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ABSTRACT N°-Methyladenosine (m°A) is the most abundant internal RNA modifica-
tion catalyzed by host RNA methyltransferases. As obligate intracellular parasites,
many viruses acquire m°A methylation in their RNAs. However, the biological func-
tions of viral m°A methylation are poorly understood. Here, we found that viral m°A
methylation serves as a molecular marker for host innate immunity to discriminate
self from nonself RNA and that this novel biological function of viral m®A methyla-
tion is universally conserved in several families in nonsegmented negative-sense
(NNS) RNA viruses. Using m°A methyltransferase (METTL3) knockout cells, we pro-
duced mfA-deficient virion RNAs from the representative members of the families
Pneumoviridae, Paramyxoviridae, and Rhabdoviridae and found that these m°A-defi-
cient viral RNAs triggered significantly higher levels of type | interferon compared to
the méA-sufficient viral RNAs, in a RIG-I-dependent manner. Reconstitution of the RIG-I
pathway revealed that m®A-deficient virion RNA induced higher expression of RIG-,
bound to RIG-I more efficiently, enhanced RIG-I ubiquitination, and facilitated RIG-l con-
formational rearrangement and oligomerization. Furthermore, the m°®A binding protein
YTHDF2 is essential for suppression of the type | interferon signaling pathway, including
by virion RNA. Collectively, our results suggest that several families in NNS RNA viruses
acquire mPA in viral RNA as a common strategy to evade host innate immunity.

IMPORTANCE The nonsegmented negative-sense (NNS) RNA viruses share many com-
mon replication and gene expression strategies. There are no vaccines or antiviral
drugs for many of these viruses. We found that representative members of the fami-
lies Pneumoviridae, Paramyxoviridae, and Rhabdoviridae among the NNS RNA viruses
acquire m®A methylation in their genome and antigenome as a means to escape
recognition by host innate immunity via a RIG-I-dependent signaling pathway. Viral
RNA lacking m°A methylation induces a significantly higher type | interferon
response than méA-sufficient viral RNA. In addition to uncovering m°A methylation
as a common mechanism for many NNS RNA viruses to evade host innate immunity,
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this study discovered a novel strategy to enhance type | interferon responses, which
may have important applications in vaccine development, as robust innate immunity
will likely promote the subsequent adaptive immunity.

KEYWORDS NS-methyladenosine, innate immunity, negative-strand RNA virus

he nonsegmented negative-strand (NNS) RNA viruses of the order Mononegavirales

include a wide range of human, animal, and plant pathogens. The NNS RNA viruses
are classified into five families: Pneumoviridae, exemplified by human respiratory syncy-
tial virus (RSV) and human metapneumovirus (hMPV); Paramyxoviridae, exemplified by
human parainfluenza virus type 3, measles virus (MeV), mumps virus, Sendai virus
(SeV), Nipah virus, and Hendra virus; Rhabdoviridae, exemplified by vesicular stomatitis
virus (VSV) and rabies virus; Filoviridae, exemplified by Ebola and Marburg viruses; and
Bornaviridae, exemplified by Borna disease virus. For many of these viruses, there are
no effective vaccines or antiviral therapeutic agents. These viruses share many com-
mon strategies in viral replication, gene expression, and innate immune evasion (1, 2).
The active template for replication and transcription of NNS RNA viruses is the nucleo-
capsid (N) protein-encapsidated genome complex (N-RNA). During replication, the viral
RNA-dependent RNA polymerase recognizes the N-RNA template and copies the nega-
tive-sense genomic RNA to produce an exact, positive-sense full-length cRNA antige-
nome, which is encapsidated by N protein and serves as the template for synthesis of
progeny genome RNA (1). During transcription of mRNAs from the genomes, the
MRNAs are capped, the cap is guanine N-7 (G-N-7) and ribose 2'-O methylated, and
the 3" end is polyadenylated (3, 4).

The host immune system has developed mechanisms to detect incoming microbes,
triggering signaling pathways that result in the production of type I/Ill interferon (IFN),
which provides an antiviral state that restricts viral infection. Both the genome and
antigenome of NNS RNA viruses bear 5'-terminal triphosphate that is recognized by
RIG-1 (5, 6). Replication of some NNS RNA viruses also yields long double-stranded RNA
(dsRNA), which can be detected by MDAS5 (7, 8). In turn, NNS RNA viruses encode multi-
functional proteins (such as NS1 and NS2 of RSV, G protein of hMPV, and V/C protein
of paramyxoviruses) to impair IFN signaling and/or to counteract cellular antiviral fac-
tors (2, 9, 10). In addition to using virus-encoded proteins to interfere with the IFN
pathway, many viruses have developed other extraordinarily diverse strategies, includ-
ing modifying their nucleotides, to escape detection by the sensor molecules of the
innate immune system. In coronaviruses, flaviviruses, and poxviruses, ribose 2'-O meth-
ylation of the viral 5 mRNA cap prevents the recognition of viral mRNA by host innate
immunity via MDA5 and IFN-induced proteins with a tetratricopeptide repeat (IFIT)-de-
pendent mechanism (11, 12). Short synthetic RNA-containing modified nucleosides
(m>C, m°eA, m°U, s2U, or pseudouridine) ablate Toll-like receptor 3 (TLR3), TLR7, and
TLR8 signaling pathways in dendritic cells (13). Similarly, short synthetic poly(U/UC)
RNAs derived from hepatitis C virus containing common RNA modifications, such as
méA, ¥, N-1-methylpseudouridine (m'¥), m>C, 5-hydroxymethylcytidine (hm°C), 5-
methoxycytidine (5moC), and 2’ fluoro-deoxyribose (2" fluoro-deoxyuridine [2FdU] and
2’ fluoro-deoxycytidine [2FdC]), suppress RIG-I responses (14). The presence of m°A
RNA modification on human circular RNAs inhibits innate immunity (15). Nucleotide
modifications (such as ¥ and m>C) decrease the innate immune response induced by
synthetic analogs of small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs)
(16). Although these studies showed that RNA modifications on short synthetic RNA or
circular RNA can inhibit innate immunity, whether this indeed occurs in the context of
virus infection is not clear.

Among over 160 RNA modifications, m°A is the most prevalent and abundant post-
transcriptional RNA modification on eukaryotic mRNA (17, 18). RNA m°®A methylation is in-
stalled by host m°A methyltransferase (m°A writer), a catalytic subunit (METTL3), and a
key accessary subunit (METTL14) (19) and can be reversibly removed by host demethy-
lases (mCA erasers), such as FTO and ALKBH5 (20, 21). The m°A functions are mediated by
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mCA binding proteins (m°A readers) YTHDF1, YTHDF2, and YTHDF3 (22). Recent studies
have found that m°A methylation affects many fundamental functions, such as pre-mRNA
processing, nuclear transport, RNA stability, translation, and microRNA biogenesis, and is
associated with numerous human diseases (23-25). It was also suggested that m°A ma-
chinery alters host m®A-modified antiviral transcripts and modulates innate immunity (26,
27). Interestingly, depletion of METTL3 in cells directly decreases the m°A methylation of
IFNB mRNA, leading to elevated levels of type | IFN (28, 29).

Viruses are obligate intracellular parasites; they must utilize host machinery to syn-
thesize their own genomes and proteins. The presence of m°A in their genome RNA
and/or mRNA has been reported for many RNA viruses and DNA viruses (30, 31).
Unexpectedly, viral m®A RNA can play either antiviral or proviral roles in the virus life
cycle via poorly understood mechanisms (30, 31). Similar to host mRNA, m°®A in viral
MRNA (such as some positive-sense RNA viruses and DNA viruses) has been shown to
be important for RNA stability and translation (31, 32). The genome and antigenome
(replicative intermediate) of NNS RNA viruses are triphosphorylated and cannot be
directly translated into viral proteins. However, why the genomes and antigenomes of
NNS RNA viruses are m®A methylated is mysterious.

Recently, we provided the first evidence that m®A methylation in the hMPV genome
and antigenome prevents innate immune detection in a RIG-I-dependent manner (33).
Here, we demonstrate that this novel function of viral m®A in innate immunity is uni-
versally conserved in the representative members of the Pneumoviridae (hMPV),
Paramyxoviridae (MeV and SeV), and Rhabdoviridae (VSV) in the order Mononegavirales.
Specifically, méA-deficient virion RNA purified from viruses grown in METTL3 knockout
(KO) U20S cells induced significantly larger amounts of type | IFN than m°A-sufficient
virion RNA grown in wild-type (WT) U20S cells in a RIG-I-dependent manner.
Reconstitution of the RIG-I signaling pathway revealed that m°A-deficient virion RNA
enhances RIG-I expression, binding affinity to RIG-I, RIG-I ubiquitination, and RIG-I con-
formational changes. Furthermore, our results suggest that YTHDF2, the m°®A binding
protein, sequesters m°A-sufficient viral RNA, which is essential for suppression of
type | IFN signaling. Thus, this novel function of m®A methylation of viral RNA in innate
immunity appears universally conserved in the Pneumoviridae, Paramyxoviridae, and
Rhabdoviridae among NNS RNA virus families.

