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Abstract

Among over 150 distinct RNA modifications, N°-methyladenosine (m®A) and adenosine-to-
inosine (A-to-1) RNA editing represent 2 of the most studied modifications on mammalian
mRNAs. Although both modifications occur on adenosine residues, knowledge on potential
functional crosstalk between these 2 modifications is still limited. Here, we show that the
m®A modification promotes expression levels of the ADAR1, which encodes an A-to-| RNA
editing enzyme, in response to interferon (IFN) stimulation. We reveal that YTH Af-methyla-
denosine RNA binding protein 1 (YTHDF1) mediates up-regulation of ADAR1; YTHDF1 is a
reader protein that can preferentially bind m®A-modified transcripts and promote translation.
Knockdown of YTHDF1 reduces the overall levels of IFN-induced A-to-I RNA editing, which
consequently activates dsRNA-sensing pathway and increases expression of various IFN-
stimulated genes. Physiologically, YTHDF1 deficiency inhibits virus replication in cells
through regulating IFN responses. The A-to-1 RNA editing activity of ADAR1 plays important
roles in the YTHDF1-dependent IFN responses. Therefore, we uncover that m®A and
YTHDF1 affect innate immune responses through modulating the ADAR1-mediated A-to-I
RNA editing.

Introduction

Posttranscriptional regulation plays a pivotal role in ensuring proper gene expression in almost
all organisms. An emerging new mechanism of posttranscriptional regulation is conducted
through various RNA modifications. With over 150 distinct chemical modifications known to

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001292  July 29, 2021

1/24


https://orcid.org/0000-0002-4438-980X
https://orcid.org/0000-0002-7130-1084
https://orcid.org/0000-0003-4319-7424
https://doi.org/10.1371/journal.pbio.3001292
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3001292&domain=pdf&date_stamp=2021-07-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3001292&domain=pdf&date_stamp=2021-07-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3001292&domain=pdf&date_stamp=2021-07-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3001292&domain=pdf&date_stamp=2021-07-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3001292&domain=pdf&date_stamp=2021-07-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3001292&domain=pdf&date_stamp=2021-07-29
https://doi.org/10.1371/journal.pbio.3001292
https://doi.org/10.1371/journal.pbio.3001292
http://creativecommons.org/licenses/by/4.0/
https://www.nih.gov/

PLOS BIOLOGY

A role of Nf-methyladenosine in innate immunity

The funders had no role in study design, data
collection and analysis, decision to publish, or
preparation of the manuscript.

Competing interests: | have read the journal’s
policy and the authors of this manuscript have the
following competing interests: CH is an investigator
of the Howard Hughes Medical Institute (https:/
www.hhmi.org/).

Abbreviations: ADAR, adenosine deaminase acting
on RNA; AGS, Aicardi-Goutiéres syndrome;
ALKBH5, alkB homolog 5, RNA demethylase; A-to-I
RNA editing, adenosine-to-inosine RNA editing;
CHX, cycloheximide; DMEM, Dulbecco’s modified
Eagle’s medium; dsRNA, double-stranded RNA,;
FBS, fetal bovine serum; FTO, Fat mass and
obesity-associated gene; HCMV, human
cytomegalovirus; IFIH1, interferon induced with
helicase C domain 1; IFN, interferon; IFNB,
interferon beta; IFNL, interferon lambda; IRF3, IFN
regulatory factor 3; ISG, IFN-stimulated gene;
MAVS, mitochondrial antiviral-signaling protein;
METTL, methyltransferase-like; MOI, multiplicity of
infection; m®A, A\P-methyladenosine; m®A-IP, m®A
immunoprecipitation; RIG-1, retinoic acid-inducible
gene I; RIP, RNA immunoprecipitation; RLR, RIG-
I-like receptor; RT, reverse transcription; RT-qPCR,
quantitative reverse transcription PCR; rVSV-GFP,
recombinant GFP-expressing vesicular stomatitis
virus; ShRNA, short hairpin RNA; TBK1, TANK-
binding kinase 1; TPM, transcripts per million;
YTHDF, YTH AB-methyladenosine RNA binding
protein.

exist in different RNA species [1], new scientific discoveries and technological advances have
prompted rapid development of the field of epitranscriptomics [2,3]. Among mRNA modifica-
tions, 2 of the most well-characterized are N°-methyladenosine (m®A) and adenosine-to-ino-
sine (A-to-I) RNA editing.

The profound impact of m°A modification on diverse biological functions and diseases
have only recently been demonstrated [4,5]. The m®A modification exhibits biological func-
tions through a series of m®A effector proteins generally referred to as writers, readers, and
erasers, which deposit, recognize, and remove m°A, respectively. In mammals, the deposition
of m°A on most mRNA is catalyzed by a large methyltransferase complex (writers) containing
the core heterodimer of methyltransferase-like 3 (METTL3) and METTL14 [6-8]. m®A modi-
fication recruits méA-binding proteins (readers) including several members of YTH family [9]
that specifically recognize m®A to modulate various aspects of RNA metabolism. For example,
YTH N°-methyladenosine RNA binding protein 1 (YTHDF1) promotes translation efficiency
of m®A-modified mRNAs through recruiting translation initiation factors [10,11]. Another
members of YTH family, YTHDEF?2, interacts with the CCR4-NOT deadenylase complex and
facilitates degradation of its target mRNAs [12,13]. The removal of m°A is carried out by 2
demethylases (erasers), Fat mass and obesity-associated gene (FTO) [14], and alkB homolog 5
RNA demethylase (ALKBHS5) [15]. The orchestration of writers and erasers functions suggests
m°A as a reversible modification that can control dynamics of physiological processes [16].

On the other hand, A-to-I RNA editing is catalyzed by adenosine deaminase acting on
RNA (ADAR) enzymes, ADARI and ADAR?, that specifically bind to double-stranded RNA
(dsRNA) [17,18]. Among mammalian ADAR family members, editing activity of ADAR3 has
not been detected. Because inosine base pairs preferentially with cytosine, A-to-I RNA editing
can cause alteration in amino acid sequences [19], splicing [20], and dsRNA structures [21,22].
Recently, the ADARI-mediated A-to-I RNA editing has emerged as a key regulatory factor
that controls innate immune interferon (IFN) response [23,24]. Both ADARI knockout mice
and knock-in mice expressing the catalytic-deficient ADAR1 (ADAR1"8¢'A/E8614) exhibited
embryonic lethality with elevated IFN-stimulated genes (ISGs) signature and apoptosis
[24,25]. The lethality can be rescued by concurrent knockout of interferon induced with heli-
case C domain 1 (IFIH]I, also called MDAS5), a cytosolic sensor that recognizes viral dsRNA and
induces the type I IFN-mediated antiviral immunity [25,26]. The molecular mechanism
underlying these phenotypes is that ADAR1 unwinds dsRNA structure by RNA editing and
prevents self-activation of the IFN response induced by endogenous dsRNA. Genomic muta-
tions in ADARI were identified in patients with Aicardi-Goutieres syndrome (AGS), a severe
autoimmune disease with a high IFN signature [27]. These studies indicated that the appropri-
ate regulation of IFN signaling by ADARI is essential for normal homeostasis of the innate
immune system.

Dysregulation in the expression of ADARs and A-to-I RNA editing is associated with a
variety of physiological abnormalities including neuronal disorders [28,29], circadian rhythm
disruption [30,31], and cancer progression [32]. Growing evidence shows a profound impact
of ADARI on cancer immunotherapies through regulating IFN signaling. Loss of ADAR1
reduces cell viability in certain types of tumor cells expressing high levels of ISGs [33,34]. In
addition, deletion of ADARI in tumor cells improves sensitivity to immunotherapy through
enhancing IFN sensing and overcomes resistance to immune checkpoint blockage [35]. There-
fore, a better insight into regulatory mechanisms of ADARI1 expression may provide further
understanding to targeting ADARI in cancer therapies. Intriguingly, a recent study discovered
a conserved m°A site in the ADARI transcript among several primates [36], implying potential
roles of m°A-mediated regulation of ADARI expression. However, biological functions of
m°A on the ADARI transcript have not been investigated. Here, we find that binding of
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YTHDFI to m®A-modified mRNA enhances IFN-mediated ADAR1p150 induction. Knock-
down of YTHDF1 attenuated global induction of A-to-I RNA editing upon IFN stimulation,
resulting in activation of the dsRNA-sensing pathway. In the absence of YTHDF]I, IFN stimu-
lation causes enhanced innate immune responses, and virus replication in cells was suppressed
by the elevated expression of ISGs. Our data uncover a new m®A-mediated regulation of A-to-
I RNA editing and IFN response in innate immunity.

