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Abstract: Recent studies about the transcriptome-wide presence of RNA modifications have revealed
their importance in many cellular functions. Nevertheless, information about RNA modifications
in viral RNA is scarce, especially for negative-strand RNA viruses. Here we provide a catalog of
RNA modifications including m1A, ac4C, m7G, inosine, and pseudouridine on RNA derived from
an influenza A virus infected into A549 cells, as studied by RNA immunoprecipitation followed
by deep-sequencing. Possible regions with RNA modifications were found in the negative-strand
segments of viral genomic RNA. In addition, our analyses of previously published data revealed that
the expression levels of the host factors for RNA modifications were affected by an infection with
influenza A virus, and some of the host factors likely have a proviral effect. RNA modification is
a novel aspect of host–virus interactions leading to the discovery of previously unrecognized viral
pathogenicity mechanisms and has the potential to aid the development of novel antivirals.
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1. Introduction

RNA modifications are widely distributed in the tRNA and rRNA of living organ-
isms, including all prokaryotes, archaea, and eukaryotes. While some modifications in
mRNA, such as 7-methylguanosine (m7G) in the 5’ cap-structure, were first reported in
the 1970s [1], the recent advancement of next-generation sequencing, or deep-sequencing,
technology, has enabled us to detect RNA modifications in a transcriptome-wide manner,
also referred to as epitranscriptomics [2]. Examples of RNA modifications include but are
not limited to N6-methyladenosine (m6A), N1-methyladenosine (m1A), 5-methylcytosine
(m5C), and N4-acetylcytidine (ac4C) [3–6]. RNA modifications can affect RNA stability
and interactions of RNA with other molecules related to physiological functions such as
metabolism, carcinogenicity, and immune response [7–9].

RNA modifications are found in viral transcripts as well [10,11]. m6A modifications of
adenovirus transcripts are necessary for efficient splicing [12], and the same modifications
in herpes virus transcripts regulate the viral life cycle [13]. m6A modifications in transcripts
of Flaviviridae viruses, including dengue virus, zika virus, and the hepatitis C virus, regulate
RNA stability and viral replication [14,15]. m5C is reported to regulate the translation
efficiency of mRNA of the human immunodeficiency virus [16], and m6A and ac4C in
transcripts of the virus increase its RNA stability [17,18].

There are few studies about RNA modifications in negative-strand RNA viruses
because poly-A isolated RNA was commonly used to investigate RNA modifications.
Poly-A RNA isolation cannot capture non-polyadenylated RNA molecules, including
genomic RNA of negative-strand RNA viruses. Interestingly, a previous study described
the presence of m6A in the negative-strand RNA of the influenza A virus even though
they performed poly-A RNA isolation [19]. Another approach by isolating viral genomic
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RNA from viral particles found RNA modifications in the genomes of Pnuemoviridae
viruses [20,21].

Here, we conducted a transcriptome-wide RNA modification analysis of both positive-
strand and negative-strand RNA of the influenza A virus in host cells. The negative-strand
RNA genome of the influenza A virus consists of eight segments: PB2, PB1, PA, HA, NP,
NA, M, and NS. Upon infection, the viral ribonucleoprotein complex is transferred into
the cellular nucleus, where the viral RNA polymerase synthesizes two kinds of positive-
strand RNA—one is a perfectly complementary sequence of the viral genome for genomic
replication, and the other is mRNA with cap-structure at the 5′ end and poly-A tail at the 3′

end for protein translation [22,23]. To our knowledge, the presence of RNA modifications
other than m6A in RNA from the virus has not been reported so far [19].

To investigate RNA modifications in both positive-strand and negative-strand RNA
from the influenza A virus, we performed RNA immunoprecipitation (RIP) with antibodies
against RNA modifications using total RNA samples from virus-infected cells. Although
the experiments enriched a large amount of the host’s rRNA, we took advantage of SMART-
seq technology that can remove cDNA molecules derived from rRNA during the deep-
sequencing sample preparation process [24]. Consequently, we provide a catalog of various
RNA modifications in the viral genome. Furthermore, we evaluated a relationship between
host factors related to RNA modifications and viral infection by reanalyzing data from
published studies.