RESULTS

RNA purified from virions grown in METTL3 knockout cells is defective in m°A
methylation. We previously showed that the genome, antigenome, and mRNAs of
RSV and hMPV, two members of the family Pneumoviridae, are m°A methylated (33,
34). Here, we performed high-throughput sequencing of m°A RNA (m°A-seq) of VSV
and SeV, representative members of the families Rhabdoviridae and Paramyxoviridae,
respectively. For VSV, virion RNA (n = 2) extracted from highly purified virions and poly-
adenylated mRNAs (n=2) isolated from VSV-infected A549 cells were subjected to
mOSA-seq. Similar to RSV and hMPV, we found that VSV genome, antigenome, and
MRNAs contain m°A. Several m°A peaks were identified on both strands of the viral
RNA (Fig. 1a and b). The VSV antigenome RNA contained 21 major m°®A peaks in the
regions complementary to the N, P, M, G, and L genes (Fig. 1a). In the genome RNA, six
mOSA peaks were detected in the N, P, M, G, and L genes (Fig. 1b). The P and L gene
regions from the antigenome have the strongest m°A enrichment, while the most
enriched m®A peaks are located at M and G gene regions from the genome (Table 1).
We also mapped m°A peaks in mRNAs purified from VSV-infected cells and identified
six m°A peaks from VSV N, P, and L mRNAs, with peak regions largely overlapping
those of the antigenome (Fig. 1c and Table 1). For SeV m°®A-seq, an SeV strain express-
ing GFP (rSeV-GFP) was used. Briefly, total RNA (n=3) isolated from rSeV-GFP-infected
or mock-infected A549 cells was subjected to m°A-seq. We identified 6 m°A peaks
(consistent across all replicates) in SeV positive-sense RNAs, which include both antige-
nome and mRNAs. Among them, 2 peaks, 3 peaks, and 1 m°A peak are located in the
N, P, and GFP genes, respectively (Fig. 2a and Table 2). In addition, several m°®A peaks
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FIG 1 The VSV RNAs are m°A methylated. (a and b), Distribution of m°A peaks in the VSV antigenome (a) and genome (b). A
schematic diagram of the VSV antigenome containing all genes (N, P, M, G, and L) is shown. Total RNAs were extracted from
purified VSV virions grown in A549 cells and were analyzed by m°®A immunoprecipitation (IP) followed by m®A-seq. Shaded areas
show the distribution of m®A immunoprecipitation reads mapped to the VSV antigenome (a) or genome (b). The baseline signal
from input samples is shown as a line. (c) Distribution of m°A peaks in the VSV mRNAs. Polyadenylated mRNAs were isolated
from VSV-infected A549 cells and subjected to m®A-seq. Shaded pink areas show the distribution of m®A immunoprecipitation
reads mapped to the VSV mRNAs. The baseline signal from input samples is shown as a line. Data are presented as the averages
from two independent virus-infected A549 cell samples (n=2).

are observed in negative-sense RNA (genome) (Fig. 2b). However, these peaks are not
consistently observed across three replicates (Fig. 2c).

In order to determine the role of viral m°A methylation in innate immunity, we first
developed an approach to generate viral RNA that was naturally defective in m°A
methylation. To do this, we took advantage of METTL3 knockout (KO) U20S cells (Fig.
3a), which are susceptible to infection by many NNS RNA viruses. RNA purified from
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TABLE 1 m°®A peaks in VSV RNAs

Journal of Virology

VSV RNA? Peak no. Peak range (nt)® Gene location® Peak size (nt) Fold enrichment? Putative m°A site(s)®
Genome 1 898-1047 N 149 2.57 AAACC
2 1944-2143 P 199 5.26 GAACA, AGACA
3 2891-3040 M 149 20.7 GAACA, GAACA
4 3389-3588 G 199 6.16 GAACA, GAACA, AAACA, GAACT
5 3838-4036 G 198 22.56 AGACC, AAACC
6 7426-7475 L 49 2.10 NA
Antigenome 1 1-449 N 448 11.99 AAACT, AGACA, AAACT, GAACT, AGACA
2 499-548 N 49 3.51 NA
3 599-698 N 99 2.39 GAACA, GAACA
4 898-997 N 99 2.84 AGACT, AGACA
5 1147-1246 N 99 2.55 AAACC
6 1396-1894 P 498 43.8 AAACC, GAACA, GGACT, GGACT, GAACT
7 1944-1993 P 49 6.79 AGACC, AAACA
8 2742-2890 M 148 4.50 AAACA, AGACC
9 3389-3488 G 99 3.64 NA
10 3688-4036 G 348 10.26 AGACC, AGACT, GAACC, AGACA, GAACC
11 4685-4784 L 29 3.62 GAACT, GGACT
12 4884-4933 L 49 2.57 NA
13 5582-5681 L 99 3.13 GGACT
14 6678-6727 L 49 246 GAACA
15 7575-7624 L 49 7.38 GGACT
16 8323-8471 L 148 11.02 GAACC, AAACC, AGACC, GAACC
17 8771-8820 L 49 2.02 NA
18 8970-9119 L 149 2.08 AAACC, AGACT
19 10615-10664 L 49 4.80 AAACT
20 10764-10863 L 99 10.25 GGACC
21 10914-11062 L 148 2.71 AGACC
mMRNAs 1 51-249 N 198 5.18 AGACA, AAACT, GAACT, AGACA
2 1346-1445 gs, ge, and ig 99 5.73 GGACT, GAACT
3 1496-1595 P 99 2.01 GAACA, GGACT
4 1645-1844 P 199 6.62 AAACC
5 4685-4784 G, gs, ge, ig, L 929 12.64 GAACT, GGACT
6 8372-8471 L 99 2.06 GAACC, AAACC, AGACC, GAACC

aGenome and antigenome were extracted from highly purified virions grown in A549 cells. VSV mRNAs were extracted from VSV-infected A549 cells and purified by poly(A)

bead.

bNucleotide sequence position with reference to the VSV Indiana strain (GenBank accession no. J02428). Nucleotide ranges are indicated.
The VSV genes and regulatory elements are covered by m°A peaks. These regions may contain m°A sites. VSV gene start, gene end, and intergenic sequence are indicated

by gs, ge, and ig, respectively.
dLog, enrichment of the m°A peaks identified in the VSV genome, antigenome, and mRNAs.

ePutative m°A sites are identified based on searching for the presence of the m°A motif Pu [G > A]Jm°AC[A/C/U] (Pu represents purine) in the peak ranges. NA indicates no

known m°®A motifs are found in this region.

virions grown in METTL3 KO U20S cells would likely be defective in m°A because
METTL3 is the catalytic subunit of m°A methyltransferase (19). Selected NNS RNA
viruses, including hMPV, MeV, SeV, and VSV, were grown in wild-type (WT) U20S or
METTL3 KO U20S cells. To avoid any contamination of defective interfering (DI) par-
ticles, all viruses were grown at a relatively low multiplicity of infection (MOI), and virus
particles were purified by linear sucrose density gradient ultracentrifugation. Virion
RNA was extracted from these virus particles. For many NNS RNA viruses, such as SeV
(35, 36), hMPV (33), and Newcastle disease virus (NDV) (35), it has been reported that
both genome and antigenome (replicative intermediate) are packaged into virions. To
confirm this, both genome and antigenome virion RNAs of hMPV, MeV, SeV, and VSV
were quantified by real-time reverse transcription-PCR (RT-PCR). Both genome and
antigenome were found in virions of all these viruses. However, the amount of antige-
nome incorporated into virions varies. The ratio between antigenome and genome in
hMPV and MeV virions was approximately 1:1 from both WT and KO U20S cells. The
majority of the RNA from SeV virions was genome RNA, with a ratio between antige-
nome and genome RNAs of approximately 1:100 in both cells. However, the ratios
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FIG 2 The SeV RNAs are m°A methylated. (a and b), Distribution of m°A peaks in the SeV antigenome/mRNAs (a) and genome (b). A schematic diagram of

the rSeV-GFP

antigenome containing all genes (N, P, M, GFP, F, HN, and L) is shown. Total RNA was extracted from rSeV-GFP or mock-infected A549 cells

and subjected to sonication. RNA containing m°A methylation was pulled down by m°A antibody, followed by m°®A-seq. The shaded pink areas show the
distribution of m°A immunoprecipitation (IP) reads mapped to the SeV antigenome/mRNAs (a) or genome (b). The baseline signal from input samples is
shown as a line. Data presented in panels a and b are the averages from three independent virus-infected A549 cell samples (n=3). (c) Distribution of m°A
peaks in the SeV genome in individual replicates.