Results
m°A regulates interferon-induced expression of ADAR1p150

A previous genome-wide analysis suggested a negative correlation between m®A methylation
and A-to-I RNA editing, with depletion of m°A increasing editing [37]. In addition to this
report, the observation of a conserved m°A site in the ADARI transcript [36] prompted us to
investigate functional connection between these 2 main types of mRNA modifications. The
transcriptome-wide distributions of m®A in various cell types have been mapped using immu-
noprecipitation-based high-throughput sequencing approach [9,38]. We analyzed the previ-
ously published m®A-seq data and found that all of the 3 mammalian A-to-I RNA editing
enzymes (ADAR1-3) have mPA sites in their mRNAs (Figs 1A and S1A). ADARTI is expressed
as 2 isoforms: a constitutively expressed 110-kDa isoform ADAR1p110, which primarily local-
izes to the nucleus, and an IFN-inducible 150-kDa isoform ADAR1p150, which localizes to
both the cytoplasm and nucleus. RIP-qPCR with antibodies against YTHDF1 and YTHDF2
showed that both YTHDFs strongly bound to ADARIp110, ADARIp150, and ADAR2 mRNAs
in A172 glioblastoma cells, whereas ADAR3 was not expressed in A172 cells (Fig 1B). We next
performed knockdown of m°A writers and readers and examined their effects on ADARs.
Although METTL14 knockdown slightly reduced ADAR1p150 protein levels, knockdown of
METTL3, YTHDFI, or YTHDEF2 did not cause notable changes of both ADAR1p110 and
ADARI1p150 protein expression levels in A172 cells under normal culture conditions (S1B and
S1C Fig). On the other hand, YTHDEF2 knockdown increased expression levels of both
ADAR?2 protein (S1B and S1C Fig) and mRNA (S1D Fig). YTHDF?2 is known to facilitate
mRNA degradation [12,13], suggesting that m®A methylation could suppress ADAR?2 expres-
sion through controlling its transcript stability.

m°A modification enables rapid tuning of gene expression in response to cellular stress
conditions such as heat shock [39,40] and oxidative stress [41]. Because IFN stimulation is
known to induce ADAR1p150 transcription from IFN-stimulated response element [42], we
examined potential role of m°A on ADAR1p150 expression in response to human IFN-o stim-
ulation. Immunoblot analysis revealed that knockdown of METTL3, METTL14, and YTHDF1
attenuated the IFN-mediated induction of ADAR1p150 (Fig 1C), whereas YTHDF2 knock-
down did not noticeably alter ADAR1p150 protein expression upon IFN stimulation (S1E
Fig). In contrast, the expression level of ADARIp150 mRNA was increased by knocking down
METTL3 or YTHDF]I in IFN-treated cells (S1F Fig), which could be due to activation of
upstream IFN pathway. The detailed mechanisms will be described in the latter part of this
study. YTHDF1 promotes translation efficiency of target transcripts through interaction with
translation initiation factors [10,43,44]. Our recent analysis indicated that depletion of
YTHDEF]I leads to an overall reduction of translation efficiency in transcripts harboring
YTHDF1-bound m°A peaks [11]. Furthermore, we measured degradation rate of ADAR1p150
protein after treatment of cycloheximide (CHX) inhibiting new protein translation. YTHDF1
knockdown did not affect ADAR1p150 protein stability under the condition of IFN treatment
(S1G Fig). The decreased ADAR1p150 protein level by IFN stimulation, despite the increased
mRNA level and no change in the protein stability, clearly suggests that YTHDF1 promotes
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Fig 1. m®A methylation on ADAR mRNAs. (A) m®A-seq data of the ADARI and ADAR? transcripts in HepG2 cells
showing m®A modification on both transcripts, modified from Dominissini and colleagues [9]. An arrow indicates the
transcription direction. (B) RIP RT-qPCR showing binding of YTHDF1 and YTHDF2 to ADARIp110 and
ADARIp150 mRNAs in A172 cells. The signals were normalized to input samples. HPRTI and GAPDH were used as
negative controls. mTOL and MXI were used as positive controls. (C) Immunoblot analysis showing knockdown
effects of METTL3, METTL14, and YTHDF1 on IFN-induced ADAR1p150 protein expression in A172 cells. (D)
m®A-RIP RT-qPCR showing m°A modification on ADARIp110 and ADARIp150 mRNAs. HPRTI and GAPDH were
used as negative controls. mTOL and MX1 were used as positive controls. (E) Immunoblot analysis showing time
course of ADAR1p150 protein expression after IFN-o stimulation. Immunoblot images are representative of 3
biological replicates. (B, D) n = 3 for all experiments. Data are presented as the mean + SEM. The numerical values for
this figure are available in S1 Data. ADAR, adenosine deaminase acting on RNA; IFN, interferon; IgG,
immunoglobulin G; IP, immunoprecipitation; m°A, N°-methyladenosine; RIP, RNA immunoprecipitation; RT-qPCR,
quantitative reverse transcription PCR; SEM, standard error of the mean; siRNA, small interfering RNA.

https://doi.org/10.1371/journal.pbio.3001292.9001

translation efficiency of ADARIp150 mRNA via m°A in IFN-treated cells (S1H Fig). Of note,
m°A immunoprecipitation (m®A-IP) followed by quantitative reverse transcription PCR (RT-
qPCR) revealed that the ratio of m°A-modified/total mRNA between mock and IFN-a treat-
ment was not altered (Fig 1D). However, because IFN-o. treatment increased the expression
levels of both modified and unmodified ADARIp150 mRNA, more m°A-modified
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ADARIp150 transcripts were induced by IFN stimulation to produce more ADAR1p150
protein.

We next monitored the time course of the ADAR1p150 protein expression after IFN stimu-
lation with YTHDF1 knockdown. We observed that the knockdown of YTHDFI reduced and
delayed the induction of the ADAR1p150 protein level in response to IFN (Figs 1E and S1I),
indicating that YTHDF1 enables rapid expression of ADAR1p150 upon IFN stimulation.

YTHDF1 affects A-to-I RNA editing levels

The effects of YTHDF1 on A-to-I RNA editing events were assessed in YTHDF1 knockdown
cells. As inosine base pairs with cytosine, A-to-I RNA editing levels can be measured as an A-
to-G conversion in the cDNA by reverse transcription (RT) and PCR. We quantified RNA
editing levels [G / (A + G) (%)] at selected editing sites (Fig 2A) from direct sequencing chro-
matograms of the RT-PCR products (Fig 2B). In the transcripts coding TNKS, EIF2AK2, and
PSMB2, A-to-1 RNA editing levels were increased by IFN treatment due to the induction of
ADARI1p150 (Fig 2B and 2C). YTHDF1 deficiency significantly reduced the IFN-mediated
induction of editing levels at these sites (Fig 2B and 2C), which is consistent with the attenua-
tion of ADAR1p150 induction by YTHDF1 knockdown (Fig 1C). To illustrate a comprehen-
sive picture of IFN-induced changes in A-to-I RNA editing levels, we performed RNA-seq
analysis in YTHDF1 knockdown cells with 3 biological replicates. For quantification of editing
levels, the numbers of A and G bases at the known editing sites were counted from the aligned
RNA-seq reads. Previous studies identified tens of thousands of A-to-I RNA editing sites in
the human transcriptome, which can be found in the databases of REDIportal and RADAR
[45,46]. Among these sites, 488 sites were edited in A172 glioblastoma cells according to our
criteria (S2 Table), and about half of those editing sites (261 sites) showed more than 5%
increase of the average editing levels after IFN stimulation (Fig 2D and 2E). About half of them
(130 sites) exhibited more than 5% decrease of their average editing levels with YTHDF1
knockdown (Fig 2D and 2E), indicating that a large part of the IFN-induced editing events
depend on the YTHDF1-mediated ADAR1p150 induction.