2. Results
2.1. Inosine

A549 cells were infected with an influenza A virus (PR8 strain) at MOI 0.1, and
intracellular RNA was extracted at 16 h post-infection. The RNA sample was incubated
with magnesium ions for fragmentation into pieces of ~100 nucleotides. The fragmented
RNA molecules that contained inosine were isolated by RIP using an antibody against
the RNA modification, followed by deep-sequencing to detect RIP-enriched regions. A
RIP-enriched region was defined as a region enriched at least two-fold in two biological
duplicate experiments.

The enrichment of a region near nucleotide positions 1740–1790 in the host’s F11R
gene, which is reported to contain inosine [25], validated our experimental procedure
(Figure 1A). There were clear peaks at approximately nucleotide position 1200 and position
1600 on the negative-strand RNA of the PB2 and PB1 segments derived from the influenza
A virus, respectively (Figure 1B). However, it is likely that this was caused by nonspecific
binding of those regions to antibodies, magnetic beads, or other reagents or materials; we
repeatedly observed the enrichment of the regions in other experiments using different
antibodies. We also conducted a control experiment in which we did not add any antibody
for RIP. However, we could not retrieve sufficient RNA in that experiment to perform deep-
sequencing. Still, ~two-fold moderate but consistent in duplicate experiments, antibody
against inosine-specific enrichment by RIP was found in the negative-strand RNA of PB2
segment (approximately nucleotide position 2200, Figure 1B).

We also investigated the effect of influenza A virus infection on host factors that
generate inosine modification, using published transcriptome data from six experiments
(Table 1). Viral infection upregulated the expression level of an inosine writer, ADAR
(also called ADAR1), observed in five out of six transcriptome experiments, while viral
infection downregulated another inosine writer, ADARB1 (also called ADAR2), reported
in one out of six experiments (Table 1). We finally investigated the importance of those
host factors in the growth of the influenza A virus using the data of eight studies that had
performed a screening assay to identify proviral host factors, the knockout/knockdown
of which negatively affected viral growth. Yet, viral growth was not disturbed by the
knockout/knockdown of ADAR or ADARB1 (Table 1).
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Figure 1. Detection of regions that include inosine in RNA derived from influenza A virus. (A) Read coverage of deep-sequencing in the host’s F11R gene normalized by the number of 

read counts mapped to the transcript for RIP and input samples. A pink bar indicates a known region with inosine. (B) Read coverage of deep-sequencing in negative-strand RNA 

(positive values) and positive-strand RNA (negative values) of each viral segment normalized by the number of read counts mapped to each transcript for RIP and input samples. A 

pink bar indicates an enriched region that possibly contains inosine. The criteria to identify RIP-enriched regions were at least two-fold enrichment, inosine antibody-specific enrichment, 

and enrichment in two biological duplicates. * non-specifically enriched region that was also observed in other experiments. Results of the biological replicate experiment are available 

in Supplementary Figure S1. 

Figure 1. Detection of regions that include inosine in RNA derived from influenza A virus. (A) Read coverage of deep-sequencing in the host’s F11R gene normalized by the number of
read counts mapped to the transcript for RIP and input samples. A pink bar indicates a known region with inosine. (B) Read coverage of deep-sequencing in negative-strand RNA
(positive values) and positive-strand RNA (negative values) of each viral segment normalized by the number of read counts mapped to each transcript for RIP and input samples. A pink
bar indicates an enriched region that possibly contains inosine. The criteria to identify RIP-enriched regions were at least two-fold enrichment, inosine antibody-specific enrichment, and
enrichment in two biological duplicates. * non-specifically enriched region that was also observed in other experiments. Results of the biological replicate experiment are available in
Supplementary Figure S1.
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Table 1. Relationship between viral infection and host factors for RNA modification.