between antigenome and genome of VSV virions grown in WT and KO U20S cells were
different, depending on the cell source, with approximately 1:5 and 1:10 from WT com-
pared to KO U20S cells, respectively. Therefore, we extracted total RNA from VSV-
infected WT and KO U20S cells and quantified VSV genome and antigenome and
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TABLE 2 m°®A peaks in Sendai virus RNAs

SeV RNA Peakrange Gene Peak Fold

peakno.® (nt)® location®  size (nt) enrichment? Putative m°A site(s)¢

1 351-450 N 99 1.34 AGACC

2 1401-1750 N 349 2.63 AAACA, GGACC, AAACC, AGACA, AGACT, AAACT

3 2101-2500 P 399 237 GAACA, AAACC, AAACA, GAACT, AAACT, AGACT, AAACA, AGACC, GGACT, GAACT
4 2651-2750 P 99 1.56 GGACA, AGACC, AAACC, GGACC

5 3251-3600 P 349 3.35 AAACC, GGACC, GGACA, GAACC, AGACA, AGACC, GAACT, GGACA

6 5301-5400 GFP 99 1.39 GAACT

aTotal RNA was extracted from rSeV-GFP or mock-infected A549 cells and subjected to sonication. RNA containing m®A methylation was pulled down by m°A antibody.
Three replicates (n = 3) of RNA from virus-infected cells were m°A sequenced.

bNucleotide sequence position with reference to the Sendai virus Z strain expressing GFP (GenBank accession no. AB855655). Nucleotide ranges are indicated.

<The SeV genes and GFP gene are covered by m°A peaks. These regions may contain m°A sites.

dLog, enrichment of the m°A peaks identified in the SeV antigenome and mRNAs.

ePutative m°A sites are identified based on searching for the presence of the m°A motif Pu [G > A]Jm°®AC[A/C/U] (where Pu represents purine) in the peak ranges.

found that the ratios of VSV genome and antigenome in virus-infected cells were simi-
lar (1:1) in both cell lines. Next, the m°A content of virion RNA was quantified using a
commercial m®A RNA methylation assay. As expected, m°A content in virion RNAs of vi-
rus particles purified from METTL3 KO U20S cells had reduced levels of m°A compared
to virion RNAs from WT U20S cells (P < 0.05) (Fig. 3b to e). For VSV RNA extracted
from virus-infected cells, a methylated RNA immunoprecipitation (MeRIP) assay was
used for quantification of m°A levels. Both VSV genome and antigenome from METTL3
KO U20S cells were defective in m°A methylation compared to those from WT U20S
cells (Fig. 3f). However, in all cases, m®A content in virion RNAs from METTL3 KO U20S
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FIG 3 The viral RNA of virus grown in METTL3 knockout U20S cells is defective in m°A methylation. (a) Western blot showing
METTL3 expression in METTL3-knockout U20S cells and wild-type U20S cells. (b to d) Quantification of m°A level in virion RNA.
Shown are the relative m°A levels in virion RNAs from SeV (b), MeV (c), hMPV (d), and VSV (e) grown on METTL3 KO/WT U20S
cells. Each virus was purified through 30 to 50% linear sucrose gradient ultracentrifugation. Virion RNA was extracted, and the
total m°A level of each virion RNA was quantified by m°A RNA methylation assay. (f) Total viral RNA from VSV-infected METTL3
KO U20S cells is defective in binding to m°A antibody by MeRIP assay. An MeRIP assay was carried out to determine the binding
of RNA to m°A antibody using the Magna MeRIPTM m°A kit. Anti-m°A antibody was first conjugated to magnetic beads. Total
RNA (15 1g) was extracted from VSV-infected METTL3 KO/WT U20S cells and incubated with m°A antibody-associated beads at
4°C for 2 h with rotation. The RNA-associated magnetic beads were then washed for 3 times. Total RNA was extracted from beads
by TRIzol reagent and quantified by real-time RT-PCR using primers annealing to VSV antigenome and genome. Data shown are
the mean = standard deviation (SD) from n = 3 (b, e, and f), n = 6 (c), or n = 4 (d) biologically independent experiments.
Statistical significance was determined by two-sided Student's t test: **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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FIG 4 m°®A-deficient viruses and their viral RNAs induce higher type | IFN production. (a to c¢) Comparison of IFN production triggered by virion RNAs
of SeV (a), MeV (b), and hMPV (c) produced from METTL3 KO or WT U20S cells. A549 cells were transfected with 10° RNA copies of SeV (a), 5 x 10°
RNA copies of MeV (b), and 107 RNA copies of hMPV (c), with each virus grown on METTL3 KO or WT U20S cells. IFN-B production was measured by
an ELISA kit at indicated time points. (d to e) IFN-B response in A549 cells transfected with total RNA from VSV-infected cells. Total RNA was
extracted from VSV-infected METTL3 KO or WT U20S cells, and the antigenome/genome was quantified by real-time RT-PCR. A549 cells were
transfected with 102 (d) and 107 (e) copies of viral RNA. IFN-B was measured by ELISA at indicated time points. (f to h) IFN-B mRNA level in A549
after viral infection with or without cycloheximide (CHX) treatment. A549 cells were treated for 1 h with 0 or 50 ug/ml CHX and then infected with
either SeV (f), MeV (g), or VSV (h) grown in METTL3 KO U20S or WT U20S cells. Total RNA was extracted from virus-infected cells, and IFN-8 mRNA
was quantified by real-time RT-PCR. The relative mRNA level between METTL3 KO- and WT U20S cell-derived viruses was calculated. The data shown
are the mean = SD from n=3 biologically independent experiments. Statistical significance was determined by two-sided Student's t test: *, P < 0.5;
** P < 0.01; ***, P < 0.001; ****, P < 0.0001.

cells was not completely defective in m®A, consistent with the previous observation
that METTL3 is the major but not the only host RNA m°A methyltransferase. Unlike
mOA-deficient virion RNA generated by mutagenesis to disrupt m°A addition sites,
these virion RNAs were naturally defective in m®A methylation due to METTL3 KO, but
their nucleotide sequences had not been altered.

m6A-deficient viral RNA induces significantly higher type | interferon. To assess
the impact of viral RNA m®A methylation on innate immunity, equal amounts of
meA-deficient or mSA-sufficient virion RNA of each virus were transfected into
A549 cells, and their ability to induce IFN-8 was measured. Under these conditions,
there was no viral replication, thus avoiding the inhibitory effects of viral proteins
on the IFN response. As expected, m°A-deficient virion RNA from SeV, MeV, and
hMPV induced significantly higher IFN-8 than m®A-sufficient virion RNA (Fig. 4a, b,
and c). Since the ratios between VSV antigenome and genome from WT and KO
U20S cells were different, we extracted the total RNA from VSV-infected METTL3
KO U20S cells and WT U20S cells and found that the ratios between antigenome
and genome in VSV-infected cells were similar. Therefore, we transfected A549
cells with equal amounts of total RNA from VSV-infected cells and tested the IFN
response. Similarly, mA-deficient VSV viral RNA induced significantly stronger IFN
responses at two different doses (108 and 107 genome RNA copies) (Fig. 4d and e).
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This phenotype was similar to our previous finding that virion RNA from hMPV
grown in A549 cells overexpressing ALKBH5 (an m°®A eraser protein) induced more
IFN- (33).