YTHDF1 enhances interferon responses

Recent studies have shown that ADAR1-mediated A-to-I RNA editing disrupts secondary
structures of dsRNA to prevent self-activation of cytosolic viral dsRNA sensors that induce
IFN production and downstream ISGs, contributing to antiviral immunity [23]. These obser-
vations prompted us to explore potential roles of YTHDF1 in the IFN signaling. YTHDF1
knockdown significantly enhanced the induction of not only interferon beta 1 (IFNBI) but also
interferon lambda 1 (IFNLI) and IFNL3 mRNAs following stimulation with IFN-o (Fig 3A).
Consistent with this, the IFN-o-induced secretion of the IFN-B protein was higher in
YTHDF1-deficient cells than that in control cells, whereas IFN-3 was not detected in unstimu-
lated cells (Fig 3B). IFNBI mRNA is known to be m°A modified, and its stability could be
affected by m°A in certain cells [47,48]. However, decay rates of IFNBI and IFNLI transcripts
were not altered with YTHDF1 knockdown in A172 cells (S2A Fig). Thus, the up-regulation of
IFN-B is not caused by the m°®A-dependent regulation of the [FNBI mRNA stability, but rather
by signaling pathways upstream of IFNBI transcription in this cell line. During dsSRNA-sens-
ing response, the transcription of IFNBI is under the control of the transcription factor IFN
regulatory factor 3 (IRF3) that is activated by TANK-binding kinase 1 (TBK1). We found that
phosphorylation of TBK1, a hallmark of TBK1 activation, was drastically increased by
YTHDF1 knockdown following stimulation with IFN-o (Figs 3C and S2B), demonstrating
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2 0.05, N.D. means not detected. n = 3 for all experiments. Data are presented as the mean + SEM. (D) A heatmap of
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editing, adenosine-to-inosine RNA editing; IFN, interferon; KD, knockdown; n.s., not significant; RT-PCR, reverse
transcription PCR; SEM, standard error of the mean; siRNA, small interfering RNA.
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Fig 3. YTHDF1 knockdown induces IFN responses. Cells were treated with mock (-) or IFN-o. (+). (A) RT-qPCR
showing significantly elevated expression of IFN genes upon YTHDFI knockdown and IFN stimulation. The signals
were normalized to control siRNA samples. (B) Spontaneous IFN-p secretion by cells transfected with control or
YTHDF1-specifc siRNA as quantified by ELISA after stimulation of IFN-o.. (C) Immunoblot analyses of TBK1 and
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that YTHDF1 depletion could activate dsRNA-sensing pathway that induces IFNB1
transcription.

The type I IFNs including IFN-o. and IFN-f trigger STAT1 phosphorylation and subsequently
initiate transcription of various ISGs. Our RT-qPCR analysis and RNA-seq data revealed that the
expression levels of ISGs transcripts were highly induced by IEN-a. treatment in YTHDFI1 knock-
down cells (Fig 3D and 3E, S3 Table), as a result of high IFN-f secretion. As expected, enhanced
induction of STAT1 phosphorylation by IFN-o treatment was observed in YTHDF1 knockdown
cells (Figs 3C and S2B). The cytosolic dsSRNA-sensing pathway also causes activation of NF-kB,
which induces transcription of a variety of genes involved in immune and inflammatory
responses. We found that the expression levels of several NF-kB-regulated genes were increased
by YTHDF1 knockdown with IFN-o stimulation in our RNA-seq data (Fig 3F and S3 Table) and
RT-qPCR analysis (Fig 3G). The transcriptional activation of NF-kB is regulated by its interaction
with inhibitory modulator IxBo: that retains NF-kB in the cytoplasm. In response to various path-
ways including dsRNA signaling, IxBo: is phosphorylated and degraded via the ubiquitin-protea-
some system. Phosphorylation of NF-«B is also known to contribute to its activation. The
phosphorylation of IxBa and NF-kB were increased in YTHDF1 knockdown cells following stim-
ulation with IFN-o. (Figs 3H and S2B), indicating that NF-«B signaling pathway is also activated
by YTHDF1 deficiency under the condition of IFN treatment.

Enzymatic activity of ADARI is required to enhanced interferon responses
in YTHDF1-deficient cells

To test whether the enhanced IFN responses in YTHDF1 knockdown cells were caused by the
reduction of ADAR1p150 expression, we generated stable A172 cell lines that express control
EGFP, ADARI1p150, and catalytically inactive mutant of ADAR1p150°°'*4, which is previ-
ously established [49] (Fig 4A), respectively. Overexpression of wild-type ADAR1p150 exhib-
ited significantly enhanced A-to-I RNA editing activity, while overexpression of
ADARI1p150"°'** did not increase editing activity (S2C Fig). Strikingly, the enhanced IFNBI
induction was completely abolished by overexpression of ADAR1p150 (Fig 4B). Similarly,
overexpression of ADAR1p150 suppressed IFNLI, IFNL3, and other ISGs following stimula-
tion with IFN (Fig 4B). These inhibitory effects were abrogated by overexpression of a catalytic
inactive mutant ADAR1p150™'** (Fig 4B). These data indicate that the aberrant activation of
IFN pathways by YTHDF1 knockdown following IFN treatment is largely due to the defects of
ADARI1p150 induction and its A-to-I RNA editing activity.

Furthermore, we investigated the contribution of downstream components of ADAR1-re-
gulated signaling pathway. It is known that ADARI destabilizes secondary structure of endog-
enous RNA to prevent self-activation of the dsRNA sensors, retinoic acid-inducible gene I
(RIG-I)-like receptors (RLRs) such as MDA5 [23]. RLR activation recruits and activates mito-
chondrial antiviral-signaling protein (MAVS), leading to phosphorylation of TBK1 and down-
stream transcription of IFN genes. To examine the effect of this signaling pathway, we used a
TBKI1 inhibitor (BX795) that effectively inhibits the induction of IFNs genes upon stimulation
with synthetic analog of dsRNA, poly (I:C), in A172 cells (S2D Fig). Pretreatment of YTHDF1
knockdown cells with BX795 attenuated the induction of IFNs genes and downstream ISGs
expression following IFN-o stimulation (Fig 4C). In addition, concomitant knockdown of
MDAS and YTHDFI1 markedly suppressed the induction of IFNs genes and ISGs (Figs 4D and
S2E). Taken together, our results indicate that the YTHDF1-mediated induction of
ADARI1p150 and its editing activity are critical for preventing undesirable activation of
MDAS5, which could cause phosphorylation of TBK1 and excessive downstream IFN produc-
tion during IFN response.
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Fig 4. ADAR1p150 A-to-I RNA editing activity is required for the YTHDF1-dependent IFN responses. (A)
Immunoblot analysis in stable cell lines with lentivirus expressing control EGFP, wild-type ADAR1p150, or
catalytically inactive mutant of ADAR1p150%'%4, respectively. (B) RT-qPCR showing knockdown effect of YTHDF1
on IFN genes, ISGs, and NF-xB-inducible genes in stable cell lines following IFN-o stimulation. The enhanced IFN
responses were attenuated by overexpression of ADAR1p150, but not by catalytic inactive mutant ADAR1p150%*%4,
(C) RT-qPCR showing knockdown effect of YTHDF1 on IFN genes, ISGs, and NF-xB-inducible genes in A172 cells
that were pretreated with the BX759 inhibitor for 1 h and then treated with IFN-o.. The enhanced IFN responses were
attenuated by the BX759. (D) RT-qPCR showing that concomitant knockdown of YTHDF1 and MDADS5 attenuated the
enhanced expression of IFN genes, ISGs, and NF-xB-inducible genes upon IFN-o stimulation. (B-D) The signals were
normalized to GAPDH and then normalized to control siRNA samples. Two-tailed Student ¢ tests were performed to
assess the statistical significance of differences between groups, *p < 0.05, **p < 0.01, ***p < 0.001. n = 3 for all
experiments. Data are presented as the mean + SEM. The numerical values for this figure are available in S1 Data. A-
to-I RNA editing, adenosine-to-inosine RNA editing; IFN, interferon; ISG, IFN-stimulated gene; RT-qPCR,
quantitative reverse transcription PCR; SEM, standard error of the mean; siRNA, small interfering RNA.

