) Equal amounts of wild-type (WT) and mutant

(Mut) IVT-CoV-2 RNA were transfected into Caco-2

cells, and MeRIP-RT-qPCR was performed for WT

and Mut IVT-CoV-2 RNA transfected group. N = 2.

Data are presented as the mean ± SEM. Group

meanswere compared byStudent’s t test. *p < 0.05.

(C) Equal amounts of WT and Mut IVT-CoV-2 RNA

were transfected into Caco-2 cells. IVT-CoV-2,

CCL5, TNF, and IL-8 mRNA expression was exam-

ined by qRT-PCR. N = 2. Data are presented as the

mean ± SEM. Group means were compared by Stu-

dent’s t test. *p < 0.05, **p < 0.01, and ***p < 0.001.

(D) Equal amounts of WT and Mut IVT-CoV-2 RNA

were transfected into Caco-2 cells. Cell lysates

were collected, and RIG-I RIP experiments were

performed by using IgG control and anti-RIG-I

antibody. N = 2. Data are presented as the mean ±

SEM. Group means were compared by Student’s t

test. ***p < 0.001.

(E) Equal amounts of biotinylated WT (lane 1) or Mut

(lane 4) RNA or a mixture of WT and Mut (1:1 ratio,

lanes 2 and 3) IVT-CoV-2 RNA was transfected into

Caco-2 cells. Cell lysates were collected, and bio-

tinylated RNA pull-down experiments were per-

formed. RNA-bound RIG-I proteins were examined

by western blotting.

See also Table S4.
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IVT-CoV-2 RNA was increased in METTL3-depleted cells

compared with control cells (Figure 4G, right panel). Next, we

examined RIG-I binding of SARS-CoV-2 viral RNA from control

and METTL3-depleted Caco-2 cells after infection. Consistent

with IVT-CoV-2 RNA, RIG-I RIP showed that RIG-I recognition

of SARS-CoV-2 RNA was significantly increased for viral RNAs

obtained from METTL3-depleted cells compared with shControl

cells after SARS-CoV-2 infection (Figure 4H). These results

demonstrate that decreased m6A levels in SARS-CoV-2 RNA

by METTL3 depletion enhanced RIG-I binding to viral RNA.

Mutation of putative m6A sites in SARS-CoV-2 RNA
increased inflammation gene expression and RIG-I
binding
In order to further define the role of m6A modification of SARS-

CoV-2 RNA in regulating RIG-I recognition and downstream in-

flammatory gene induction, we generated mutations at the puta-

tive m6A-modified sites in SARS-CoV-2 RNA and analyzed their

effects on downstream inflammatory gene expression and RIG-I

binding capacity. Based on the N region peaks identified in our

MeRIP-seqdata (Tables S1 and S2), we overlapped these regions

with the modified sites identified in Nanopore sequencing (Kim

et al., 2020), and themodified adenosines, whichwere embedded

in DRACHmotif, were chosen for further validation (Table S1). The

sequences around the three putative modified adenosine sites all

have aDRACHmotif. The sequences andDRACHmotif are as fol-

lows: NO.1, aaAca; NO.2, aaAcu; NO.3, aaAcu; DRACHmotif, D =

G/A/U, R = G/A, and H = A/U/C. The putative m6A-modified site
10 Cell Reports 35, 109091, May 11, 2021
NO.1 is located in the N-3 region, and the NO.2 and 3 sites are

located in the N-4 region (Figure 5A). We generated mutants for

all of these modified adenosine sites and examined m6A levels

of wild-type and mutant RNAs after transfecting them into

Caco-2 cells. The MeRIP-qRT-PCR results showed that mutants

of the putativem6A sites resulted in reducedm6A levels in theN-3

and N-4 regions where the modified sites were located (Figures

5A and 5B). Then, we analyzed inflammation gene expression af-

ter transfectingwild-type andmutant IVT-CoV-2 RNA into Caco-2

cells and found that transfecting mutant IVT-CoV-2 RNA led to an

increased inflammatory gene expression compared with wild-

type RNA (Figure 5C). Lastly, we examined RIG-I binding affinity

to the transfected cellular wild-type and mutant IVT-CoV-2

RNA. Both RIG-I RIP and biotinylated RNA pull-down experi-

ments showed that mutant IVT-CoV-2 RNA enhanced RIG-I bind-

ing to RNA compared with wild-type RNA (Figures 5D and 5E).

Altogether, these results showed that reduction of m6A levels of

SARS-CoV-2 RNA by METTL3 depletion or mutagenesis of the

m6A-modified sites enhancedRIG-I recognition and increased in-

flammatory gene induction.

METTL3 depletion enhances phosphorylation of IRF3
and IkBa to increase inflammatory gene expression
The above results showed that reduced m6A levels in SARS-

CoV-2 viral genes by METTL3 depletion or mutagenesis of

m6A sites enhanced RIG-I binding, and we wondered whether

the innate immune signaling pathway and inflammatory genes

downstream of RIG-I activation were affected by METTL3 KD.
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It is not fully understood which signaling pathway SARS-CoV-2

employs to stimulate the innate immune response. Based on a

previous report (Jensen and Thomsen, 2012), we hypothesized

that IRF3 and nuclear factor kB (NF-kB) are two of the key mol-

ecules mediating the activation of downstream gene expression.