Although it is clear that direct transfection of m®A-deficient virion RNA induced
more type | IFN, proving that this phenomenon occurs during virus infection would be
complicated by the production of new copies of viral genome and antigenome that
would be m°A methylated by host m°A machinery. Furthermore, many viral proteins
are known to suppress IFN induction. Thus, we quantified IFN mRNA expression in
A549 cells infected by m®A-deficient or -sufficient SeV, MeV, and VSV in the presence
of cycloheximide (CHX), a drug that inhibits protein synthesis. In infected cells, CHX
also inhibits primary transcription and genome replication of many NNS RNA viruses,
presumably by limiting the level of viral protein production and therefore their contri-
butions to transcription and replication (37). This strategy should minimize the impact
of viral proteins and newly synthesized viral RNA on IFN mRNA expression. As shown
in Fig. 4f to h, infection of cells with m°A-deficient SeV, MeV, and VSV induced signifi-
cantly higher IFN mRNA than did m°A-sufficient viruses in the presence of CHX, as well
as in its absence. Thus, infection of A549 cells with the mSA-deficient virion does
induce more IFN. This finding is similar to our previous observation that infection of
cells with hMPV mutants whose m°A sites had been removed by mutagenesis induced
significantly higher IFN compared to WT hMPV (33).

Taken together, these results indicate that the ability of m°®A-deficient virion RNA to
induce IFN is conserved among NNS RNA viruses, and conversely, m®A modification of
virion RNA prevents it from inducing IFN.

mCA-deficient viral RNA activates type | interferon in an RIG-I-dependent manner.
RIG-I and MDAS5 are the two major RNA sensors that recognize viral RNA, leading to
the induction of IFN. RIG-I detects single-stranded RNA (ssRNA) with 5'-pp or 5'-ppp
and short dsRNA with blunted 5'-pp or 5'-ppp, whereas MDA5 recognizes long dsRNA
(38). The genome and antigenome of NNS RNA viruses are ssRNAs bearing 5’ triphos-
phate and thus are recognized by RIG-I. To identify which RNA sensor detects m°A-defi-
cient RNA, equal amounts of mefA-sufficient virion RNA or m®A-deficient virion RNA
were transfected into A549-Dual cells lacking RIG-I, MDAS5, or their downstream
adapter protein, MAVS, and the amount of IFN-3 released was measured. As expected,
mOA-deficient SeV virion RNAs triggered more IFN-B production than m°A-sufficient
SeV virion RNAs (P < 0.05, Student's t test) (Fig. 5a). IFN-B production was totally abro-
gated in A549-Dual cells lacking RIG-I (Fig. 5¢) and MAVS (Fig. 5d). However, a consider-
able amount of IFN-B was detected in MDA5 KO cells (Fig. 5b), although the amount
was significantly reduced compared to that in the parental A549-Dual cells (Fig. 5a).
Similar results were observed for méA-sufficient virion RNA of MeV (Fig. 5e to h), hMPV
(Fig. 5i to I), and VSV (Fig. 5m to p). Thus, RIG-I is the main RNA sensor involved in
detecting mSA-deficient viral RNA of NNS RNA viruses, although MDAS5 also plays a
minor role.

m°A-deficient viral RNA enhances multiple steps in the RIG-I signaling pathway.
Having demonstrated that RIG-I is the major RNA sensor recognizing m°éA-deficient viral
RNA, we next investigated the activation of the IFN pathway after viral RNA stimulation
(Fig. 6). Various doses of m°A-sufficient or m°A-deficient viral RNA were transfected into
A549 cells, and MDA and RIG-I expression and phosphorylation of interferon regulatory
factor 3 (IRF3) at S386 were detected by Western blotting. Except for SeV, RIG-I expres-
sion significantly increased in cells transfected with m°®A-deficient viral RNA compared to
cells transfected with m°A-sufficient viral RNA. However, except for MeV, there was no
significant increase in MDA5 expression. Importantly, m®A-deficient viral RNA stimulated
a significantly larger amount of IRF3 phosphorylation than mSA-sufficient viral RNA for
all viruses tested in a dose-dependent manner (Fig. 6), which is consistent with the ob-
servation that they induced higher expression of type | IFN (Fig. 4).

Next, we determined whether virion RNA deficient in m°A enhances the binding to
RIG-I. Briefly, cells expressing Flag-tagged RIG-I were lysed and divided into 7 aliquots,
mixed with each of the virion RNAs, and pulled down with Flag antibody-conjugated
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FIG 5 IFN response in A549 knockout cells transfected with m°A-deficient viral RNA. (a to I) IFN production after transfection of virion RNA. Confluent wild-
type (a, e, i), MDA5 knockout (b, f, j), RIG-I knockout (c, g, k), or MAVS knockout (d, h, ) A549-Dual cells were transfected with the same amounts of SeV (a
to d, 10° RNA copies), MeV (e to h, 2 x 10° RNA copies), and hMPV (i to |, 107 RNA copies) virion RNAs from either METTL3 KO or WT cells. (m to p) IFN
production after transfection of total RNA from VSV-infected cells. Confluent wild-type (m), MDA5 knockout (n), RIG-I knockout (o), or MAVS knockout (p)
A549-Dual cells were transfected with the same amounts of total RNA from VSV-infected METTL3 KO cells or METTL3 WT cells containing 5 x 10° copies of
viral RNA. Cell culture supernatants were harvested at 16 and 24 h after inoculation, IFN-3 in the supernatant at indicated time points was measured by a
commercial ELISA kit. Data shown are the mean = SD from n = 3 biologically independent experiments. Statistical significance was determined by two-
sided Student's t test: *, P < 0.5; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

magnetic beads (Fig. 7a), and the RNA in the complex was quantified by quantitative
reverse transcription-PCR (RT-qPCR). For SeV virion RNA, a 10-fold increase in RIG-I
binding was observed for m°A-deficient virion RNA compared to méA-sufficient virion
RNA (Fig. 7b). For MeV virion RNA, RIG-I binding to m°éA-deficient antigenome and ge-
nome RNAs was increased 30- and 10-fold, respectively, compared to those of m°®A-suf-
ficent virion RNA (Fig. 7c and d). For hMPV virion RNA (Fig. 7e and f), 18- and 8-fold
increases in RIG-I binding were observed for the antigenome and genome of m°A-defi-
cient RNA, respectively, compared to those of m°A-sufficent RNA. Thus, m°A deficiency
enhances binding to RIG-I of SeV, MeV, and hMPV virion RNA.

We next determined whether méA-deficient RNA can stimulate the formation of
RIG-I:RNA complex and RIG-I oligomerization. Purified RIG-l was incubated with m°A-
sufficient RNA or m®A-deficient RNA in the presence of ATP. Formation of RIG-:RNA
complexes was resolved by native PAGE gel and detected by Western blotting. In the
absence of RNA, monomeric RIG-I with a molecular weight of approximately 170 kDa
on the native gel was detected (Fig. 8a, lanes 8 and 9). Incubation of RIG-I with poly
(I-C) leads to the formation of RIG-I:RNA complexes with a molecular weight of approxi-
mately 350kDa (Fig. 8a, lane 7), suggesting that RIG-I oligomerization occurs in the
presence of poly(l-C). Interestingly, incubation of RIG-I with SeV and hMPV RNA formed
much larger RIG-I:IRNA complexes than the complex of RIG-I with poly(I-C) (Fig. 8a),
which is probably due to the difference in the sizes of the RNAs [14 kb for hMPV, 15 kb
for SeV, and 1.0 to 1.5 kb for poly(I-C)] and the difference in protein-RNA interaction.
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FIG 6 m°A-deficient viral RNA enhances expression of molecules involved in type | IFN signaling pathway. (a to ¢), m°A-deficient virion RNA increases
expression of RIG-I and MDA5 and induces higher IRF3 phosphorylation. A549 cells were transfected with virion RNA of SeV (a, at doses of 2 x 10°,
1x10° and 5 x 10* RNA copies), MeV (b, at doses of 1 x 105 5 x 10°, and 2 x 10° RNA copies), and hMPV (c, at doses of 107, 105, and 10° RNA copies)
grown on METTL3 KO or WT U20S cells. (d) m°A-deficient total RNA from VSV-infected cells increases expression of RIG-I and MDA5 and induces higher
IRF3 phosphorylation. A549 cells were transfected with total RNA from VSV-infected cells at doses of 1 x 10% and 1 x 107 RNA copies grown on METTL3 KO
or WT U20S cells. At indicated times, cell lysates were analyzed by Western blotting using antibodies specific to RIG-I, MDAS5, IRF3, IRF3 phosphorylated at
S386, or B-actin. Western blots are representative of n =3 biologically independent experiments. (e) A cartoon model for type | IFN signaling pathway.
mCA-sufficient or -deficient viral RNA is detected by either RIG-I or MDA5, engaging the adaptor protein MAVS, which leads to the phosphorylation of IRF-
3 by TBK1/inducible IkB kinase (IKK-i), the formation of IRF-3 homodimers and/or heterodimers, and translocation into the nucleus, resulting in the

expression of type | IFNs.