Host Factor RNA
Modification Function

Expression Level Change by Viral
Infection in 6 Transcriptome Studies

Provial Effect in 8
Knockout/Knockdown

Screening Studies

Viral Protein with
Physical

Interaction

Studies
Reporting

Upregulation

Studies Reporting
Downregulation

Studies
Identifying
Host Factor

Reference Reference [26]

ADAR inosine writer 5 0 0 n.d.
ADARB1 inosine writer 0 1 0 n.d.

RRP8 m1A writer 0 1 0 n.d.
TRMT10C m1A writer 1 0 0 n.d.
TRMT61A m1A writer 0 0 2 [26,27] n.d.

TRMT6,
TRMT61B m1A writer 0 0 0 n.d.

ALKBH1,
ALKBH3 m1A eraser 0 0 0 n.d.

DKC1 pseudouridine writer 0 1 0 n.d.
NOP10 pseudouridine writer 1 0 0 n.d.
PUS1 pseudouridine writer 0 1 0 n.d.
PUS3 pseudouridine writer 0 1 0 n.d.
PUS7 pseudouridine writer 0 0 0 NA

RPUSD2 pseudouridine writer 0 1 0 n.d.
GAR1, NHP2,
PUS10, TRUB1 pseudouridine writer 0 0 0 n.d.

NAT10 ac4C writer 0 1 1 [26] PB1, NP, NA, M1

WDR4 m7G writer 0 2 0 n.d.
BUD23,

METTL1 m7G writer 0 0 0 n.d.

METTL3 m6A writer 0 1 0 n.d.
RBM15 m6A writer 0 1 0 n.d.
VIRMA m6A writer 0 1 0 n.d.
WTAP m6A writer 2 0 2 [28,29] n.d.

METTL14,
ZC3H13 m6A writer 0 0 0 n.d.

YTHDC1 m6A reader 3 0 1 [30] n.d.
YTHDF1 m6A reader 0 0 1 [26] PB2, NP, NA
YTHDF2 m6A reader 0 0 1 [26] PB2, NP, NA, M1
ALKBH5 m6A eraser 0 0 0 n.d.

FTO m6A eraser 0 1 0 n.d.

NOP2 m5C writer 0 2 0 NP
NSUN2 m5C writer 0 0 0 NP, NA
NSUN3 m5C writer 1 0 0 n.d.
NSUN6 m5C writer 1 0 0 n.d.
NSUN7 m5C writer 3 1 0 n.d.

TRDMT1 m5C writer 1 1 1 [31] n.d.
NSUN4,
NSUN5 m5C writer 0 0 0 n.d.

n.d., not detected.

2.2. N1-Methyladenosine (m1A)

Fragmented RNA from influenza A virus-infected cells, as described above, was
enriched by RIP using an antibody for m1A followed by deep-sequencing. We validated the
RIP experiments by checking the enrichment of the host’s mitochondrial RNR2 transcript
(Figure 2A), which is reported to have a site that undergoes m1A modification (nucleotide
position 2617) [32]. The enrichment was observed in several regions of negative-strand
viral RNAs, including PB2, HA, and M segments, although some were about two-fold
moderately increased but specifically for the antibody in both duplicate experiments
(Figure 2B).

Host factors involved with m1A modification, writers [(RRP8 (also called NML),
TRMT6, TRMT10C, TRMT61A, and TRMT61B] and erasers (ALKBH1 and ALKBH3),
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have been identified in previous studies [33]. Upregulation of one writer, TRMT10C, and
downregulation of another, RRP8, by influenza A virus infection was found in one of six
transcriptome studies, each (Table 1). Changes in the transcription level of the m1A erasers
by viral infection were not observed. An m1A writer, TRMT61A, may possess a proviral
effect, as suggested by two independent studies that showed the knockdown of that host
factor reduced viral titer (Table 1).

2.3. Pseudouridine

We performed RIP with fragmented RNA samples from virus-infected cells using
an antibody for pseudouridine. We confirmed the enrichment of a region that contains a
known site with pseudouridine (nucleotide position 1580) in the host’s RHBDD2 gene [34]
(Figure 3A). At least two-fold enrichments specific for the antibody were observed in a
region near nucleotide position 1600 of the negative-strand PB2 segment and a region near
nucleotide position 400 of the negative-strand HA segment in both duplicate experiments
(Figure 3B).