We examined activation of the RLR innate immune signaling

pathway by analyzing protein expression of IRF3, IkBa, RIG-I,

and METTL3 and phosphorylation of IRF3 and IkBa. After trans-

fecting IVT CoV-2 RNA, protein expression of RIG-I and phos-

phorylation of IRF3 were increased when compared with

parental cells without transfection of IVT CoV-2 RNA, suggesting

an activation of the RIG-I pathway after introducing exogenous

CoV-2 RNAs to cells (lanes 1 and 2 in Figure 6A). Next, we exam-

ined the effects of METTL3 on the activation of the innate im-

mune signaling pathway after IVT CoV-2 RNA transfection.

METTL3 depletion did not alter RIG-I expression levels, while

phosphorylation of IRF3 and IkBa were increased compared

with control cells transfecting IVT CoV-2 RNA (lanes 3 and 4 in

Figure 6A). These results suggest that METTL3 depletion

enhanced phosphorylation of IRF3 and IkBa to increase down-

stream innate immune effector gene expression, as we observed

in live virus infection experiments (Figures 3C and 3D). As we

observed increased inflammatory gene expression in METTL3-

depleted Caco-2 cells during SARS-CoV-2 infection, and

because they are the downstream effectors of RIG-I and NF-

kB activation, we examined phosphorylation of IkBa in control

and METTL3 KD Caco-2 cells during SARS-CoV-2 infection.

Similarly, METTL3 depletion enhanced phosphorylation of IkBa

during SARS-CoV-2 infection (Figure 6B).

We further confirmed the role of NF-kB activation in inducing

inflammatory cytokine/chemokine expression in METTL3 KD

cells after IVT CoV-2 RNA transfection by adding a specific

IkBa phosphorylation inhibitor. After transfection with IVT CoV-

2 RNA, METTL3-depleted cells were treated with or without

the IkBa phosphorylation inhibitor Bay 11-7083 (Hu et al.,

2001; Pierce et al., 1997).We found that IkBa phosphorylation in-

hibitor diminished the enhancement of IkBa phosphorylation by

METTL3 depletion after IVT CoV RNA transfection (Figure 6C).

Next, we performed live viral experiments by comparing the

expression of downstream inflammatory targets in control and

METTL3-depleted cells with or without adding the IkBa phos-
Figure 6. METTL3 depletion leads to increased IRF3 and IkBa phospho

(A) Mock-transfected Caco-2 cells or Caco-2 cells (Caco-2, shControl, or shMETT

for western blotting.

(B) Phosphorylation levels of IkBa were determined in shControl and METTL3-de

(C) shControl and METTL3-depleted Caco-2 cells were transfected with equal am

with or without IkBa phosphorylation inhibitor Bay 11-7083. IkBa phosphorylatio

(D) shControl or METTL3 KD Caco-2 cells were infected with SARS-CoV-2 virus a

cells were then collected for RNA extraction. Expression levels of the inflammator

METTL3 KD cells as well as cells treatedwith or without IkBa phosphorylation inhib

down METTL3, and KD efficacy was examined by qRT-PCR (left panel). N = 3

Student’s t test. *p < 0.05, **p < 0.01, and ***p < 0.001.

(E) Significantly changed genes from lung samples of COVID-19 patients compa

ISGs, as well as METTL3 and METTL14, are shown as log2 (fold change). The ge

(F) Bar graphs of METTL3, IL-8, and MX1 expression in healthy controls (HCs) and

Single-cell RNA expression from epithelial cells of bronchoalveolar lavage fluid (BA

difference between each group was compared. Data are presented as the mean

*p < 0.05, **p < 0.01, and ***p < 0.001.

See also Table S4.
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phorylation inhibitor during SARS-CoV-2 infection. To avoid

off-target effects, we used two different shRNAs to knock

down METTL3 during SARS-CoV-2 infection. METTL3 KD

increased IL-8, CXCL1, CXCL3, and CCL20 gene expression

compared with control cells during SARS-CoV-2 infection, and

the increase in gene expression correlated with METTL3 KD ef-

ficacy (Figure 6D). In addition, the IkBa phosphorylation inhibitor

decreased inflammatory gene induction by METTL3 depletion

during SARS-CoV-2 infection. These results showed that

METTL3 depletion increases phosphorylation of IRF3 and IkBa

compared with shControl, and NF-kB activation is the upstream

event of inflammatory gene induction in METTL3-depleted

Caco-2 cells during SARS-CoV-2 infection.