https://doi.org/10.1371/journal.pbio.3001292.9004

YTHDF1 affects cellular interferon-inducible cell growth and apoptosis

To elucidate the role of YTHDF1 in cellular response to IFN stimulation, YTHDF1 was stably
knocked down by short hairpin RNA (shRNA) in A172 cells. The established cell line showed
reduced ADAR1p150 induction and enhanced gene expression of IFNs in response to IFN-a.
as same phenotypes as those in transient knockdown cells (S3A and S3B Fig). IFN-o. treatment
reduced cell proliferation rates of the YTHDF1 knockdown cells, whereas mock treatment
showed no noticeable differences in cell proliferation between the control cells and the
YTHDFI-deficient cells (S3C Fig). Consistent with the previous observation (Fig 4B), overex-
pression of wild-type ADAR1p150 partially attenuated the reduced cell proliferation upon
YTHDFI knockdown compared with the control cells (S3C Fig). The effect was not observed
by overexpression of ADAR1p150%'** (S3C Fig), suggesting that A-to-I RNA editing activity
of ADAR1p150 are partially responsible for the YTHDF1 knockdown effect on cell
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proliferation following IFN treatment. In addition, stable knockdown of MDA5 (S3D Fig) also
attenuated the inhibitory effect on cell proliferation (S3E Fig). Meanwhile, the YTHDF1-defi-
cient cells were more susceptible to apoptosis induction by IFN than were the control cells
(S3F Fig). MDAS5 knockdown diminished the elevated apoptosis signals in YTHDF1 knock-
down cells (S3G Fig), suggesting the importance of the dsRNA-sensing pathway in these
YTHDF1 function. These results demonstrate that the enhanced IFN responses in YTHDF1
knockdown cells upon IFN stimulation decrease cellular growth and increase apoptosis.

Cell type-specific YTHDF1 knockdown effects

We also investigated whether YTHDF1 regulates ADAR1p150 expression and IFN responses
in other cell lines that include LN229 glioblastoma, HeLa, and HEK293T. Immunoblot analysis
revealed that knockdown of YTHDF1 attenuated the IFN-mediated induction of ADAR1p150
protein upon IFN stimulation in LN229 and HeLa cells (S4A Fig). The expression level of
ADARIp150 mRNA was not changed by knocking down YTHDF1 in both mock and IFN-
treated cells (S4B Fig). These data suggest that YTHDF1 promotes translation efficiency of
ADARIp150 mRNA in IFN-treated LN229 and HeLa cells, which is consistent with our find-
ings in A172 cells. In contrast, this YTHDF1 effect on ADAR1p150 expression was not
observed in HEK293T cells (S4A Fig). In addition, we have examined IFN responses in these
cell lines with YTHDF1 knockdown. In LN229 cells, YTHDF1 knockdown significantly
enhanced the induction of IFNs, ISGs, and NF-«B-regulated genes following stimulation with
IFN-o (S4C Fig), as observed in A172 cells. IFN-a. treatment reduced cell proliferation rate
and increased apoptosis in stable YTHDF1 knockdown LN229 cells (S4D-S4F Fig). On the
other hand, IFNs genes were not expressed in HeLa and HEK293T cells even though treated
with IFN-a, suggesting that YTHDF1 does not affect IFN pathway in HeLa and 293T cells.
Taken together, our results imply the presence of a cell type-specific mechanism that
YTHDEF]I promotes IFN-mediated ADAR1p150 induction and regulates IFN responses.
Although the reason that only A172 and LN229 glioblastoma cells exhibit this regulation
remain elusive, it might be possible that these differences are due to cell context differences
such as expression levels of YTHDF1 protein, m°A modification levels of ADARIp150 mRNA,
or sensitivity to dSRNA detection.

YTHDF1 knockdown inhibits viral replication in cells

We next investigated a YTHDF1 knockdown effect on viral replication in A172 cells to dem-
onstrate a physiological role of YTHDF1I in antiviral activities of IFN pathway. YTHDF1
knockdown cells were infected with recombinant GFP-expressing vesicular stomatitis virus
(rVSV-GFP), a prototypic nonsegmented negative-stranded RNA virus whose replication is
highly sensitive to the antiviral activities of IFN. We found that GFP expression was markedly
reduced in YTHDF1 knockdown cells (S5A Fig). This reduction in viral replication was also
observed in the decreased expression levels of viral G protein (S5B and S5C Fig), viral genome
and the replicative intermediate antigenome RNA (Fig 5A), and the release of infectious virus
(Fig 5B). YTHDF1 knockdown significantly increased the expression levels of IFN genes,
ISGs, and NF-kB-regulated genes at early time points after VSV infection (Fig 5C). These
results indicated that YTHDF1 depletion enhances cellular antiviral activities through increas-
ing IFN responses during viral infection.

We also examined VSV replication in stable cell lines expressing ADAR1p150 or ADARI1-
p150"°** upon YTHDF1 knockdown to investigate contributions of ADARI and A-to-I RNA
editing activity to this antiviral activity. Overexpression of ADAR1p150 significantly attenu-
ated the YTHDFI-mediated suppression of viral genome RNA expression (Fig 5D) and the

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001292  July 29, 2021 10/24


https://doi.org/10.1371/journal.pbio.3001292

PLOS BIOLOGY

A role of Nf-methyladenosine in innate immunity

A OsiCont. OsiYTHDF1 B siCont.

< 70 < 70 75 BSIYTHDF1 bid

Z = Kk b4 Kk s dekk

xS TN =

= QS o -]

Lé S 6.5 b= % 6.5 3 é 6.5 ek

o= 0o & =

g8 . 8% * gk

S5 6.0 2860 >3 55

> o ca o .

At O 1%

5.5 i L 55 e ) 45

Time after 12 20 12 20 Time after 12 20 24 osiCont.

infection (h infection (h) QsiYTHDF1

©1507/FNBT  *** 1007 /FNLT 4 807 /FNL3 ., 804/FIT2 1009 CCL5 s+ 1607 CXCL11

g *k *k

ﬁwo Y 60 60 801 120

z 60 60+

E 40 40 80

2 50 40 40+

% 20{ 201 ﬂ 07 |+| 20] . |+| 401 .

o 0 Q- 0 0 -t 0 [
Time aﬁer 4 8 4 8 4 8 4 8 4 8 4 8
infection (h) fs: -

NS n.s.‘ :
D '—‘ L 2 e oOControl
@ .% s ns. ns ﬁ“i—‘ mADAR1p150
(0] ns. n.s. kel .
g 57 nete s 687 D% ns < BT ey gens 68 OADAR1p150 mut
o T — ns. Z NS
= X ~
$_.56 6.6 o558
€3 ES
2355 6.4 8555
£o ™ : S=
g~ £ 54
g 54 6.2 = s
i) 53 6.0 é 5.3
SiRNA  Cont. YTHDF1 Cont. YTHDF1 Cont.  YTHDF1 Cont.  YTHDF1
Time after
infection (h) 12 ns. 2 20
E n. OControl

= n.s. mADAR1p150
5E = O ADAR1P150 mut
+H
B
>3

S

isNA Cont. YTHDF1 Cont. YTHDF1 Cont. YTHDF1
Time after OControl WADAR1p150 OADAR1p150 mut

F infection (h)

@ 44 IFNB1 87 CCL5 16 7CXCL11 ==
g =
<

Z

(id

£

[

=

T

Q

14

YTHDF1 Cont. YTHDF1 Cont. YTHDF1

Cont.

siRNA  Cont. YTHDF1 Cont. YTHDF1 Cont. YTHDF1

Fig 5. YTHDF1 knockdown inhibits viral replication in cells. (A) RT-qPCR showing significant decrease in the
expression of VSV genome RNA and antigenome RNA upon YTHDFI knockdown at 12 and 20 h after rVSV-GFP
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assay. YTHDF1 knockdown inhibited the release of infectious virus. (C) RT-qPCR showing elevated expression levels
of IFN genes, ISGs, and NF-kB-inducible genes upon YTHDF1 knockdown at 4 and 8 h after rVSV-GFP infection.
The signals were normalized to GAPDH. (D) RT-qPCR showing knockdown effect of YTHDF1 on the expression of
VSV genome RNA and antigenome RNA at 12 and 20 h after rVSV-GFP infection in stable cell lines. (E) Viral titers in
culture medium at 12, 20, and 24 h after rVSV-GFP infection were determined by plaque assay. (F) RT-qPCR showing
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https://doi.org/10.1371/journal.phio.3001292.9005

release of infectious virus (Fig E). In addition, overexpression of ADAR1p150 slightly recov-
ered the reduced expression levels of viral G protein caused by YTHDF1 knockdown, though
the effect was marginal and observed only at 12 h after VSV infection (S5D and S5E Fig). It is
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possible that YTHDF1 can directly affect viral protein expression because a very recent study
showed that VSV viral transcripts have m°A sites [50], and our study revealed that YTHDF
proteins affect the expression levels of viral G protein through binding to m°A sites in their
mRNA [51]. The enhanced mRNA expression of IFN genes, ISGs, and NF-kB-regulated genes
were partially suppressed by ADAR1p150 overexpression (Fig 5F), which is consistent with
the increased viral replication in ADAR1p150-overexpressing cell lines. These effects were not
observed or diminished by overexpression of mutant ADARIp150"°'** (Figs 5D-5F and S5D
and S5E). Our results demonstrate ADAR1p150 and its A-to-I RNA editing activity as a signif-
icant mediator for proviral function of YTHDFI.