Viral infection affected host factors that regulate pseudouridine modification, down-
regulating DKC1 (also called Cbf5), PUS1, PUS3, and RPUSD2 (also called PUS9), as
shown in one of six transcriptome experiments, each (Table 1). Viral infection upregulated
another host factor for pseudouridine, NOP10, observed in one of six experiments. Knock-
out/knockdown screening studies did not identify any of the pseudouridine regulators as
a proviral host factor. PUS7 was found to interact with the viral neuraminidase protein
(Table 1).

2.4. N4-Acetylcytidine (ac4C)

We further performed RIP using a recently developed antibody for ac4C [3] with
fragmented RNA samples from virus-infected cells. The enrichment of the 5′ untranslated
region (UTR) of the host’s DAZAP1 gene by RIP was reported in a previously published
epitranscriptome study for ac4C [3] and successfully observed in our results as well
(Figure 4A). Enrichments were observed in several regions of RNA derived from the
influenza A virus (Figure 4B). While many enrichments seemed nonspecific, as seen in
other experiments in the present study, a region near nucleotide position 150 in the negative
strand of the PB1 segment and a region near nucleotide position 350 in the negative strand
of the NA segment were specifically enriched by the antibody against ac4C at least two-
fold in both duplicate experiments. Relatively broad enrichment was also observed for
approximately 400 bases at the 5′ end of the negative strand of the HA segment, which
may suggest multiple ac4C sites around the region.

NAT10 is a host factor responsible for the regulation of ac4C modification [3]. NAT10
has physical interactions with viral proteins, including PB1, NP, NA, and M1 (Table 1). Of
six transcriptome studies, one found downregulation of NAT10 in human cells infected
with the influenza A virus. Knockdown of the host factor negatively regulated viral growth,
suggesting its proviral role (Table 1).
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Figure 2. Detection of regions that include m1A in RNA derived from influenza A virus. (A) Read coverage of deep-sequencing in the host’s mitochondrial chromosome normalized by 
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sequencing in negative-strand RNA (positive values) and positive-strand RNA (negative values) of each viral segment normalized by the number of read counts mapped to each 
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enriched region that was not observed in the biological replicate experiment. Results of the biological replicate experiment are available in Supplementary Figure S2. 

Figure 2. Detection of regions that include m1A in RNA derived from influenza A virus. (A) Read coverage of deep-sequencing in the host’s mitochondrial chromosome normalized by the
number of read counts mapped to the entire chromosome for RIP and input samples. A pink bar indicates a known region that includes an m1A site. (B) Read coverage of deep-sequencing
in negative-strand RNA (positive values) and positive-strand RNA (negative values) of each viral segment normalized by the number of read counts mapped to each transcript for RIP and
input samples. Pink bars indicate enriched regions that possibly contain m1A. The criteria to identify RIP-enriched regions were at least two-fold enrichment, m1A antibody-specific
enrichment, and enrichment in two biological duplicates. * non-specifically enriched region that was also observed in other experiments. ** non-specifically enriched region that was not
observed in the biological replicate experiment. Results of the biological replicate experiment are available in Supplementary Figure S2.
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Figure 3. Detection of regions that include pseudouridine in RNA derived from influenza A virus. (A) Read coverage of deep-sequencing in the host’s RHBDD2 gene normalized by the
number of read counts mapped to the transcript for RIP and input samples. A pink bar indicates a region known to include a site modified with pseudouridine. (B) Read coverage
of deep-sequencing in negative-strand RNA (positive values) and positive-strand RNA (negative values) of each viral segment normalized by the number of read counts mapped to
each transcript for RIP and input samples. Pink bars indicate enriched regions that possibly contain pseudouridine. The criteria to identify RIP-enriched regions were at least two-fold
enrichment, pseudouridine antibody-specific enrichment, and enrichment in two biological duplicates. *, non-specifically enriched region that was also observed in other experiments.
Results of the biological replicate experiment are available in Supplementary Figure S3.
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Figure 4. Detection of regions that include ac4C in RNA derived from influenza A virus. (A) Read coverage of deep-sequencing in the host’s DAZAP1 gene normalized by the number of
read counts mapped to the transcript for RIP and input samples. A pink bar indicates a previously reported region with ac4C. (B) Read coverage of deep-sequencing in negative-strand
RNA (positive values) and positive-strand RNA (negative values) of each viral segment normalized by the number of read counts mapped to each transcript for RIP and input samples.
Solid and dashed pink bars indicate sharply and moderately enriched regions that possibly contain ac4C, respectively. The criteria to identify RIP-enriched regions were at least two-fold
enrichment, ac4C antibody-specific enrichment, and enrichment in two biological duplicates. * non-specifically enriched region that was also observed in other experiments. Results of the
biological replicate experiment are available in Supplementary Figure S4.
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2.5. 7-Methylguanosine (m7G)