METTL3 expression is reduced and inflammatory genes
are induced in severe COVID-19 patients
To validate our findings in COVID-19 patients, we analyzed

DEGs in post-mortem lung samples of COVID-19 patients

compared with healthy lung biopsy specimens (Blanco-Melo

et al., 2020). Our bioinformatics analysis results showed that

most of the inflammatory genes and ISGs were increased in

the COVID-19 patients compared with healthy lung samples,

while METTL3 and METTL14 gene expression was significantly

downregulated (Figure 6E). Furthermore, we analyzed the sin-

gle-cell RNA-seq data of epithelial cells from bronchoalveolar

lavage fluid (BALF) of healthy controls (HCs) and COVID-19 pa-

tients with moderate (M) or severe (S) disease (Liao et al.,

2020). Our data showed that METTL3 levels were significantly

decreased in epithelial cells of severe COVID-19 patients

compared with moderate disease states, and correspondingly,

the inflammatory gene IL-8 and the ISG MX1 were significantly

increased in patients with severe disease (Figure 6F). Altogether,

these results show that the reduction of host m6A methyltrans-

ferase METTL3 and/or METTL14 gene expression in severe

COVID-19 patients was accompanied by increased inflamma-

tory gene expression, which may corroborate with our findings

and the proposed mechanism obtained in cellular models. The

exact relationship of m6A methyltransferases and increased

inflammation in COVID-19 patients needs further investigation.

In summary, our results showed that (1) SARS-CoV-2 virus has a

m6A modification enriched in the N region; (2) METTL3 depletion
rylation and inflammatory gene expression

L3) transfected with equal amounts of IVT-SARS-CoV-2-N RNAwere collected

pleted Caco-2 cells upon SARS-CoV-2 infection by western blotting.

ounts of IVT-SARS-CoV-2-N RNA, and METTL3-depleted cells were treated

n and METTL3 levels were examined by western blot.

nd treated with or without the IkBa phosphorylation inhibitor Bay 11-7083, and

y genes IL-8, CXCL1, CXCL3, and CCL20 were compared between control and

itor upon SARS-CoV-2 infection (right panel). Two shRNAswere used to knock

. Data are presented as the mean ± SEM. Group means were compared by

red with healthy controls (Blanco-Melo et al., 2020). Inflammatory genes and

nes shown have the p adj < 0.05 and pass the Wald test for the gene counts.

COVID-19 patients with moderate (M) or severe (S) disease (Liao et al., 2020).

LF) from healthy donor and COVID-19-infected patients was analyzed, and the

± SEM. Group means were compared by Student’s t test. n.s., not significant;



Figure 7. SARS-CoV-2 virus utilizes the host

m6A methyltransferase METTL3 to modify

viral RNA and evade host innate immune re-

sponses

(Left) After entry into the host cell, the viral genome

enters the replication phase, and 50-phosphory-
lated viral RNA is generated, which is m6A modi-

fied byMETTL3 and does not bind RIG-I to activate

immune pathways. Viral infection also enhances

METTL3-mediated proviral gene expression.

(Right) When METTL3 is depleted, m6A levels of

viral RNA are reduced, and RIG-I-bound viral RNA

is increased, leading to enhanced RIG-I sensing

and activation, which is followed by downstream

activation of the NF-kB pathway and inflammatory

gene expression. In addition, METTL3 depletion

alters gene expression and m6A levels of several

proviral host factors upon SARS-CoV-2 infection.
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reducesm6A levels inSARS-CoV-2gene; (3)METTL3depletion re-

duces SARS-CoV-2 viral load, proviral gene expression, and m6A

levels in host cells during viral infection in Caco-2 cells; (4) m6A

reduction in viral gene increases RIG-I binding and subsequently

enhances the downstream innate immune signaling pathway and

inflammatory gene expression; and (5) expression of m6A methyl-

transferaseMETTL3 is reducedand inflammatorygene expression

is increased in severe COVID-19 patients (Figure 7).

DISCUSSION

Innate immune sensing and response to viral entry into a host cell

is critical for host antiviral defense by inducing IFN and inflamma-

tory cytokines and chemokines. A rapid and effective innate im-

mune response is important to restrict viral replication and acti-

vate the viral-specific adaptive immune response. However,

excessive proinflammatory cytokines and chemokines (e.g., IL-

6, IL-8, IL-1, CXCL10/IP10, and TNFa) play a pivotal role in the

pathogenesis of COVID-19, such as acute lung injury (ALI) and

ARDS in infected patients (Qin et al., 2020; Xu et al., 2020).

Therefore, it is urgent and important to investigate the factors

and signaling pathways contributing to the immune response

of host cells to SARS-CoV-2 infection.

Viral RNA modifications play important roles for viruses to

evade innate immune recognition and response by their own
evolved enzymes or utilizing host cell en-

zymes to modify the viral RNA and make

it undistinguishable from the host cell

RNAs (Durbin et al., 2016; Karikó et al.,

2005; Lu et al., 2020a). m6Amodifications

and m6A methyltransferases were re-

ported to be essential for the RNA virus

life cycle and host cell response (Court-

ney et al., 2017; Gokhale et al., 2020;

Hao et al., 2019; Huang et al., 2018;