Importantly, incubation of RIG-I with m®A-deficient virion RNA from SeV, hMPV, and
rhMPV-G1-14 formed more RIG-:-RNA complexes compared to the mSA-sufficient
RNA (Fig. 8a, compare lanes 1 and 2, 3 and 4, and 5 and 6). These results suggests
that m°A-deficient RNA can stimulate the formation of RIG-I:RNA complex and RIG-I
oligomerization.

Upon binding of an RNA ligand, RIG-I oligomerization leads to a significant confor-
mational rearrangement that can be detected by limited trypsin proteolysis of RIG-I:
RNA complexes in denaturing SDS-PAGE (14, 39). In the absence of ligand RNA, trypsin
treatment of the RIG-| protein yielded a 55-kDa RIG-I fragment (helicase domain), rep-
resenting the trypsin-sensitive autorepressed RNA-free RIG-I conformation. Trypsin
digestion of poly(l-C)-bound RIG-I yielded an 80-kDa fragment, the caspase activation
and recruitment domain (CARD)-helicase domain, which is recognized by a monoclonal
anti-helicase domain antibody (Fig. 8b, left panel). This band represents the trypsin re-
sistance of the RNA-bound RIG-I (14, 33). Natural m°A-deficient RNA from SeV and
hMPV virions grown in METTL3 KO cells yielded more 80-kDa protein than méA-suffi-
cient virion RNA (Fig. 8b, right panel). Similar to our previous observation, virion RNA
of rhMPV-G1-14, which contains a total of 14 m®A mutations, yielded more trypsin-re-
sistant 80-kDa protein than wild-type hMPV virion RNA did (Fig. 8b, right panel). Thus,
moéA-deficient viral RNA facilitates the conformational change of RIG-I.

Upon conformational change, RIG-I exposes its two CARD domains to K63-linked
polyubiquitination and binding of K63-linked ubiquitin chains, which activate the RIG-I
conformer, engaging the adaptor protein MAVS for activation of transcription factors
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FIG 7 mSA-deficient virion RNA increases RIG-l binding. Shown are the results from an affinity binding assay of RIG-I with each
virion RNA. RIG-I-conjugated magnetic beads were incubated with virion RNA purified from METTL3 KO or WT U20S cells. (a) One
aliquot of beads was analyzed by Western blotting. (b to e) Antigenome or genome RNA bound to magnetic beads was
quantified by real-time RT-PCR. Results were normalized as the ratio between immunoprecipitated RNA from METTL3 KO cells and
that from METTL3 WT cells. The data shown are the mean = SD from n = 3 (b to d) or n = 6 (e and f) biologically independent
experiments. Statistical significance was determined by two-sided Student's t test: *, P < 0.5, **, P < 0.01.

(40, 41). Recent studies have found that RIG-I ubiquitination and activation are depend-
ent on RIPLET, a ubiquitin E3 ligase (42). Thus, we tested the abilities of m°A-deficient
RNA in promoting ubiquitination of RIG-I (Fig. 8c). As a positive control, incubation of
purified RIG-l1 with 42-bp dsRNA triggered strong ubiquitination of RIG-I only in the
presence of RIPLET (Fig. 8¢, lane 2). SeV RNA isolated from virions grown in METTL3 KO
cells promoted RIG-I ubiquitination in a dose-dependent manner (Fig. 8¢, compare
lanes 4, 6, and 8). In comparison, SeV RNAs isolated from virions grown in WT cells
were significantly less efficient in stimulating RIG-I ubiquitination (Fig. 8c, compare
lanes 4 and 10, 6 and 12, and 8 and 14). These data demonstrate that RIG-| is intrinsi-
cally capable of sensing m°A in viral RNAs and that SeV RNA lacking m°A has a greater
ability to stimulate RIG-I, providing a mechanistic insight into its higher activity in trig-
gering IFN production.

YTHDF2, the m°A binding protein, is essential for suppression of type | IFN
expression. The functionality of m°A can be also mediated by m°A binding proteins
(m°®A readers) (18). We hypothesized that m°A reader proteins bind and protect m°A-
methylated viral RNA, thereby preventing recognition by RNA sensors and suppressing
type | IFN signaling. To test this hypothesis, we generated YTHDF2 KO A549 cells (Fig.
9a) using CRISPR-Cas9 technology and compared the activation of type | signaling in
WT A549 cells and YTHDF2 KO A549 cells upon virus infection or viral RNA transfection.
Briefly, WT A549 cells and YTHDF2 KO A549 cells were infected by SeV or hMPV, and
IFN expression and the IFN signaling pathway were examined. Both SeV infection (Fig.
9¢) and hMPYV infection (Fig. 9e) induced significantly higher type | IFN production in
YTHDF2 KO A549 cells than in WT A549 cells. Consistent with this, MDA5 and RIG-|
expression and IRF3 phosphorylation increased in YTHDF2 KO A549 cells upon SeV
(Fig. 9b) and hMPV (Fig. 9d) infection, suggesting that YTHDF2 suppresses the type |
IFN signaling pathway.

Next, we transfected WT viral RNA or m°A-deficient viral RNA (from METTL3 KO
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FIG 8 m°A-deficient virion RNA facilitates RIG-:RNA conformation change and increases the ubiquitination of
RIG-I. (a) Analysis of RIG-:RNA complex in native PAGE gel. Purified RIG-l was incubated with poly(l-C) or 107
copies of virion RNA in MOPS buffer in the presence of RNase inhibitor and AMP-PNP (2mM). The reaction
mixtures were incubated at 37°C for 30min to enable RIG-:RNA complex formation. Ten microliters of the
mixture was mixed with an equal volume of native PAGE buffer, and RIG-:RNA complex was separated in
native PAGE gel, followed by Western blotting with anti-RIG-I helicase antibody to detect the RIG-1:RNA
complex. Gels with short and long exposures are shown. The Western blots shown are the representatives of
three independent experiments. (b) Analysis of RIG-:RNA conformation by limited trypsin digestion in
denaturing SDS-PAGE. The RIG-:RNA complex was formed as described for panel a. Limited trypsin digestion of
RIG-I protein in the absence of RNA ligand for 0 to 2h (left panel) or in the presence of poly(l-C) or viral RNA
(right panel) for 2h is shown. The Western blots shown are the representatives of three independent
experiments. (c) In vitro ubiquitination analysis of RIG-I. A 1.0 uM concentration of purified RIG-l was incubated
with 1ng/ug of 42-bp dsRNA and different doses of SeV virion RNA from METTL3 KO or WT U20S cells.
Ubiquitination of RIG-I was analyzed by anti-RIG-I blotting. The blots shown are the representatives of three
independent experiments.
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FIG 9 YTHDF2 is essential for suppression of the IFN signaling pathway. (a) Western blot analysis of YTHDF2 in YTHDF2 knockout A549 cells and control
sgRNA-treated A549 cells. (b) SeV infection induces a higher IFN signaling pathway in YTHDF2 knockout A549 (A549-Y2 KO) cells compared to WT A549
cells. Confluent cells were infected by SeV at an MOI of 1.0, and cell lysates were analyzed by Western blotting at the indicated time points. (c) IFN
production in WT and YTHDF2 knockout A549 cells upon SeV infection at an MOI of 1.0. (d) hMPV infection induces a higher IFN signaling pathway in
A549-Y2 KO cells compared to A549 WT cells. Cells were infected by hMPV at an MOI of 1.0. (e) IFN production in WT and YTHDF2 knockout A549 cells
upon hMPV infection at an MOI of 1.0. (f) Comparison of IFN signaling pathways in A549-Y2 KO cells and A549 WT cells upon transfection of equal
amounts (10° RNA copies) of WT SeV RNA and mCA-deficient SeV RNA. (g) IFN production in WT and YTHDF2 knockout A549 cells upon SeV RNA
transfection (10° RNA copies). (h) Comparison of IFN signaling pathway in A549-Y2 KO cells and A549 WT cells upon transfection of equal amounts (10°
RNA copies) of WT hMPV RNA and m®A-deficient hMPV RNA. (i) IFN production in WT and YTHDF2 knockout A549 cells upon hMPV RNA transfection
(10° RNA copies). (j) Comparison of IFN signaling pathways in A549-Y2 KO cells and A549 WT cells upon transfection of equal amounts (10° RNA copies)
of WT hMPV RNA and hMPV G1-14 RNA. (k) IFN production in WT and YTHDF2 knockout A549 cells upon WT hMPV RNA and hMPV G1-14 RNA
transfection (10° RNA copies). The Western blots shown are the representatives of three independent experiments. The interferon data shown are the
mean = SD from n = 3 biologically independent experiments. Statistical significance was determined by two-sided Student's t test: *, P < 0.5; **, P <
0.01; ***, P < 0.001; ****, P < 0.0001.