Collectively, m°A methylation and the m®A reader YTHDF1 promote expression levels of
IFN-induced ADAR1p150 and regulate A-to-I RNA editing in response to IFN. Several IFN-
induced transcripts possess A-to-I RNA editing sites in their double-stranded region (Figs 2B
and S6A-S6C), which should affect dsRNA structure. In fact, flow cytometry analysis with
dsRNA-specific ]2 antibody staining showed that IFN stimulation increased the number of
dsRNA positive cells and YTHDF1 knockdown enhanced the IFN-mediated induction of
dsRNAs (S6D Fig). The YTHDF1-mediated ADAR1p150 induction can prevent accumulation
of unedited dsRNAs to suppress activation of MDA5 and consequent excessive IFN response
(S6E Fig). During viral infection, loss of YTHDF1 exhibited the antiviral activities following
with the enhanced IFN responses.

Discussion

IFN family members are central regulatory cytokines associated with protective immune response
to infection, whereas an aberrant activation of IFN pathways cause autoimmune diseases such as
AGS. Therefore, fine-tuned production of IFNs and balanced activation of the subsequent respon-
sive genes are necessary for proper physiological activity. The present study showed that YTHDF1
is an important suppressor of IFN responses, which may prevent cells from the harmful effects of
overactivated IFN signaling and downstream ISGs. YTHDF1 promotes expression levels of
ADARIp150 whose mRNA is m®A modified and is induced by IFN stimulation. Some IFN-
induced transcripts have A-to-I RNA editing sites, indicating the presence of double-stranded
structure in these transcripts (Figs 2B and S6A-S6C). Although we have not yet clarified key
dsRNA-containing transcripts, which are responsible for MDAS recognition, these IFN-inducible
dsRNAs can be potential activator for dsSRNA-sensing pathway, resulting in positive feedback of
IFN responses. Our data revealed that the ADAR1-mediated A-to-I RNA editing, facilitated by
the YTHDFI-mediated up-regulation, is important for inhibiting this feedback and preventing
excessive activation of IFN responses. Therefore, functional regulation of YTHDF1 may serve to a
promising therapeutic strategy for autoimmune diseases associated with high IFN signatures.

Translation up-regulation by YTHDF1 has been confirmed by various groups in diverse
biological systems [10,43,44,52-55]. It can be induced by stimulation as we have shown
recently [43]. A recent study has questioned whether YTHDF1 affects translation of m°A-
modified mRNA in HeLa cells [56]. However, the cumulative fraction analysis from the overall
ribosome profiling data would have missed YTHDF1 regulation on its individual targets.
Indeed, our recent QTL analysis revealed that depletion of m°A causes not only reduction but
also increase of translation efficiency in transcripts harboring m°A sites [11]. Translation regu-
lation of m®A-modified mRNA can be heterogeneous in HeLa cells; however, translation up-
regulation of YTHDF1-bound transcript in HeLa cells is clear [10].

One of the important physiological functions of IFN is the antiviral immune responses to
viral infection. Recent studies indicated that m°A modification can play either proviral
[47,48,50,51,57] or antiviral [44,58] roles in virus life cycle. A series of m°A writers, readers
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and erasers were increased upon human cytomegalovirus (HCMYV) infection [47,48]. In A172
cells examined in this current study, the protein expression levels of METTL3, METTL14,
YTHDF1, and YTHDEF2 were not affected by IFN-o: stimulation (Figs 1C and S1E), suggesting
that the induction of m®A effectors may not be caused by virus-induced type I IFN pathways in
A172 cells. In addition, several papers showed that the expression levels of not only IFNBI [47,48]
but also various ISGs [44] are regulated by the m®A-mediated mechanisms. Based on the results
that the antiviral effects of YTHDF1 knockdown were not completely recovered by overexpres-
sion of ADAR1p150 (Fig 5D and 5E), there could be other m°A-regulated ISGs that are responsi-
ble for the effects of YTHDF1 knockdown upon viral infection. It should be noted that YTHDF1
does not directly affect IFNBI mRNA stability in A172 cells (S2A Fig). We also demonstrated that
A172 and LN229 glioblastoma cells showed YTHDFI1-mediated suppression of IFN responses,
while HeLa and 293T cells did not (S4A-S4C Fig). We believe that these differences are due to cell
context differences such as expression levels of YTHDF1 protein, m®A modification levels of
ADARIp150 mRNA, or sensitivity to dsRNA detection. In fact, our ongoing work does suggest
that the relative expression levels of YTHDFI and other RNA-binding proteins critically impact
translation regulation through YTHDFI, which we will report in the future.

A recent study found that m®A modification negatively regulates A-to-I RNA editing
through inhibiting the association of mC®A-modified mRNAs with ADAR enzymes [37]. They
showed that knockdown of m°A writers did not affect expression of ADAR enzymes under
normal cellular conditions. We revealed that, upon IFN stimulation, m®A appears to affect
ADARI1p150 translation and A-to-I RNA editing. We have previously proposed that YTHDF1
may enable generation of a pulse of protein synthesis through translation promotion [4]. The
present study suggested a possible mechanism that this type of m®A-mediated regulation on
A-to-I RNA editing restricts the extent and length of the IFN responses to balance toxic effects
on cells during viral infection or IFN stimulation. Interestingly, the m®A regulation of
ADARI1p150 expression does not seem to be facilitated by YTHDF2 upon IFN stimulation
(SIE Fig). In contrast, we observed that YTHDF2 affects ADAR?2 expression but not ADARI,
though its physiological role remains to be investigated in the future. We currently do not have
any clue about how YTHDF proteins achieve selectivity of functions among transcripts. While
mCA could affect A-to-I RNA editing, an examination of the A-to-I RNA editing databases
REDIportal and RADAR [45,46] also revealed numerous RNA editing sites in the transcripts
encoding m®A-related genes such as METTL3, METTL16, YTHDE3, YTHDCI, YTHDC2,
and ALKBH5. A-to-I RNA editing is known to regulate expression, stability, and alternative
splicing of target mRNA, suggesting that it is possible that ADAR enzymes could conversely
affect m°A methylation through modifying these m®A-related transcripts. Crosstalk between
A-to-I RNA editing and m°A methylation might be more complicated, in particular upon
immune stimulation or other stress responses.

The IFN family members play an important role in not only antiviral innate immunity but
also cell proliferation, adaptive immunity, and cancer therapy [59]. In certain types of cancers,
elevated ADARI expression and consequent hyperediting are caused by enhanced IFN signa-
tures due to inflammatory environment of cancers, which drives cancer progression [60]. Sev-
eral recent reports found that tumor cells exhibit a vulnerability to ADARI deficiency [33,34].
Loss of ADAR1 overcomes a resistance to a checkpoint that normally reduces sensing of
endogenous dsRNAs, leading to IFN-mediated inflammation and increase in the efficacy of
immunotherapy [35]. Furthermore, Our previous report found that YTHDFI suppresses
CD8" T cell antitumor response through controlling cross-presentation of tumor antigens
[55]. These reports and the present study together suggest that developing selective inhibitors
of YTHDF1 function may also be immunotherapy strategies for certain tumors through
enhancing IFN responses in tumor cells.
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Methods
Cell lines, antibodies, and siRNA knockdown

The A172 (CRL-1620) and LN229 (CRL-2611) cells were purchased from ATCC and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, 11965) supplemented with
10% fetal bovine serum (FBS, Gibco) and 1% penicillin-streptomycin (Gibco, 15140) at 37°C
in 5% CO,. The cells expressing the control EGFP (pLJM1-EGFP), ADAR1p150, mutant
ADARI1p150, control shRNA, or shRNA targeting YTHDF1 were maintained in DMEM, 10%
FBS, 1% penicillin-streptomycin, and 1 pg/ml of puromycin for selection. The primary anti-
bodies were purchased from commercial sources, and information about the antibodies was
given in S1 Table. Actinomycin D (A9415) was purchased from Sigma, recombinant human
IFN-o (11200) was purchased from PBL Assay Science, and BX795 (tlrl-bx7) was purchased
from Invivogen. siRNAs against METTL3, METTL14, YTHDF1, YTHDEF2, and MDA5 were
purchased from SIGMA. The sequences of siRNAs were summarized in S1 Table. AllStars neg-
ative control siRNA (QIAGEN, 1027281) was used as control siRNA in knockdown experi-
ments. Cells were transfected by using the Lipofectamine RNAiMAX (Invitrogen) for siRNAs
and PEI-MAX (Polysciences, 24765) for plasmids according to the manufacturer’s protocols,
respectively. For IFN-a stimulation experiments, 72 h after siRNA transfection, the cells were
treated with 1,000 U/ml IFN-a for 30 h. For the TBK1 inhibitor experiments, the cells were
pretreated with the BX795 inhibitor for 1 h and then treated with 1,000 U/ml IFN-a for 30 h.