Lang et al., 2019; Lichinchi et al., 2016a,

2016b; Rubio et al., 2018; Tirumuru

et al., 2016; Winkler et al., 2019; Xue

et al., 2019). SARS-CoV-2 is a positive-
sense RNA virus belonging to the b-coronavirus genus (Lu

et al., 2020b). A recent report using Nanopore direct sequencing

suggested that SARS-CoV-2 RNA was modified, but no modifi-

cation types were identified (Kim et al., 2020). We further exam-

ined the modified sites and the surrounding motif reported by

Kim et al. (2020). From the 41 identified modified sites, 20 modi-

fied sites belong to the ‘‘AAGAA-like’’ motif as reported in the

study. More than half of the modified sites were excluded from

the AAGAA motif, among which we observed modified adeno-

sine sites embedded in the DRACH motif (D = G/A/U, R = G/A,

H = A/U/C), indicating the existence of m6A modification in the

viral genome (Table S1). We incorporated three modified adeno-

sine sites embedded in the DRACHmotif identified by the Nano-

pore study with our MeRIP data, and mutagenesis of the three

sites showed decreased levels of m6A in the mutant RNA (Fig-

ure 5). In addition, SARS-CoV-2 viral m6A levels decreased in in-

fected METTL3 KD cells at the same region (Figure 1). These

data support and validate the identification of m6A modification

in SARS-CoV-2 virus.

In this study, we discovered that SARS-CoV-2 RNA contains

diverse chemical modifications. We observed the presence of

m6A modifications in SARS-CoV-2 virus and further identified

that the m6A-modified sites were enriched in the N region of

the SARS-CoV-2 genome. Furthermore, we studied the function

of m6A modification in the host innate immune response by
Cell Reports 35, 109091, May 11, 2021 13
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depleting the host cell m6A methyltransferase METTL3 after

SARS-CoV-2 infection. Depleting METTL3 enhanced innate im-

mune effector gene expression, suggesting that reduced m6A

levels in SARS-CoV-2 RNA may increase host cell immunity to

viral infection. To delineate the role and mechanisms of m6A

modification in SARS-CoV-2 affecting the host cell innate im-

mune response, we chose both SARS-CoV-2 virus and the

IVT-SARS-CoV-2 N region, which has enriched m6A sites and

SARS-CoV-2 virus, to analyze the mechanism. We found that

m6A levels of SARS-CoV-2 RNA were reduced by METTL3

depletion, and RIG-I binding to the viral gene was increased.

Furthermore, mutagenesis of the putative modified m6A sites

also increased RIG-I binding to cellular CoV-2 RNA and inflam-

matory gene expression. Increased RIG-I binding of SARS-

CoV-2 viral RNA activated IkBa phosphorylation and enhanced

downstream inflammatory gene expression inMETTL3-depleted

cells after SARS-CoV-2 infection or transfection of IVT-CoV-2

RNA.

In summary, our study investigated the RNA modification pro-

file of SARS-CoV-2 virus and focused on m6A modification and

its functional relevance to the host cell innate immune response.

We uncovered a new mechanism of SARS-CoV-2 utilizing host

cell m6A methyltransferase to modify its RNA, evade innate im-

mune recognition, and regulate the activation of downstream in-

flammatory genes. These findings enhance our understanding of

COVID-19 pathogenesis and would help future studies to regu-

late the innate immune response to SARS-CoV-2 infection in a

more precise and time-dependent manner in order to achieve

a balance of essential innate immune responses and avoid the

excessive activation of inflammatory genes.

Furthermore, we observed that METTL3 depletion in Caco-2

cells reduced viral loads after SARS-CoV-2 infection, and

RNA-seq analysis showed that the DEGs belonged to multiple

important biological processes, which were reported to affect

the SARS-CoV-2 life cycle and viral replication (Bojkova et al.,

2020; Gordon et al., 2020). METTL3 may regulate host factors

that affect multiple stages of the SARS-CoV-2 life cycle and viral

replication. Therefore, we examined the expression of identified

SARS-CoV-2 proviral host genes in control and METTL3-

depleted Caco-2 cells during viral infection. METTL3 depletion

reduced mRNA expression and m6A levels of several proviral

host genes during SARS-CoV-2 infection. The combined effects

of directly regulating m6A levels in the virus to enhance a timely

innate immune response and indirectly perturbing the viral life

cycle by METTL3 depletion/inhibition may benefit the treatment

of COVID-19 patients, especially for patients with mild or moder-

ate disease who have not developed a cytokine storm.

Limitations of study
In the current study, we found that METTL3 depletion reduced

expression and m6A levels of several proviral genes during

SARS-CoV-2 infection. The exact mechanisms underlying the

altered host factors and viral replication regulated by METTL3

depletion during SARS-CoV-2 infection will need further investi-

gation. It will be important to determine the molecular mecha-

nisms of essential gene expression that are involved in the

SARS-CoV-2 life cycle and host immunity. As RIG-I is the highly

expressed upstream RLR/TLR in Caco-2 cells during SARS-
14 Cell Reports 35, 109091, May 11, 2021
CoV-2 infection, and Caco-2 cells are more sensitive to RIG-I-

specific PAMP RNA (Table S3; Figures S3G–S3I), we focused

our study on the mechanism of m6A in affecting RIG-I recogni-

tion upon SARS-CoV-2 infection, which does not exclude the

functions of other RLR/TLR sensors in mediating the innate im-

mune response in other contexts or cell types. We assessed

the role of RIG-I in regulating innate immune responses through

sensing m6A levels in SARS-CoV-2 RNA by using in vitro cellular

models for RIG-I recognition of IVT RNA or SARS-CoV-2 virus as

well as IVT SARS-CoV-2 m6A mutants (Figures 4 and 5). Further

viral infection studies using m6A sites mutated in the context of

the full-length viral genome and RIG-I loss of function will be

helpful to test the model proposed in Figure 7. In addition, future

studies to validate the cellular results in animal models infected

by SARS-CoV-2 or other viruses will be helpful to link the mech-

anisms of gene expression and syndromes found in human

COVID-19 patients.
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Antibodies