U20S cells) into WT A549 cells and YTHDF2 KO A549 cells and examined type | IFN sig-
naling. Similar to SeV infection, transfection of WT SeV RNA induced significantly
higher RIG-I expression, IRF3 phosphorylation (Fig. 9f), and IFN production (Fig. 99) in
YTHDF2 KO A549 cells than in WT A549 cells. Thus, YTHDF2 suppresses the type | IFN
signaling pathway upon RNA transfection.

Consistent with previous observations, méA-deficient SeV RNA induced significantly
higher expression of MDA5, RIG-I, and IRF3 phosphorylation (Fig. 9f) and IFN produc-
tion (Fig. 9g) than WT SeV RNA in WT A549 cells. Since YTHDF2 was not available to
bind to viral RNA in YTHDF2 KO A549 cells, the difference in RIG-I, MDA5, and IRF3
phosphorylation (Fig. 9f) and IFN-B production (Fig. 9g) between WT and m6A-defi-
cient RNA was diminished in YTHDF2 KO A549 cells compared to WT A549 cells.
However, m°A-deficient RNA induced significantly more IFN (Fig. 9g) and related pro-
teins (Fig. 9f) in YTHDF2 KO A549 cells compared to those in WT A549 cells, which may
due to the fact that these viral RNAs still retained some m°A methylation, although
they had significantly less (Fig. 3). Similar results were observed when m°A-deficient
hMPV RNA (derived from METTL3 KO cells) was transfected into YTHDF2 KO A549 cells
and WT A549 cells (Fig. 9h and i). To confirm these results, we compared the IFN induc-
tion by WT rhMPV and rhMPV-G1-14 RNA, whose mSA sites in its G gene have been
removed by mutagenesis. The results were similar to those observed for m°A-deficient

May 2021 Volume 95 Issue9 €01939-20 jviasm.org 14


https://jvi.asm.org

m°®A and Innate Immunity

SeV RNA or m°A-deficient hMPV RNA derived from METTL3 KO cells (Fig. 9j and k).
Collectively, these results indicate that YTHDF2 may sequester m®A-sufficient virion
RNA, thereby suppressing host innate immunity.

DISCUSSION

Internal RNA m°®A methylation was discovered in the early 1970s (43, 44). Studies
have shown that m°®A plays many important roles in mRNA metabolism, translation,
and splicing (22, 45). However, the biological functions of m°A in viral RNA remain
poorly understood. In this study, we found that m°A on the genomes and antigenomes
of several families in NNS RNA viruses enables viral RNA to escape recognition by RIG-I.
This novel role of m®A in innate immunity is universally conserved in the representative
members of the families Pneumoviridae (hMPV), Paramyxoviridae (SeV and MeV), and
Rhabdoviridae (VSV). Abrogation of m°A on virion RNA enhances its recognition by RIG-
| and facilitates the RIG-I conformational change, oligomerization, and ubiquitination,
which activates the RIG-I-mediated IFN signaling pathway. In addition, the m®A binding
protein, YTHDF2, is essential for suppression of type | IFN responses. The data pre-
sented here suggest that three families in NNS RNA viruses have evolved a common
mechanism, which is to mask their genome and replication intermediate antigenome
with m®A, to mimic host RNA and evade host innate immunity that is dependent on
RNA sensor RIG-I.

Our finding suggests that m°A serves as a molecular marker for host innate immu-
nity to discriminate self from nonself RNA. All NNS RNA virus genomes and antige-
nomes have triphosphate at their 5’ termini. RIG-I plays a dominant role in the recogni-
tion of NNS viral genome and antigenome RNAs, consistent with the fact that RIG-I
detects 5’'-triphosphorylated single-strand RNA. The addition of m°A to NNS genomes
and antigenomes appears to reduce RIG-I detection of the triphosphorylated 5’ termi-
nus of these RNAs. The fact that IFN production was significantly reduced but not com-
pletely inhibited in RNA-transfected MDA5 knockout cells suggest that MDA5 might
play a secondary role in recognizing m°éA-deficient RNA of NNS RNA viruses. However,
we also cannot rule out the possibility of other cytosolic RNA sensors (such as protein
kinase R [PKR] and Toll-like receptors [TLRs]) in detection of m°A-deficient RNA. To
date, many positive-sense RNA viruses (such as HIV, HCV, Zika virus, and EV71) and seg-
mented negative-sense RNA viruses (such as influenza virus) have also been shown to
contain méA methylation in their viral genomes and mRNAs (32, 46, 47). The 5’ struc-
tures of their RNA genome, such as ppp, cap0, cap1, cap2, untranscribed region (UTR),
or internal ribosome entry site (IRES), the nature of the RNA genome (ssRNA or dsRNA),
and the replication strategies of these RNA viruses are highly diverse: different pattern
recognition receptors (PRRs) may be involved in the detection of their m°A-sufficient
and -deficient genomes (48). For example, m®A-modified poly(U/UC) RNA sequence
derived from hepatitis C virus (HCV) prevented its recognition by RIG-I and therefore
the conformational changes of RIG-I (14). It was shown that unmodified circular RNA,
but not m°A-modified circular RNA, directly activates the RIG-I-mediated IFN signaling
pathway (15). Similarly, it was found that m°A modifications of hepatitis B virus (HBV)
and HCV RNAs were less effective in RIG-I signaling and that single-nucleotide muta-
tions in the m®A motif in viral RNAs enhanced RIG-| sensing activity (49). Recently, it
was found that loss of METTL3 and m®A activates an aberrant innate immune response
during hematopoietic development, mediated by the formation of endogenous dou-
ble-strand RNAs (dsRNAs) (50). This leads to activation of the 2',5’-oligoadenylate syn-
thetase (OAS)-RNase L and PKR-elF2« pathways and upregulation of the dsRNA sensors
MDAS5 and RIG-1, which signal through MAVS (50).

It is not known how RIG-I accesses or recognizes the m°A-deficient genome and
antigenome of NNS RNA viruses in the context of virus infection, as both are encapsi-
dated by N protein (1). Studies have demonstrated that RIG-I mainly recognizes the
full-length genome RNA bearing 5'-triphosphates for influenza virus and SeV (51).
However, others have shown that RIG-I preferentially associates with shorter 5'-
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FIG 10 Model for how m°A methylation invades host innate immunity in NNS RNA viruses. The newly synthesized genome and
antigenome of NNS RNA viruses are first methylated by m®A writer proteins, which are encapsidated by N protein to serve as a
template for replication and transcription. Some of the genome and antigenome may not be encapsidated at an early stage in
the virus replication cycle, particularly when the concentration of N protein is low. These unmodified antigenomes or genomes
would be recognized by RIG-I to induce the IFN signaling pathway. m°A methylation in genome and antigenome prevents RIG-I
binding, conformational change, oligomerization, and K63-linked polyubiquitination, which result in lower activation of MAVS and
subsequent phosphorylation of IRF3, thereby inhibiting type | IFN production. In addition, YTHDF2 binds to the m°A-methylated
genome and antigenome, which suppresses type | IFN signaling.

triphosphate-containing viral RNA segments (such as defective interfering [DI] par-
ticles) in cells infected with influenza virus and SeV (52, 53). It is poorly understood
how RIG-I gains access to these encapsidated RNAs to induce IFN signaling, regardless
of whether they are full-length or DI genomes and antigenomes. Nevertheless, the fact
that both the genome and antigenome of NNS RNA viruses are m°A methylated sug-
gests that m°A writer proteins must gain access and methylate genome and antige-
nome prior to their encapsidation, or méA methylation occurs between the elongation
of the genome or antigenome and its encapsidation occurs concurrently. One possibil-
ity is that some of the genomes and antigenomes that are synthesized are not encapsi-
dated (Fig. 10). This would seem most likely to occur in the early stage of the virus rep-
lication cycle. Some of these genomes and antigenomes may not be encapsidated
because of the low concentration of the N protein, allowing RIG-I access to both the
5'-ppp and RNA downstream from it. Our data suggest that m®A methylation of the vi-
ral genome and antigenome inhibits recognition by RIG-I, preventing RIG-I conforma-
tional change, oligomerization, and ubiquitination, thereby suppressing type | IFN and
its protective effects (Fig. 10).