Plasmids, site-directed mutagenesis, viruses, and primers

For production of lentiviral particles, pLJM1-EGFP (19319), packaging vector psPAX2
(12260), and envelope vector pMD2.G (12259) were purchased from Addgene. For the con-
struction of the pLJM1 plasmid encoding ADARI1p150, full-length human ADAR1p150
cDNA was amplified by PCR using the primers containing Nhel and EcoRI restriction sites
and inserted into pLJM1-EGFP. A mutation within ADARp150 (E912A) was introduced by
site-directed mutagenesis as described previously [49]. The MISSION lentiviral shRNA plas-
mids encoding nontarget shRNA (SHC002), YTHDF1 shRNA (TRCN0000286871), and
MDAS5 shRNA (TRCN0000050849) were purchased from SIGMA. Lentiviruses were gener-
ated by transfection of 293T cells with lentiviral vectors, psPAX2 and pMD2.G. Lentiviral
supernatants were collected at 48 and 72 h posttransfection, filtered, and added to A172 cells
for 12 h. Stable transformants were selected with 1 ug/ml of puromycin and confirmed by
immunoblotting for ADARI or YTHDF1. rVSV-GFP was generated by reverse genetics tech-
nique from the parental strain of VSV Indiana serotype in Li’s lab. A172 cells in 24-well plates
were transfected with YTHDF1 siRNA or control siRNA, and 3 d later, the cells were infected
with rVSV-GFP with the multiplicity of infection (MOI) of 0.1 at 37°C for 1 h. The virus inoc-
ulum was then removed, and 500 uL of DMEM supplemented with 2% FBS was added in each
well. At the indicated time points postinfection, cells were photographed under the micro-
scope, culture medium was collected for virus titration by plaque assay, and cells were lysed
with RIPA buffer (Abcam, ab156034) for western blot sampling or TRizol reagent (Life Tech-
nologies, Carlsbad, California) for total RNA extraction.

VSV plaque assay

Vero CCL81 cells were seeded in 6-well plates, and, at the next day, the confluent monolayer
cells were inoculated with 0.5 ml 10-fold serial dilutions of collected samples in FBS-free
DMEM at 37°C for 1 h. The inoculum was then replaced with 2 ml of DMEM overlay contain-
ing low-melting agarose (0.25% w/v), 5% FBS, 0.12% sodium bicarbonate, 100 pg/ml of
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streptomycin, 100 U/ml penicillin, 25 mM HEPES (pH 7.7), and 2 mM L-glutamine. After
incubation at 37°C for 2 d, cells were fixed with 4% neutral buffered formaldehyde for 2 h. The
overlay was then removed, and the cells were stained with 0.05% crystal violet to visualize the
plaques. Virus titer was calculated with the formula of: Titer (Log;o PFU/ml) = Log,, (Plaque
number / 0.5 x dilution).

IFN-B ELISA

Spontaneous IFN-f production was detected by the VeriKine-HS Human IFN Beta Serum
ELISA Kit (PBL Assay Science, 41515-1) according to the manufacturer’s instructions. A172
cells were seeded at a density of 70,000 cells per well in a 24-well plate. Next day, the cells were
transfected with siRNAs by using the Lipofectamine RNAIMAX (Invitrogen). The cells were
treated with 1,000 U/ml human IFN-a, 48 h after siRNA transfection. The cells were gently
washed once with medium, then 350 pl fresh warm medium was replaced in the wells, 30 h
after IFN-o stimulation. After 72 h of incubation, 50 pl of the supernatant was collected and
the concentration of IFN-PB was measured by the kit.

RNA immunoprecipitation

The RNA immunoprecipitation (RIP) assay was performed as described previously [61] with
minor modifications. Briefly, protein A Dynabeads (Invitrogen, 40 pl per 5 ug antibody) was
washed with PBST buffer (PBS containing 0.05% Tween 20) 3 times and resuspended in 40 pl
PBST buffer. The beads were incubated with 5 ug of control rabbit IgG (R&D SYSTEMS,
AB105C), YTHDF1 (ProteinTech, 17479-1-AP) or YTHDEF2 (ProteinTech, 24744-1-AP) anti-
body in 150 pl PBST buffer at 4°C overnight. A172 cells were collected by gentle scraping, pel-
leted by centrifuge for 5 min at 1,000g. The cell pellet was resuspended with lysis buffer (150
mM KCl, 10 mM Tris-HCI (pH 7.5), 2 mM EDTA, 0.5% NP-40, 0.5 mM DTT, 1% protease
inhibitor cocktail, 400 U/ml RNase inhibitor), pipetted up and down several times. The mRNP
lysate was incubated with rotation for 1 h at 4°C and centrifuged at 15,000 for 15 min to clear
the lysate. An aliquot from each lysate was saved as input, mixed with TRIzol LS Reagent (Invi-
trogen). The cell lysate was mixed with antibody-coupled beads and rotated continuously for 3
h at 4°C. The beads were washed with 500 ul NT2 buffer (200 mM NaCl, 50 mM Tris-HCI (pH
7.5),2 mM EDTA, 0.05% NP-40, 0.5 mM DTT, 0.1% protease inhibitor cocktail, 40 U/ml
RNase inhibitor) 5 times and then resuspended in 90 pl ice-cold NT2 buffer. After the final
wash, 10 pl of the beads were used for western blotting, and the remaining 80 ul were digested
by proteinase K. The supernatant was mixed with TRIzol LS Reagent and saved as the IP sam-
ple. Total RNA isolated by TRIzol LS reagent was analyzed by RT-qPCR.

Quantification of m°A level using anti-m°A antibody

The m°A-IP enrichment assay followed by RT-qPCR was performed as described previously
[61]. Briefly, 3 ug purified cytosol mRNA extracted from A172 cells was incubated with 5 ug of
control rabbit IgG (R&D SYSTEMS, AB105C) or m°A antibody (Synaptic Systems, 202003)
for 4 h at 4°C, then pulled down by protein A Dynabeads (Invitrogen, 10008D) for 2 h at 4°C.
RNA was extracted from the bead fractions by TRIzol LS Reagent, then subjected to RT-qPCR.
HPRT1 gene was used as a reference gene when carrying out RT-qPCR.

RNA preparation and RNA-seq

For quantitative RT-PCR and direct sequencing, total RNA was isolated by using RNeasy Mini
Kit (QIAGEN) from cell lysate according to the manufacturer’s protocol. For quantitative
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RT-PCR in the samples of VSV-infected cells, total RNA was extracted from TRizol-lysate and
dissolved in 50 pl water. For RNA-seq experiments, total RNA was isolated by using TRIzol
reagent (Invitrogen) from cell lysate, and poly (A)+ RNA was purified from the total RNA by
using Dynabeads mRNA DIRECT Purification Kit (Invitrogen). The RNA libraries were pre-
pared using Truseq stranded mRNA sample preparation kit (Illumina) according to the manu-
facturer’s protocol. Three biological replicates were sequenced on an Illumina HiSeq 4000
sequencer (50 bp, single end) for each cell lines.