We next investigated the presence of m7G modification in RNA from the influenza A
virus. Because the RNA modification is abundant at the cap-structure of the 5′ end of both
host and viral mRNA, we first treated RNA samples with RNA 5′ pyrophosphohydrolase
to remove the cap-structure, followed by fragmentation and RIP using an antibody for m7G.
Although the presence of m7G in the internal mRNA of eukaryotic cells is controversial [35,36],
our RIP experiment enriched a region near the site within the 3′ UTR of the host’s GPR107
gene (nucleotide position 2051), which was reported by Zhang et al. to possess the RNA
modification [35] (Figure 5A). As for RNA derived from the influenza A virus, we detected
no specifically enriched region by the RIP (Figure 5B).

One type of m7G writer, WDR4, was downregulated after viral infection, as shown in
two of six experiments (Table 1). Knockout/knockdown experiments found no effect on
viral growth by host factors responsible for m7G.

2.6. N6-Methyladenosine (m6A) and 5-Methylcytosine (m5C)

We also investigated host–virus interaction through m6A and m5C RNA modifica-
tions analyzing data from previously published studies, although we could not perform
RIP experiments for the modifications due to technical and logistic issues. m6A and its
function have been extensively studied in previous studies; host factors related to the
RNA modification have been identified, including writers [METTL3, METTL14, RBM15,
VIRMA (also called KIAA1429), WTAP, and ZC3H13]; readers (YTHDC1, YTHDF1, and
YTHDF2); and erasers (ALKBH5 and FTO) [37]. Transcriptome analyses showed that
infection with influenza A virus upregulated the expression level of WTAP (two of six
experiments) but downregulated METTL3, RBM15, and VIRMA (one of six experiments,
each) (Table 1). Among m6A readers, YTHDC1 was upregulated by viral infection (three of
six experiments), while the expression levels of YTHDF1 and YTHD2 were not affected.
Downregulation of one of the m6A erasers, FTO, by viral infection was also reported.
Overall, influenza A virus infection seems to cause increased m6A modification and/or
the effect thereof.

Knockdown of an m6A writer, WTAP, decreased the viral growth, reported in two
independent studies (Table 1). Furthermore, the knockdown of m6A readers YTHDC1,
YTHDF1, and YTHDF2 also negatively affected the viral growth, suggesting a proviral
effect of m6A modification. Two host factors, YTHDF1 and YTHDF2, were reported to
physically interact with viral proteins including PB2 and NP (Table 1).