Rabbit polyclonal anti-RIG-I Proteintech Cat# 20566-1-AP, RRID:AB_10700006)

Mouse monoclonal anti-RIG-I MilliporeSigma Cat# MABF297, RRID:AB_2650546

Rabbit monoclonal anti-IRF-3 Cell Signaling Technology Cat# 11904, RRID:AB_2722521

Mouse monoclonal anti-IkBa Cell Signaling Technology Cat# 4814, RRID:AB_390781

Rabbit monoclonal anti-Phospho-IRF-3

(Ser386)

Cell Signaling Technology Cat# 37829, RRID:AB_2799121

Mouse monoclonal anti-Phospho-IkBa

(Ser32/36)

Cell Signaling Technology Cat# 9246, RRID:AB_2267145)

Rabbit polyclonal anti-METTL3 Proteintech Cat# 15073-1-AP, RRID:AB_2142033

Rabbit monoclonal anti-GAPDH Cell Signaling Technology Cat# 2118, RRID:AB_561053

Bacterial and virus strains

SARS-CoV-2 virus BEI Resources USA-WA1/2020

Chemicals, peptides, and recombinant

proteins

N/A

Pierce Protein A/G Magnetic Beads Thermo Fisher 88802

Lipofectamine 3000 Thermo Fisher L3000015

puromycin Alfa Aesar 53-79-2

Ambion RNA Fragmentation Reagent Thermo Fisher AM8740

N6-Methyladenosine (m6A) abcam ab145715

Bay 11-7085 R&D Systems 1743/10

TRIzol LS Reagent Thermo Fisher 10296010

TRIzol Reagent Thermo Fisher 15596026

Streptavidin magnetic Beads NEB S1420S

Critical commercial assays

RNA Clean & Concentrator-5 ZYMO RESEARCH R1013

RNA Clean & Concentrator-25 ZYMO RESEARCH R1018

MEGAscript T7 Transcription Kit Thermo Fisher AMB13345

mMESSAGE T7 Transcription Kit Thermo Fisher AM1344

Direct-zol RNA Kit ZYMO RESEARCH R2052

Quick-RNA Miniprep Plus Kit ZYMO RESEARCH R1055

iScript cDNA synthesis kit Bio-Rad 1708891

Biotin RNA Labeling Mix Sigma-Aldrich 11685597910

TruSeq mRNA library preparation kit illumina 20020595

Deposited data

Raw and analyzed data This paper GEO: GSE167075

Experimental models: Cell lines

Caco-2 cells ATCC HTB-37

Calu-3 cells ATCC HTB-55

Vero E6 ATCC CRL-1586

Software and algorithms

Graphpad Prism 8 Software https://www.graphpad.com/

scientific-software/prism/

Bowtie2 Software http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml
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STAR Software https://github.com/alexdobin/STAR

MACS2 Software https://github.com/macs3-project/MACS

m6A viewer Software http://dna2.leeds.ac.uk/m6a/

HTSeq Software https://htseq.readthedocs.io/en/master/

DESeq2 Software https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

Cutadapt Software https://cutadapt.readthedocs.io/en/stable/
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Lead contact
Further information and requests for reagents may be directed to the lead contact, Tariq Rana (trana@ucsd.edu).

Materials availability
Reagents or materials used in this work may be requested from the lead contact by signing a completedmaterial transfer agreement.

Data and code availability
Sequencing data for this study has been submitted to the NCBI Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/)

and accession number is GEO: GSE167075. Mendeley Data: at http://dx.doi.org/10.17632/6n65z4sv9c.1

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and virus strain
All studies were performed based on the approved IRB protocols by the University of California (UCSD), San Diego. The human colo-

rectal adenocarcinoma Caco-2 cells and lung adenocarcinoma Calu-3 cells were purchased from ATCC. 293FT cells were main-

tained in DMEMmedium with 10% FBS. Caco-2 and Calu-3 cells were cultured in high-glucose MEM (Thermo Fisher Scientific) sup-

plemented with 20% fetal bovine serum (FBS; GIBCO), MEM NEAA (Thermo Fisher Scientific) and 50 U/ml penicillin-streptomycin

(GIBCO) in a humidified 5% CO2 atmosphere.

For SARS-CoV-2 live cell infection, SARS-CoV-2 isolate USA-WA1/2020 was obtained from BEI Resources. SARS-CoV-2 virus

was propagated, and infectious units were quantified by plaque assay using Vero E6 cells.