YTHDF?2 is one of the major m®A binding proteins in mRNA, functioning as a dou-
ble-edged sword, either promoting RNA decay or promoting translation (23-25). Our
results suggest that YTHDF2 has another novel function, which is to suppress innate
immunity during virus infection. IFN expression was significantly enhanced in YTHDF2
KO A549 cells upon WT virus infection or WT viral RNA transfection. However, the dif-
ference in IFN production between m°A-deficient and WT virion RNA was diminished
in YTHDF2 knockout A549 cells, compared to those in WT A549 cells (Fig. 9). Although
we have not demonstrated the direct interaction of YTHDF2 and viral RNA, it is likely
that the binding of YTHDF2 to m®A-methylated viral RNA sequesters these viral RNAs
and prevents the RIG-I activation. We previously found that YTHDF2 was partially colo-
calized with N proteins of RSV and hMPV (33, 34). It is possible that other effector func-
tions of YTHDF2 (such as interaction with viral N protein and enhancement of N
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protein-mediated viral RNA encapsidation) may play a role in preventing viral RNA
from recognition by RNA sensors. Our results are consistent with a recent study that
showed that YTHDF2 was essential for suppression of circular RNA-induced immunity
(15). Specifically, YTHDF2 sequestered m®A-modified circular RNAs and blocked endog-
enous circular RNAs from activating the RIG-I antiviral pathway (15). Similarly, it was
shown that YTHDF2 inhibited RIG-I signaling by occupying m®A-modified RNAs and in-
hibiting RIG-I recognition in HBV and HCV (49). Recent work also suggests that RNA
methylation (such as internal 2’-O methylation) in short dsRNA serves as a “brake” or
“throttle” to prevent RIG-I translocation, oligomerization, and downstream signaling
(54). Thus, the binding of YTHDF2 to m°®A sites will likely be an additional barrier, pre-
venting RIG-l conformational changes and thereby suppressing type | IFN responses
(Fig. 10).

Our work highlights the need to elucidate the molecular determinants of regulation
and functions of other epitranscriptomic modifications in viral RNA. To date, more than
160 RNA modifications have been reported. Several RNA modifications, including inter-
nal 2’-O methylation and m>C, have been detected in viral RNAs (55-57). For example,
West Nile virus (57) and HIV (55) RNAs were reported to contain internal 2’-O methyla-
tion. Interestingly, host FTSJ3, a 2'-O-methyltransferase (2'0-MTase), was shown to cat-
alyze the internal 2'-O methylation of HIV RNA (55). Knockdown of FTSJ3 in cells led to
a reduction in internal 2'-O methylation in viral RNA and triggered a higher expression
of type | IFNs in human dendritic cells through the RNA sensor MDA5 (55). Since viral
RNA modification modulates many biological functions (such as RNA decay, transla-
tion, and innate immunity), it is possible that they may contribute to the pathogenesis
and virulence of different virus strains.

In conclusion, NNS RNA viruses acquire m®A modification in their genome and anti-
genome, as do other cellular RNAs, enabling them to escape innate immune recogni-
tion by the host cytosolic RIG-I. The m°A methylation on viral RNA reduces its binding
affinity to RIG-I, preventing RIG-I conformational change, oligomerization, and K63-
linked polyubiquitination, which result in lower activation of MAVS and subsequent
phosphorylation of IRF3, thereby inhibiting type I IFN production.

MATERIALS AND METHODS

Cell lines. A549 cells (ATCC CCL-185) were purchased from the American Type Culture Collection.
A549-Dual, A549-Dual KO RIG-I, A549-Dual KO MDAS5, and A549-Dual KO MAVS knockout cells were pur-
chased from InvivoGen (San Diego, CA) and were supplemented with Normocin (100 ug ml™"), blastici-
din (10 g ml™"), and Zeocin (100 ug ml~"). The wild-type U20S and METTL3 knockout U20S cell lines
were a gift from Yang Shi (Harvard Medical School, Boston, MA). All cell lines were kept in Dulbecco’s
modified Eagle’s medium (DMEM; Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine
serum (FBS) and were confirmed free from mycoplasma by the LookOut Mycoplasma PCR detection kit
(Sigma, St. Louis, MO).

Generation of YTHDF2 knockout A4549 cell line. CRISPR-Cas9 was used to knock out the YTHDF2
gene in A549 cells. Three single guide RNAs (sgRNAs) specific for exon 4 of the YTHDF2 gene (sgRNAT,
5'-GCAGTATATGCATTATTCTG-3'; sgRNA2, 5'-GGGTAAGTAGGAATCTGACA-3'; and sgRNA3, 5'-GAATA
GGAGAAGCCAATGGA-3’) and one control sgRNA (5'-GTACGTCGGTATAACTCCTC-3’) were designed and
cloned into the lentiviral vector plentiCRISPR v2. 293T cells (2.5 x 10°) were transfected with the lentiviral
vector expressing both the sgRNA and Cas9 (5 ug), the packaging plasmid (5 g), and the VSV-G enve-
lope expression plasmid (2.5 ©g) to generate lentiviral particles that were used to transduce A549 cells
(2 x 10°). After puromycin (2 ng/ml) selection, the transduced cells were single cell cloned. The knockout
of YTHDF2 expression in A549 cells was confirmed by Western blotting. Genome editing of the targeted
region was also confirmed by PCR of exon 4 of YTHDF2 from genomic DNA followed by sequencing.

Virus production and purification. Ten T150 flasks of wild-type U20S cells and METTL3 knockout
U20S cells were infected with measles virus (MeV) at an MOI of 0.01, Sendai virus (SeV) at an MOI of 1, or
human metapneumovirus (hMPV) at an MOI of 0.5. When extensive cytopathic effects (CPE) were
observed, cell culture supernatants were harvested and clarified by centrifugation at 10,000 x g for
30 min. Virus was concentrated through a 10% (wt/vol) sucrose cushion by centrifugation at 30,000 x g
for 2h at 4°C in a type 50.2 Ti rotor (Beckman, Brea, CA). The pellet was resuspended in NTE buffer
(0.05M Tris-HCl, 0.15M NaCl, 15mM CaCl,, pH 6.5). Virus was further purified through 30 to 50% linear
sucrose gradient ultracentrifugation. The bands containing virus particles were collected and centri-
fuged at 25,000 x g for 2 h at 4°C. The final pellets were resuspended in NTE buffer with 10% trehalose.

Isolation of total viral RNA and virion RNA. Confluent METTL3 KO U20S cells or WT cells in 60-
mm-diameter dishes were mock infected or infected with VSV at an MOI of 0.1. At 24 h after infection,
total RNA was isolated from virus-infected cells using the TRIzol reagent (Life Technologies) and
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dissolved in RNase-free water. Virion RNA was extracted from sucrose gradient-purified virions of each
virus.

Real-time RT-PCR. Viral RNA was isolated from purified virion or infected cells by using TRIzol rea-
gent (Life Technologies, Carlsbad, CA) following the manufacturer’s instruction. Reverse transcription
(RT) real-time PCR was conducted by using primers annealing to the leader and N sequence of each virus
in TB-Green premix Ex Taq (TaKaRa, Kusatsu, Shiga Prefecture, Japan).

Colorimetric quantification of viral m®A methylation. Virion RNA was extracted from viruses puri-
fied by sucrose cushion ultracentrifugation as described above. The total m°A modification level of virion
RNA was quantified by an m°A RNA methylation assay kit (Abcam; ab185912) based on the manufac-
turer’s instruction. Briefly, each amount of virion RNA was bound to strip wells using an RNA high-bind-
ing solution, and m°A was detected using a specific capture anti-m°A antibody and then quantified col-
orimetrically by reading the absorbance in a microplate spectrophotometer at a wavelength of 450 nm.
A standard curve was generated using known m®A-methylated RNA (range from 0.02 to 1 ng of m°®A) as
a positive control. The m°A content was calculated from each RNA sample based on its optical density at
450 nm (OD,,) values. The percentage of change was calculated by dividing m°A levels in virion RNA
from U20S KO cells by those from the WT U20S cells.