Among the host factors responsible for m5C modification, infection with influenza A
virus downregulated NOP2 (two out of six experiments, also called NSUN1); upregulated
NSUN3 (one of six experiments), NSUN6 (one of six experiments), and NSUN7 (three of
six experiments but downregulated in one experiment), and did not affect the expression
levels of NSUN2, NSUN4, or NSUN5. Changes in the expression levels of TRDMT1
(also called DNMT2), another m5C writer, by viral infection yielded contradictory results:
upregulation in one study and downregulation in another. Knockdown of TRDMT1
significantly decreased viral growth, suggesting its proviral role (Table 1). NOP2 and
NSUN2 were reported to have physical interactions with a viral protein, NP, as shown by a
co-immunoprecipitation experiment (Table 1).
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Figure 5. Search for regions that include m7G in RNA derived from influenza A virus. (A) Read coverage of deep-sequencing in the host’s GPR107 gene normalized by the number of read
counts mapped to the transcript for RIP and input samples. A pink bar indicates a region with a possible m7G site. (B) Read coverage of deep-sequencing in negative-strand RNA (positive
values) and positive-strand RNA (negative values) of each viral segment normalized by the number of read counts mapped to each transcript for RIP and input samples. *, non-specifically
enriched region that was also observed in other experiments. Results of the biological replicate experiment are available in Supplementary Figure S5.
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3. Discussion

In this study, we provide a catalog of possible RNA modifications including inosine,
m1A, pseudouridine, and ac4C on the RNA molecules from the influenza A virus (Figure 6A).
We documented the genome/transcriptome-wide landscape of RNA modifications in the
influenza A virus for the first time, with the exception of m6A [19]. Significantly, the identified
possible RNA modifications were observed in negative-strand genomic RNA, which has been
rarely investigated from the perspective of RNA modification.

It should be noted that the specificity of the RIP experiment was not adequate to
conclude the presence of RNA modifications. It is commonly reported and discussed
that there were few overlaps in identified regions that possibly contain RNA modifica-
tions among different studies using similar methodologies, even for well-studied model
organisms [2,38]. The sensitivity and specificity of omics studies, including the present
study, should be further investigated and validated to identify true RNA modification
sites. Utilization of photo-crosslinking technology, conjugating RNA modifications and
antibodies followed by RNase treatment, could improve the resolution, sensitivity, and
possibly specificity of RIP experiments [39]. However, in such experiments, the depletion
of rRNA sequences from non-polyadenylated RNA including the viral genome of the
influenza virus will be challenging.

Direct RNA sequencing by nanopore sequencing technology will make a significant
contribution to detecting RNA modifications [40,41], although its accuracy and appli-
cability to identify various RNA modifications are still developing [42]. Future studies
should also validate the possible RNA modification sites by determining whether the
RNA modification signals will be lost upon mutation of the sites or inhibition of the host
factors responsible for those modifications. Methodologies such as ICE-seq for inosine
and ψ-seq for pseudouridine, by which chemical reactions on RNA molecules followed
by deep-sequencing can identify specific sites with particular RNA modifications [34,43],
should be considered as well for further validation.

Still, the present study suggested a variety of RNA modifications in RNA derived
from the negative-strand RNA virus. In this study, A549 cells were infected with the
influenza A virus (PR8 strain) at MOI 0.1, and intracellular RNA was extracted at a single
time point, 16 h post-infection. Because A549 is a cancer cell line from the human lung,
it could be subject to non-native genomic or regulatory disruptions. In the future, we
should further explore the findings’ generalizability using different cells such as primary
bronchial/tracheal epithelial cells, in vivo models, and clinical samples. It is possible that
RNA modifications in the viral genome differ among cell types (for example, between ep-
ithelial cells and immune cells) and anatomical and physiological conditions (for example,
between the upper respiratory tract and the lower respiratory tract). RNA modifications
in the viral genome of viral strains other than PR8 should also be tested in the future. In
our experiment, the infections were not synchronized by high MOI because we did not
have prior knowledge about the dynamics of RNA modifications in the viral RNA during
the viral life cycle. Future studies are expected to understand how and when those RNA
modifications in the viral genome are made.