Quantitative RT-PCR (RT-qPCR)

To quantify expression levels of transcripts, total RNA was reverse transcribed by Go Script
Reverse Transcriptase (Promega, A6010) with anchored (dT)15 primers and random oligo
primers. The cDNA was subjected to real-time PCR (StepOnePlus Real-Time PCR Systems:
Applied Biosystems) by using GoTaq Master Mix (Promega, A6010) with the gene specific
primers (S1 Table). Relative changes in expression were calculated using the AACt method. To
quantify expression levels of VSV genomic RNA, 2 ul of total RNA was used for cDNA synthe-
sis in 20 ul RT system with primer annealed to 3'-end leader sequence of VSV genome (VSV
genome-RT). To quantify expression levels of VSV antigenomic RNA, 2 ul of total RNA was
used for cDNA synthesis with primer annealed to 5'-end trailer sequence of VSV genome
(VSV antigenome-RT). The same pair of primers annealing to G gene were used for RT-qPCR
for VSV genome and antigenome with 2 pl of cDNA. The Ct values were converted into geno-
mic RNA or total viral RNA copies according to the standard curve generated with serial dilu-
tions of VSV full-length genome plasmid. GAPDH (for mRNA expression level) and HPRT1
(for m®A-IP) were used as internal controls.

Direct sequencing

A-to-I RNA editing level was measured as described previously [31]. Briefly, total RNA was
reverse transcribed by Go Script Reverse Transcriptase with anchored (dT)15 primers and ran-
dom oligo primers. The cDNAs were amplified by Phusion Hot Start IT High-Fidelity DNA
Polymerase (Thermo Scientific, F549) with gene specific primers (S1 Table, Fwl and Rv1). Sec-
ond PCR reactions were performed with the second sets of gene specific primers (S1 Table,
Fw2 and Rv2) and with the first RT-PCR products (diluted 80-fold) as templates. Subse-
quently, the amplified cDNA fragments from RT-PCR were treated with ExoSAP-IT (USB)
and directly sequenced with the gene specific primer, Fw2 or Rv2. The editing levels were
quantified by measuring heights of A peaks (unedited) and G peaks (edited) and calculating
percentage of the population edited at each site (100% x [G height / (A height + G height)]).

Measuring decay rates of mRNAs

Cells were transfected with control siRNA and YTHDF1 siRNA by using the Lipofectamine
RNAiIMAX. The cells were treated with 1,000 U/ml IEN-o for 30 h, 72 h after siRNA transfec-
tion. The cells were treated with 1 pg/ml Actinomycin D for time periods specified in S2A Fig.
Total RNA was isolated from the cells by using RNeasy Mini Kit and analyzed by RT-qPCR.

Cell proliferation and apoptosis assay

For cell proliferation assay, 2,500 cells of the stable cell lines expressing control sShRNA or
YTHDFI1 shRNA were seeded per well in a 96-well plate with mock treatment or IFN-o. stimu-
lation. The cell proliferation was measured by using Cell Counting Kit-8 (Dojindo Molecular
Technologies, CK04) at various time points according to the manufacturer’s protocols. For
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each cell line tested, the signal from the assay was normalized to the value obtained from 24 h
after seeding.

For apoptosis assay, 30,000 cells of the stable cell lines expressing control shRNA or
YTHDFI1 shRNA were seeded per well in a 24-well plate with mock treatment or IFN-o. stimu-
lation. After 5 d of incubation with IFN-a, apoptotic cells were stained with a MEBSTAIN
Apoptosis TUNEL Kit Direct (MBL International, 8445) according to the manufacturer’s pro-
tocol, and the stained cells were examined by flow cytometry.

RNA-seq data processing

Sequenced reads were mapped to the human genome by HiSAT?2 [62] (version 2.1.0) with
parameters “—score-min L,0,-0.6.” For estimation of gene expression levels, the mapped reads
of each sample were assembled in a reference-based approach, and transcripts per million
(TPM) was calculated for each genes by using StringTie [63] (version 2.0). Differentially
expressed genes were detected by R package DESeq2 [64] (version 1.24.0) using Wald test. The
significantly differentially expressed genes between control siRNA and YTHDF1 knockdown
were reported at adjusted p-value cutoff of 0.05. Heatmaps were generated by heatmap?2 in
gplots package of R.

Quantification of A-to-I RNA editing levels

Sequenced reads were mapped to the human genome by HiSAT2 [62] (version 2.1.0) with
parameters “—score-min L,0,-0.6.” Known A-to-I RNA editing sites in the human transcripts
were obtained from 2 databases, DARNED and REDIportal [45,46]. A-to-I RNA editing levels
for the list of known editing sites were calculated by using REDItools [65] algorithm REDItool-
Known.py with parameters “-v 0 -n 0 -m 60.” Among 4,688,186 editing sites, 6,588 sites ful-
filled our first criteria (termed “Depth filter”): minimum depth of coverage >10x (more than
10 reads at every samples in our RNA-seq data). Among the 6,588 sites, 488 sites fulfilled our
second criteria (“Editing filter”): maximum average editing level >5%. We also excluded the
editing sites exhibiting minimum average editing level <95%, because it could be caused by
genomic mutation in this cell line. An average editing level was defined as “increased/
decreased” if a difference between control and IFN-o stimulation/YTHDF1 knockdown was
more than 5%. Heatmaps were generated by heatmap?2 in gplots package of R.

Quantification and statistical analysis

Two-tailed Student ¢ tests were performed to assess the statistical significance of differences
between groups, *p < 0.05, **p < 0.01, ***p < 0.001, n.s. p = 0.05. N.D. means not detected. n
=3 for all experiments. Data are presented as the mean + standard error of the mean (SEM).

Reference sequence and annotation data

The human genome sequence (GRCh38/hg38), the annotated gene models, and the annota-
tions of rRNAs were obtained from the UCSC genome browser database.

Supporting information

S1 Fig. m°A effects on ADARI and ADAR2 mRNAs. (A) m®A-seq data of the ADAR3 tran-
script in HepG2 cells, modified from Dominissini and colleagues [9]. An arrow indicates the
transcription direction. (B, C) Immunoblot analysis showing knockdown effects of METTL3,
METTL14, YTHDFI, and YTHDF2 on ADARI1p150, ADAR1p110, and ADAR2 protein
expression levels in A172 cells under normal culture conditions. Immunoblot images are
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representative of 3 biological replicates. (D) RT-qPCR showing knockdown effect of YTHDF2
on ADAR2 mRNA. The signals were normalized to GAPDH. (E) Immunoblot analysis show-
ing knockdown effects of METTL3, METTL14, YTHDF1, and YTHDEF2 on ADAR1p150 and
ADARI1p110 protein expression levels following IFN-o stimulation. Immunoblot images are
representative of 3 biological replicates. (F) RT-qPCR showing knockdown effects of METTL3
and YTHDF1 on ADARIp150 mRNA following IFN-a stimulation. The signals were normal-
ized to GAPDH. (G) Immunoblot analysis showing time course of ADAR1p150 protein degra-
dation in A172 cells after IFN-o. stimulation. Cells were collected at 0, 12, and 24 h after the
addition of CHX. ADARI1p150 protein levels at the starting point were normalized to 1. (H)
Effects of METTL3 and YTHDF1 knockdown on ADARIp150 translation efficiency in A172
cells following IFN-o stimulation (ratio of protein amounts to mRNA levels). (I) Quantifica-
tion of ADAR1p150 protein expression levels from immunoblot images of Fig 1E. (C, D, F-I)
Two-tailed Student ¢ tests were performed to assess the statistical significance of differences
between groups, *p < 0.05, **p < 0.01, ***p < 0.001. n = 3 for all experiments. Data are pre-
sented as the mean + SEM. The numerical values for this figure are available in S1 Data. CHX,
cycloheximide; IP, immunoprecipitation; m°A, N°-methyladenosine; n.s., not significant; RT-
qPCR, quantitative reverse transcription PCR; SEM, standard error of the mean; siRNA, small
interfering RNA.