METHOD DETAILS

Generation of knockdown cell lines
Control, METTL3 or METTL14 depletion cell lines were generated using lentiviral shRNA system. shRNAs targeting METTL3 or

METTL14 were described previously (Lichinchi et al., 2016a, 2016b). Lentiviruses were generated by co-transfecting HEK293T cells

with the shRNA expressing PLKO vectors (carrying a puromycin resistance gene), a packaging plasmid (psPAX2), and an envelope

plasmid (pMD2.G) in DMEM medium. At 14 h after transfection, the medium was replaced with DMEM/10% FBS. After two days of

transfection, the supernatants were collected and used to infect Caco-2 or Calu-3 cells by spin infection. Transduced cells were

selected by culture with puromycin (Alfa Aesar) at 2 mg/ml (Caco-2) or 4 mg/ml (Calu-3) for at least 7 days, and knockdown efficiency

was determined by RT-qPCR or western blot analysis.

SARS-CoV-2 viral infection, SARS-CoV-2-N IVT RNA production, transfection, and inhibitor treatment
Stable Caco-2 or Calu-3 cells transduced with shControl, shMETTL3 or shMETTL14 were infected with SARS-CoV-2 at MOI = 2 for

1h at 37�C. Then cells were washed, and fresh culture medium was supplemented. 24 hours post-infection, infected cells or super-

natant were lysed using TRIzol /TRIzol LS and RNA was extracted using a Direct-zol RNA Kit (Zymo). When treated with IkBa phos-

phorylation inhibitor, cells were pretreated with IkBa phosphorylation inhibitor Bay 11-7085 (R&D Systems) at concentrations of

10 mM for 1 hour at 37�C before infection.

For IVT-SARS-CoV-2-N experiments, N gene was amplified from pcDNA3.1(+)-N-eGFP-N plasmid (GenScript) by PCR primer:

Cov-T7-N-F (tactgTAATACGACTCACTATAGGatgtctgataatggaccccaaaatc;) and polyT-N-R ((t)37aggcctgagttgagtcagcac). Purified

PCR products were used as a template for IVT by mMESSAGE mMACHINE T7 Transcription Kit (capped RNA; Thermo Fisher) or

MEGAscript T7 Transcription Kit (uncapped RNA, Thermo Fisher). The IVT RNAs were purified by MEGAclear Transcription

Clean-Up Kit (Thermo Fisher). IVT RNAs were transfected to indicated control and knockdown cells at same amount by Lipofect-

amine 3000 according to the company instructions (Thermo Fisher). RNAs were extracted 12-16 hours after IVT transfection.
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When treated with IkBa phosphorylation inhibitor, cells transfected with IVT RNA, and pretreated with IkBa phosphorylation inhibitor

Bay 11-7085 (R&D Systems) at concentrations of 10 mM for 1 hour at 37�C before collecting cells.

MeRIP-seq and MeRIP-RT qPCR of SARS-CoV-2 virus
MeRIP-Seq and MeRIP-qPCR was performed as previously reported (Li et al., 2020; Lichinchi et al., 2016b). Briefly, supernatant or

cellular RNAs were purified from viral infected-Vero or Caco-2 cells. The RNAs were treated with DNaseI, concentrated and quan-

tified. Purified RNAwas fragmented to 100–200 nucleotides using Ambion RNA Fragmentation Reagent (AM8740, Life Technologies)

and the fragmented RNApurified by ethanol precipitation. An input sample (10%of total fragmented RNA) was reserved. Fragmented

RNAwas incubated with 10 mL rabbit anti-m6A polyclonal Ab (ab151230, Abcam) in IP binding buffer (10 mMTris-HCl, 150mMNaCl,

0.1%NP-40, pH 7.4) for 2 h at 4�C. The mixture was then incubated with 50 mL protein A/Gmagnetic beads (Thermo Fisher) for 2 h at

4�C, and the beads were collected and washed twice in IP wash buffer (10 mM Tris-HCl, 1 MNaCl, 0.1%NP-40, pH 7.4). Bound RNA

was eluted from the beads with m6A elution buffer (10 mM Tris-HCl, 1 M NaCl, 0.1% NP-40, 25 mMm6A, pH 7.4) and extracted with

RNA Clean & Concentrator Kits (ZYMO). Input and m6A-containing viral RNA were dissolved in water and either reverse transcribed

by iScript cDNA synthesis kit (Bio-Rad) and analyzed by qPCR or processed for library generation using a TruSeqmRNA library prep-

aration kit (Illumina). Sequencing was performed by Illumina NovaSeq 6000 at the IGM Genomics core, UCSD.

MeRIP-seq data analysis
Sequencing reads were aligned to SARS-CoV-2 or human genome by Bowtie2 or STAR. Thenm6A peaks were called bym6A viewer

or MACS2 based on its paired m6A-RIP/input data from the aligned reads: m6A viewer (expected peak length 200, enrichment fold >

3, FDR < 0.01, Minimum Peak Height:10000) and MACS2 (p value < 0.05, call-summit, no model, BAMPE, maximum duplicate frag-

ments = 1 or keep all duplicates for SARS-CoV-2, and keep-dup auto, extsize 200, nomodel, p value < 1e-5 for human). The peak

region and summit of each alignment and peak calling strategy were summarized in Tables S1 and S2.