We also showed how viral infection affects the host’s RNA modification factors and
vice versa (Figure 6B). Many host factors involved in RNA modifications have proviral
roles. RNA modifications on the viral genome could increase its stability [44]. Besides, they
might be engaged with viral genomic replication and genome packaging, and they could
help evade recognition by the host’s innate immunity [45]. It is also possible that RNA
modification host factors regulate viral growth via RNA modifications on not viral RNA
but host transcripts [46,47].
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virus identified in the present study. m7G sites were not detected. (B) Relationship between viral infection and host factors for RNA modification is illustrated. Changes in expression levels
(↑upregulation or ↓downregulation) of host factors by viral infection are depicted as vertical arrows next to the names of RNA modifications. Host factors related to RNA modifications
described in bold characters with underline possibly have a proviral effect.
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Inhibiting RNA modifications can be an interesting option for the treatment of viral
infections. That could decrease the stability of viral RNA suppressing viral growth and/or
enhance the recognition of viral RNA by innate immunity leading to the enhancement
of antiviral response. Furthermore, it is intriguing to figure out how the effect of RNA
modifications has influenced the evolution of the viral genome. RNA modification is a
novel aspect of host–virus interactions leading to a discovery of previously unrecognized
mechanisms of the viral life cycle.

4. Materials and Methods
4.1. Cell Lines and Virus

A549 cell lines, MDCK cell lines, and influenza A virus [A/PR8/1934 (H1N1)] were
obtained from ATCC (Manassas, VA, USA). A549 cells and MDCK cells were maintained
in high-glucose DMEM supplemented with 10% fetal bovine serum. Influenza A virus was
propagated and titrated using MDCK cells.

4.2. Viral Infection and RNA Extraction

Influenza A virus was inoculated into subconfluent A549 cells with 0.25 µg/mL
TPCK-treated trypsin at MOI 0.1 plaque-forming unit/cell. Cells were washed with PBS
three times, and intracellular RNA was extracted using TRIzol (Thermo Fisher Scientific,
Waltham, MA, USA) and Direct-zol (Zymo Research, Irvine, CA, USA) with DNase treat-
ment at 16 h after inoculation. All experiments from viral infection to deep-sequencing
were done in biological duplicates (Supplementary Figures S1–S5).

4.3. RNA Fragmentation

Forty micrograms of total RNA for the stringent RIP protocol, 80 µg of total RNA for
the mild RIP protocol, and 5 µg of total RNA for the m7G-RIP protocol were fragmented
using the NEBNext Magnesium RNA Fragmentation Module (NEB, Ipswich, MA, USA)
according to the manufacturer’s protocol. Incubation with magnesium ions was performed
at 94 ◦C for 5 min, followed by RNA purification by ethanol precipitation. The peak size
of fragmented RNA was ~100 bases, confirmed using Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA).

4.4. Removal of Cap-Structure for m7G-RIP

Fragmented RNA was incubated with 500 U/mL RNA 5′ pyrophosphohydrolase
(NEB) and Thermopol buffer (NEB) at 37 ◦C for 2 h, followed by the addition of 10 mM
EDTA and incubation at 65 ◦C for 5 min. Treated RNA was then purified using TRIzol LS
(Thermo Fisher Scientific).

4.5. Antibodies

Antibodies and their concentrations used for the RIP experiments are described
in Supplementary Table S1. Because a widely used antibody for m1A, D345-3 (MBL,
Tokyo, Japan), was reported to cross-react with adenosine near the cap-structure at the
transcription start site, we used a different antibody, ab208196 (Abcam, Cambridge, UK),
which a previous study showed has no such cross-reactivity [32].

4.6. Stringent RNA Immunoprecipitation for Inosine, m1A, and m7G

RIP experiments were performed as previously reported with a slight modification [4].
Forty microliters of Dynabeads Protein G (Thermo Fisher Scientific) were washed with IPP
buffer [150 mM NaCl, 0.1% NP-40, 10 mM Tris-HCl (pH 7.5)] twice and resuspended with
200 µL IPP buffer. The antibody was added as described in Supplementary Table S1 and
incubated, rotating for 1 h at room temperature followed by a wash with IPP buffer twice
and resuspended with 200 µL IPP buffer. Then, 40 µg of fragmented RNA (or 5 µg RNA
for m7G) was added and rotated at 4 ◦C for 4 h. Thereafter, beads were washed with IPP
buffer twice, with low-salt IPP buffer [50 mM NaCl, 0.1% NP-40, 10 mM Tris-HCl (pH 7.5)]
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twice, and with high-salt IPP buffer [500 mM NaCl, 0.1% NP-40, 10 mM Tris-HCl (pH 7.5)]
twice. After removing the washing buffer, 1 mL TRIzol was directly added to the beads to
isolate RNA.