m6A-seq. High-throughput sequencing of the VSV was carried out using m°A-seq (MeRIP-seq) as
described previously. Briefly, for m®A-seq of the VSV genome and antigenome, RNAs were extracted
from purified VSV virions and purified with the RiboMinus Eukaryote System v2 kit (Thermo Fisher). For
mCA-seq of VSV mRNA, total RNAs were extracted from mock-infected or VSV-infected A549 cells, and
polyadenylated RNAs were isolated using the Dynabeads mRNA DIRECT Purification kit (Thermo Fisher).
Purified RNAs were sonicated with Bioruptor Pico (Diagenode) with 30 s on and 30 s off for 30 cycles,
mixed with 1ul of affinity-purified anti-m°A monoclonal antibody (Cell Signaling Tech) in IPP buffer
(150 mM NaCl, 0.1% NP-40, 10 mM Tris-HCI, pH 7.4), and incubated for 2h at 4°C. Enriched and input
mRNA fragments were purified with RNA Clean & Concentrator kit (Zymo) and used for library genera-
tion with the TruSeq Stranded mRNA Library Prep kit (Illumina). Sequencing was carried out on an
lllumina HiSeq 4000 according to the manufacturer’s instructions. Two replicates of RNA samples from
virions, virus-infected cells, and mock-infected cells were subjected to m°®A-seq. To prepare m®A-seq of
SeV, total RNAs of rSeV-GFP/mock-infected A549 cells were subjected to sonication and m°A pulldown
as described above. Enriched and input RNA fragments were further processed by SMARTer Stranded
Total RNA-Seq kit v2—Pico Input Mammalian (TaKaRa). Sequencing was carried out on Illumina Nova-
seq according to the manufacturer’s instructions. Three replicates of virus-infected cells were m°A
sequenced. For data analysis, the reads were mapped to the VSV and SeV genome and antigenome by
using Hisat2 (58) followed by peak calling using R package MeRIP tools (59). We reported peaks that are
consistent across all replicates.

Determination of IFN-f by ELISA. For virus infection, A549 cells or YTHDF2 knockout A549 cells
were infected by SeV, hMPV, VSV, or MeV at an MOI of 1.0, cell supernatants were harvested at 16, 24,
and 40 h after infection, and the IFN-3 concentrations were determined by commercial enzyme-linked
immunosorbent assays (ELISA) according to the manufacturer’s instructions (PBL). Known concentrations
of human IFN-B were used to generate the standard curve. For RNA transfection, A549 cells or YTHDF2
knockout A549 cells in 24-well plates were transfected with equal amounts of virion RNA of SeV, hMPV,
VSV, or MeV by using Lipofectamine 3000. At 16 and 24 h after transfection, culture medium was har-
vested for IFN- quantification by ELISA.

Determination of IFN-f mRNA by RT-qPCR. For viral infection, A549 cells were first treated or
untreated with cycloheximide (CHX) at a concentration of 50ug/ml 1 h before infection and then
infected with SeV grown from METTL3 KO U20S or WT U20S cells at an MOI of 5. A 50-ug/ml concentra-
tion of CHX was maintained in the culture medium after inoculation. At 24 h postinfection, cell lysates
were collected, and total RNA was extracted by TRIzol reagent following the manufacturer’s instructions.
IFN mRNA was quantified by real-time RT-PCR and normalized with mRNA of -actin.

Antibodies and Western blotting. The antibodies used in this study were anti-METTL3 (Proteintech;
15073-1-AP), anti-RIG-I (Abcam; ab180675), anti-MDA5 (Abcam; ab79055), anti-IRF3(phospho-5386)
(Abcam; ab76493), anti-IRF3 (Abcam; ab25950), anti-YTHDF2 (Abcam; ab220163), and antiactin
(Proteintech; 66009). For viral RNA transfection, the same copies of viral RNA at different deses were
transfected into regular A549 or A549-Dual KO cells using Lipofectamine 3000 (ThermoFisher Scientific,
Waltham, MA). Cells were harvested and lysed in 1x radioimmunoprecipitation assay (RIPA) buffer
(Abcam; ab156034). Protein expression was measured by Western blotting using antibody against RIG-I,
MDAS5, IRF3 and IRF3(phospho-5386). B-Actin was used as the loading control.

RIG-I RNA binding assay. To assess the binding efficiency of viral RNA to RIG-I, an immunoprecipita-
tion assay of RIG-I and viral RNA was conducted as described previously. Briefly, confluent 60-mm dishes
of A549 cells were transfected with 2 ug of plasmid pEF-BOS-RIG-I-Flag (provided by J. Yount, The Ohio
State University College of Medicine). At 24 h after transfection, cells were lysed in lysis buffer (Abcam;
ab152163). Cell lysates were harvested after centrifugation at 13,000 x g for 10 min and incubated with
anti-Flag M2 magnetic beads (Sigma-Aldrich; M8823) at room temperature for 60 min. The mixture was
then divided into 7 aliquots (150 ul per tube). Four aliquots were incubated with 10° copies of SeV virion
RNA, 108 copies of MeV virion RNA, or 108 copies of hMPV virion RNA at 37°C for 1 h, respectively. Beads
with RNA:protein complex were washed in lysis buffer three times, and total RNA was extracted from
beads using TRIzol reagent and quantified by real-time RT-PCR. The 7th aliquot was washed and ana-
lyzed by Western blotting.

Analysis of RIG-I:RNA complex in native SDS-PAGE. Recombinant human RIG-| protein was puri-
fied from HEK-293T cells transfected with a plasmid encoding Flag-tagged RIG-I (pEF-BOS-RIG-I-Flag)
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and was incubated with 107 copies of virion RNA of virus grown from METTL3-KO U20S cells or WT cells
in 30 ul MOPS (morpholinepropanesulfonic acid)-buffered reaction system (10 mM MOPS, pH 7.4, 1 mM
dithiothreitol [DTT], 1 mM MgCl,, 0.002% Tween 20) in the presence of RNase inhibitor and AMP-PNP
(adenylyl-imidodiphosphate; 2 mM). The reaction mixtures were incubated at 37°C for 30 min to enable
RIG-I:RNA complex formation. Ten microliters of the mixture was transferred into a new tube containing
10 ul of 2x native sample buffer (Bio-Rad; 1610738) and then loaded on 4~15% Mini-Protean Tgx gel
(Bio-Rad; 4561086) in glycine buffer (Bio-Rad; 1610734) for native PAGE, followed by Western blotting
with anti-RIG-I helicase antibody to test the presence of RIG-I oligomer. Poly(I-C) (5xg) was used as a
positive control.
Limited proteolysis of RIG-:RNA complexes using trypsin. Limited trypsin digestion of RIG-:RNA
complex was carried out to examine the conformational change of RIG-I after it bound with viral RNA
(14, 33). RIG-I:RNA complex was formed as described above. The complex was mixed with 8 ul of tosyl-
sulfonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin (2.5ng ul™") and incubated at room tempera-
ture. At indicated time points (0 to 120 min), 10 ul was removed, mixed with 5x SDS-PAGE loading dye,
separated by SDS-PAGE, and analyzed by Western blotting probed with an anti-RIG-I helicase antibody.
Poly(I-C) (5 ug) was used as a positive control.
Determination of ubiquitination of RIG-1. Ubiquitination plays essential roles in RIG-I activation, as
well as the type | IFN signaling pathway. Here, we measured the activation of RIG-I by virion RNA using a
ubiquitination assay as previously described. Specifically, purified RIG-I (1.0 mM) was first incubated with
purified SeV virion RNA (1, 2, or 10ng/ul) in buffer A (20 mM HEPES, pH 7.5, 150 mM NacCl, 1.5 mM
MgCl,, 2mM ATP and 5mM DTT) at room temperature for 15 min. The RIG-1:RNA complex (to the final
RIG-I concentration of 0.5 mM) was then further incubated with 20 mM ubiquitin, 1 mM mE1, 5 mM ubig-
uitin-conjugating enzyme E2 13 (Ubc13), 2.5 mM ubiquitin-conjugating enzyme E2 variant 1A (Uev1A),
and 0.25 mM E3 RIPLET in buffer B (50 mM Tris, pH 7.5, 10 mM MgCl,, 5 mM ATP, and 0.6 mM DTT) at 37°C for
30 min. Reactions were quenched with SDS loading buffer, and then the mixtures were boiled at 96°C for

5min and analyzed on SDS-PAGE by anti-RIG-I or antiubiquitin Western blotting.

Statistical analyses. All data were analyzed with GraphPad Prism v.8. The error bars represent
standard deviations in all figures, and P values were determined using two-tailed Student’s t tests: *, P <
0.05; **, P < 0.01; ***, P < 0.001; and ***, P < 0.0001.
Data availability. The raw sequencing data obtained from the MeRIP-seq for VSV and SeV have
been deposited in the Gene Expression Omnibus under accession no. GSE162339 for VSV and
GSE164882 for SeV.
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