RNA-seq and data analysis
For RNA-Seq, total RNAs were extracted from SARS-CoV-2-infected shControl and shMETTL3 Caco-2 cells (three biological repli-

cates). Sequencingwas performed by Illumina NovaSeq 6000 at the IGMGenomics Center, UCSD. Fastqcwas used to perform qual-

ity control on sequencing data, and Cutadapt was used to remove adapters and trim reads. The preprocessed reads were then

aligned to the human or SARS-CoV-2 genome using STAR. The raw gene count for each sample was obtained by htseq-count

and the differential gene expression analysis was performed by DEseq2.

RT-qPCR
Total RNAwas extracted fromSARS-CoV-2 infected or IVT-CoV2 transfected cells by Quick-RNAMiniprep Plus Kit (ZymoResearch)

according to the manufacturer’s instructions. All RNAs were treated with DNase I. cDNAs were synthesized using an iScript cDNA

synthesis kit (Bio-Rad). Gene expression levels were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or 18S

RNA levels and are expressed as the relative fold-change in expression compared with the control condition.

Western blot analysis
Cells were lysed in lysis buffer (60 mM Tris HCl, 2% SDS, 10% glycerol, complete EDTA-free protease inhibitor, 500 U/ml benzonase

nuclease) by pipetting. Samples were clarified by centrifugation and protein concentrations in the supernatants were determinedwith

a BCA protein assay kit (Pierce). Aliquots of 30-50 mg of protein were resolved by 4%–12%Bis-Tris Plus PAGE and the proteins were

transferred to PVDF membranes. Membranes were blocked with 5% non-fat milk and incubated overnight at 4�C with Abs against

RIG-I (20566-1-AP, Proteintech; MABF297, MilliporeSigma), IRF-3 (D614C, Cell Signaling Technology), IkBa (L35A5, Cell Signaling

Technology), Phospho-IRF-3 (Ser386) (E7J8G, Cell Signaling Technology), Phospho-IkBa (Ser32/36) (5A5, Cell Signaling Technol-

ogy), METTL3 (15073-1-AP, Proteintech) or GAPDH (14C10, Cell Signaling Technology). After washing, the membranes were incu-

bated for 1 h at RT with secondary Ab. Finally, the blots were developed using ECL and imaged.

RNA immunoprecipitation (RIP)
RIP assays were carried out based on previous published method (Peritz et al., 2006). Briefly, for live viral binding experiments, equal

copy number of SARS-CoV-2 virus from infected Caco-2 cells or METTL3 knockdown cells were incubated with equal amount of

immunoprecipitated RIG-I proteins for 2hrs at room temperature. RIG-I bound viral RNAs were washed by lysis buffer and purified

as described below. For IVT-RNA experiments, control or METTL3 knockdown Caco-2 cells were transfected with equal amount of

wild-type or m6Amutant IVT-CoV2 RNAs, cells were collected for RIP experiments 16 hours post transfection. Ten million cells were

used for one IP. Cells were lysed in 2 mL of polysome lysis buffer (100 mM KCl, 5 mMMgCl2, 10 mM HEPES, pH 7.0, 0.5% Nonidet

P-40, 1 mM DTT, 100 U ml–1 RNasin RNase inhibitor, 2 mM vanadyl ribonucleoside complexes, protease inhibitor cocktail), centri-

fuged and collected the supernatant. Cell lysates were precleared in protein A/Gmagnetic beads (Pierce) at 4�C for 1 hour. Save 10%

of lysate as whole cell lysis input. Precleared cell lysates were incubated with RIG-I antibody (20566-1-AP, Proteintech) at 4�C over-

night. Add 100 mL of protein A/Gmagnetic beads to each aliquot. Rotate at 4�C for 4 h. Wash the beads with polysome lysis buffer for

three times, and then wash the beads with polysome lysis buffer including 1 M urea for three time. Save 10% of beads to check IP
Cell Reports 35, 109091, May 11, 2021 e3



Article
ll

OPEN ACCESS
efficiency. Resuspend the remaining beads in 100 mL of polysome lysis buffer with 0.1% SDS and 30 mg proteinase K. Incubate in a

heating block at 50�C for 30 min. Add one volume (100 ml) of phenol–chloroform–isoamyl alcohol mixture and vortex to mix. Centri-

fuge for 1 min to separate phases. Recover (upper) water phase. Repeat the elution step for another time and combine the water

phase. Extract RNAswith RNAClean &Concentrator Kits (ZYMO). The immunoprecipitated RNAswere reverse transcribed by iScript

cDNA synthesis kit (Bio-Rad) and analyzed by qPCR.