(TIF)

$2 Fig. m®A effects on IFN genes and ISGs. (A) Decay profiles of IFNBI and IFNLI mRNAs
in control or YTHDF1 knockdown cells that were pretreated with [FN-o and then treated with
actinomycin D. The signals were normalized to signals at the time 0 h. (B) Quantification of
protein expression levels from immunoblot images of Fig 3C and 3H. (C) A-to-I RNA editing
of a few selected transcripts in stable cell lines expressing control EGFP, wild-type
ADARIp150, or catalytically inactive mutant of ADARIp150""*4, respectively. All cells were
transfected with YTHDF1 siRNA and treated with IFN-o. (D) RT-qPCR showing inhibitory
effects of BX795 on IFNs mRNA induction upon poly (I:C) stimulation. A172 cells that were
pretreated with the BX759 inhibitor for 1 h and then transfected with poly (I:C). (E) RT-qPCR
showing that knockdown efficiency of MDAS5 in the samples of Fig 4D. (D, E) The signals
were normalized to GAPDH. (A-E) Two-tailed Student ¢ tests were performed to assess the
statistical significance of differences between groups, *p < 0.05, **p < 0.01, ***p < 0.001, n.s.

p 2 0.05, N.D. means not detected. n = 3 for all experiments. Data are presented as the

mean + SEM. The numerical values for this figure are available in S1 Data. A-to-I RNA editing,
adenosine-to-inosine RNA editing; IFN, interferon; ISG, IFN-stimulated gene; mCA, N°-
methyladenosine; N.D., not detected; n.s., not significant; RT-qPCR, quantitative reverse tran-
scription PCR; SEM, standard error of the mean; siRNA, small interfering RNA; TBK1,
TANK-binding kinase 1.

(TIF)

S3 Fig. YTHDF1 affects cell proliferation and apoptosis upon IFN stimulation. (A) Immu-
noblot analyzing in stable YTHDF1 knockdown cells following IFN-a: stimulation. Immuno-
blot images are representative of 3 biological replicates. (B) RT-qPCR showing transcripts
levels of IFNBI, IFNL1, and IFNL3 in stable YTHDF1 knockdown cells versus controls follow-
ing IFN-o stimulation. The signals were normalized to GAPDH. (C) IFN-responsive cell pro-
liferation rate in stable YTHDF1 knockdown and ADAR1p150 overexpressing cell lines. (D)
RT-qPCR of MDA5 mRNAs in stable MDAS5 knockdown A172 cells. The signals were normal-
ized to GAPDH. (E) IFN-responsive cell proliferation rate in stable YTHDF1 and MDA5
knockdown cell lines. (F) IFN-induced apoptosis measured by TUNEL assay in stable
YTHDF1 knockdown cells following IFN-o stimulation. YTHDF1 knockdown increases
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apoptosis. (G) IFN-induced apoptosis measured by TUNEL assay in stable YTHDF1 and
MDAS5 knockdown cells following IFN-a stimulation. (B-G) Two-tailed Student f tests were
performed to assess the statistical significance of differences between groups, *p < 0.05,

**p < 0.01, ***p < 0.001, n.s. p = 0.05. n = 3 for all experiments. Data are presented as the
mean + SEM. The numerical values for this figure are available in S1 Data. IFN, interferon; n.
s., not significant; RT-qPCR, quantitative reverse transcription PCR; SEM, standard error of
the mean; shRNA, short hairpin RNA.

(TIF)

S4 Fig. YTHDF1 affects cell proliferation and apoptosis upon IFN stimulation. (A) Immu-
noblot analysis showing knockdown effects of YTHDF1 on ADAR1p150 protein expression
following IFN-o stimulation in LN229, HeLa, and HEK293T cells. Immunoblot images are
representative of 3 biological replicates. (B) RT-qPCR showing knockdown effects of YTHDF1
on ADARIp150 mRNA following IFN-o stimulation in LN229, HeLa, and HEK293T cells. (C)
RT-qPCR showing knockdown effect of YTHDF1 on IEN genes, ISGs, and NF-kB-inducible
genes in LN229 cells. (D) RT-qPCR showing knockdown effect on YTHDFI mRNA in stable
YTHDFI1 knockdown LN229 cells. (E) IFN-responsive cell proliferation rate in stable
YTHDEF1 knockdown LN229 cells. (F) IFN-induced apoptosis measured by TUNEL assay in
stable YTHDF1 knockdown LN229 cells following IFN-o stimulation. (B-D) The signals were
normalized to GAPDH. (B-F) Two-tailed Student ¢ tests were performed to assess the statisti-
cal significance of differences between groups, *p < 0.05, **p < 0.01, ***p < 0.001, n.s. p =
0.05, N.D. means not detected. n = 3 for all experiments. Data are presented as the

mean = SEM. The numerical values for this figure are available in S1 Data. IFN, interferon;
ISG, IFN-stimulated gene; n.s., not significant; RT-qPCR, quantitative reverse transcription
PCR; SEM, standard error of the mean; shRNA, short hairpin RNA.

(TIF)

S5 Fig. YTHDFI1 knockdown inhibits viral replication. (A) YTHDFI1 knockdown decreases
GFP expression in rVSV-infected A172 cells. A172 cells transfected with YTHDF1 siRNA or
control siRNA were infected with rVSV-GFP at an MOI of 0.1, and GFP expression was moni-
tored at 12, 20, and 24 h postinfection. Cells are shown in the same area under bright-field and
fluorescence images. (B, C) Immunoblot analysis showing significant decrease in the expres-
sion of VSV-G protein upon YTHDF1 knockdown at 12 and 20 h after rVSV-GFP infection.
Immunoblot images are representative of 3 biological replicates. (D, E) Immunoblot analysis
showing knockdown effect of YTHDF1 on the expression of VSV-G protein at 12 and 20 h
after rVSV-GFP infection in stable cell lines expressing control EGFP, wild-type ADAR1p150,
or catalytically inactive mutant of ADAR1p150%°'4, respectively. Immunoblot images are rep-
resentative of 3 biological replicates. The signals were normalized to control siRNA samples.
(C, E) Two-tailed Student ¢ tests were performed to assess the statistical significance of differ-
ences between groups, “p < 0.05, **p < 0.01, ***p < 0.001, n.s. p = 0.05. n = 3 for all experi-
ments. Data are presented as the mean + SEM. The numerical values for this figure are
available in S1 Data. MOI, multiplicity of infection; n.s., not significant; rVSV-GFP, recombi-
nant GFP-expressing vesicular stomatitis virus; SEM, standard error of the mean; siRNA,
small interfering RNA.

(TIF)

S6 Fig. A-to-I RNA editing sites in several IFN-induced transcripts. (A) RT-qPCR of
EIF2AK2, TNKS, PSMB2, RSAD2, STATI, CFLAR, and ZC3HAV1 mRNAs in A172 cells. The
signals were normalized to GAPDH. (B) Expression levels of TRIM56, IFI44L, CD74, and
TAPI mRNAs in RNA-seq analysis of A172 cells. (C) Direct sequencing chromatogram
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showing from RT-PCR products of RSAD2, STAT1, TRIM56, IFI44L, CD74, TAPI, CFLAR,
and ZC3HAVI1 mRNA following IFN-o stimulation. (D) A172 cells were transfected with
YTHDF1 siRNA or control siRNA and treated with IFN-o. The cells were then stained with J2
antibody and fluorescent secondary antibody and analyzed by flow cytometry. (E) A schematic
model showing YTHDF1-mediated regulation of IFN responses. (A, B, D) Two-tailed Student
t tests were performed to assess the statistical significance of differences between groups,

*p < 0.05,**p < 0.01, ***p < 0.001. n = 3 for all experiments. Data are presented as the

mean + SEM. The numerical values for this figure are available in S1 Data. A-to-I RNA editing,
adenosine-to-inosine RNA editing; dsSRNA, double-stranded RNA; IFN, interferon; IRF3, IFN
regulatory factor 3; mCA, N° -methyladenosine; RT-qPCR, quantitative reverse transcription
PCR; SEM, standard error of the mean; siRNA, small interfering RNA; TBK1, TANK-binding
kinase 1; TPM, transcripts per kilobase million.

(TIF)

S1 Table. RT-qPCR primers, siRNAs, antibodies, and direct-sequencing primers.
(XLSX)

S$2 Table. A-to-I RNA editing levels in RNA-seq analysis.
(XLSX)

$3 Table. Gene expression profiles in RNA-seq analysis.
(XLSX)

S1 Data. Excel spreadsheet containing the underlying numerical values for figure panels
Figs 1B, 1D, 2C, 2D, 3A, 3B, 3D-3G, 4B-4D, 5A-5F, S1C, S1D, S1F-S11, S2A-S2E, S3B-
S3G, S4A-84F, S5C, S5E, S6A, S6B and S6D.

(XLSX)

S1 Raw Images. Original images supporting all immunoblot analysis reported in Figs 1C,
1E, 3C, 3H, 4A, S1B, S1E, S3A, S4A, S5B and S5D.
(PDF)
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