Biotinylated RNA pulldown assay
RNAs were biotin labeled by in-vitro transcription with Biotin RNA Labeling Mix (Sigma-Aldrich). Biotinylated RNAs were incubated

with cell lysates directly or transfected into Caco-2 cells and collect the cell lysates. For transfection experiments, 2.5X1014 copies

biotinylated RNAswere transfected into Caco-2 cells seeded in a 10-cmdish, transfected cells were lysed in lysis buffer (100mMKCl,

5 mM MgCl2, 10 mM HEPES, pH 7.0, 0.5% Nonidet P-40, 1 mM DTT, 100 U ml–1 RNasin RNase inhibitor, 2 mM vanadyl ribonucle-

oside complexes, protease inhibitor cocktail), 3.5mg of clarified protein lysates were incubated with 100 ml streptavidin magnetic

Beads (NEB) for 1h at room temperature. Beads were washed for four times with lysis buffer and were boiled in SDS-PAGE sample

buffer. For direct binding assay, Caco-2 cells were lysed in binding buffer (25 mM Tris-HCl [pH 7.5],150 mM NaCl, 1.5 mM MgCl2,

0.5%Triton X-100, EDTA-free protease inhibitor cocktail). 1X1014 copies biotinylated RNAswere incubatedwith 1mg clarified protein

lysate in 150ml binding buffer and incubate by rotating for 30 minutes in room temperature. Then 100 ml streptavidin magnetic Beads

(NEB) were added to themixture and incubated for 1h. Beadswerewashed for four timeswith binding buffer and beadswere boiled in

SDS-PAGE sample buffer. RNA bound RIG-I proteins were analyzed by Western Blot.

LC-MS/MS/MS quantification of SARS-CoV-2 RNA modifications
SARS-CoV-2 genome RNA modifications were analyzed by LC-MS/MS as previously described. SARS-CoV-2 viral RNAs were pu-

rified from infected Vero cells. The viral RNA was treated with DNaseI, concentrated and quantified. Purified SARS-CoV-2 viral RNAs

were used for the analysis, the data was presented as mean ± SD. Enzymatic digestion was preformed using previously published

method (Wang et al., 2014). Briefly, 50 ng of mRNA was incubated at 37�C for 2 hr with 0.5 unit of nuclease P1 in a 25 mL buffer con-

taining 25mMNaCl and 2.5mMZnCl2. To the resultingmixture were subsequently added alkaline phosphatase (0.25 unit) and 3 mL of

1.0 M NH4HCO3 buffer. After incubation at 37�C for an additional 2 hr, the digestion mixture was dried by Speed-vac and reconsti-

tuted in 100 mL of ddH2O. Profiling and quantifications of modified ribonucleosides were conducted by employing a nano-flow liquid

chromatography-multi-stage mass spectrometry (nLC-nESI-MS/MS/MS) method (Gonzalez et al., 2020). In short, to 10 ng of

digested viral RNA were added the following stable isotope-labeled standard nucleosides: 3.3 pmol [13C5]-adenosine, 42.5 fmol

D3-N
6-methyladenosine, 17.25 fmol of [13C5]-2

0-O-methyladenosine, 9.7 fmol [13C5]-2
0-O-methylcytidine, 3.3 pmol [15N3]-cytidine,

5.5 pmol of [15N2]-uridine, 5.1 fmol [13C5]-5-methylcytidine, and 5.6 fmol 13C5-5-methyluridine. The enzymes in the digestion mixture

were then removed by chloroform extraction. The aqueous layer was subsequently dried and reconstituted in 100 mL of ddH2O/

acetonitrile (1/9, v/v) to precipitate residual salts in the digestionmixture. After incubation at�20�C for 20min, themixture was centri-

fuged, and the supernatant was collected, dried by Speed-Vac, reconstituted in water, and subjected to LC-MS/MS andMS/MS/MS

analyses. nLC-nESI-MS/MS/MS experiments in scheduled in SRM mode were performed on an LTQ-XL linear ion trap mass spec-

trometer coupledwith an EASY-nLC II (Thermo Fisher Scientific, San Jose, CA). Themass spectrometer was operated in the positive-

ion mode, with the electrospray, capillary, and tube lens voltages being 2.0 kV, 12 V, and 100 V, respectively. Samples were loaded

onto a 5 cm in-house packed porous graphitic carbon (PGC, 5 mm in particle size, Thermo Fisher Scientific) trapping column (150 mm

i.d). Analytes were eluted onto a 20-cm Zorbax SB-C18 (5 mm in particle size, 100 Å in pore size, Michrom BioResources) analytical

column (75 mm i.d.) at a flow rate of 300 nL/min. The gradient employed was 0%–16%B in 5min, 16%–22%B in 23min, 22%–50%B

in 17min, 50%–90%B in 5min, and finally 30 min at 90%B, using 0.1% (v/v) formic acid in water and 0.1% (v/v) formic acid in aceto-

nitrile as mobile phases A and B, respectively. Isotopically labeled standards were not available for some the modified nucleosides.

Hence, we employed stable isotope labeled forms of other nucleosides, which exhibited similar elution times as the modified nucle-

osides, as surrogate standards for the quantification. The calibration curves for rA, Am, m6A, rC, Cm, and m5C were reported pre-

viously (Fu et al., 2015).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as themean ± standard error (SEM) unless otherwise indicated. Groupmeanswere compared by Student’s t test.

p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) indicate statistically significant changes. N represents biological replicates. All the sta-

tistical details of experiments can be found in figure legends.
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