4.7. Mild RNA Immunoprecipitation for Pseudouridine and ac4C

Because enough RNA was not retrieved for pseudouridine and ac4C using the above-
mentioned stringent protocol, we further modified the protocol to perform RIP under
mild conditions, introducing the following changes: 80 µg of fragmented RNA was used,
incubation of antibody with beads was conducted with rotating for 2 h, and incubation of
RNA with antibody-conjugated beads was done with rotating at room temperature for 2 h
followed by 4 ◦C for 16 h. The RNA-bound beads were washed with IPP buffer five times
before the isolation of RNA by TRIzol.

4.8. Deep-Sequencing Sample Preparation and Sequencing

Deep-sequencing sample preparation was performed using a SMART-Seq Stranded
Kit (Takara Bio, Japan) as per the manufacturer’s protocol with a slight modification. We
skipped an RNA fragmentation step for already fragmented RNA samples for RIP. Deep-
sequencing of the prepared samples was conducted using the NovaSeq 6000 (Illumina, San
Diego, CA, USA) with a protocol of 2× 150 base paired-end runs to produce approximately
100 Gb of data (corresponding to 660 million reads).

4.9. Bioinformatics

Adapter sequences and low-quality reads in fastq files were removed using Trim
Galore with default settings. Sequences of viral positive-strand segments, negative-strand
segments, all human transcripts (GRCh38_latest_rna.fna obtained from the National Cen-
ter for Biotechnology Information), and the mitochondrial genome (GenBank accession
number, NC012920) were included in a single fasta file and used as a reference for map-
ping. NGS reads were mapped against the reference with forward-strand only option
using bowtie2 [48]. Site-by-site coverages were calculated using samtools [49], and the
coverage at each site was normalized by the number of read counts mapped to each
reference transcript.

The criteria to identify RIP-enriched regions include at least two-fold enrichment, each
antibody-specific enrichment, and enrichment in two biological duplicate experiments.

4.10. Data of Transcriptome Experiments

Transcriptome data from virus-infected cells were retrieved from the Influenza Research
Database [50]. All experiments using human cells infected with human influenza A virus were
investigated [GSE89008 (H1N1 and H3N2 viruses in human tracheobronchial epithelial cells),
GSE97672 (H1N1 and H3N2 viruses in human monocyte-derived macrophages), GSE37571
(H1N1 virus in Calu-3 cells), and GSE40844 (H3N2 virus in Calu-3 cells)]. The database has
the RNA expression levels of the host’s genes that were statistically changed by viral infection.
Using the data, we determined whether viral infection altered the gene expression levels of
the host factors related to RNA modifications.

4.11. Proviral Effect of RNA Modification Host Factors

Published data from six studies that performed siRNA knockdown screening [26–31],
one study that conducted CRISPR knockout screening [51], and one study that performed ho-
mozygous gene perturbation screening [52] to identify host factors the knockout/knockdown
of which negatively regulate viral growth were investigated. Data from a study by Watanabe
et al., which identified host factors co-immunoprecipitated with viral proteins [26], were also
analyzed to find RNA modification host factors that physically interact with viral proteins.
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4.12. Data Availability

The original data of deep-sequencing are available at the DDBJ BioProject database
under accession number PRJDB11331.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22179127/s1.

Funding: This work was supported by the Grant-in-Aid for Scientific Research on Innovative Areas
(grant number, JP19H04832) and the Grant-in-Aid for Scientific Research (JP19K07576) from the Japan
Society for the Promotion of Science; the Research Program on Emerging and Re-emerging Infectious
Diseases (20fk0108108h0002) from the Japan Agency for Medical Research and Development; and
the Leading Initiative for Excellent Young Researchers (16809810) from the Ministry of Education,
Culture, Sports, Science and Technology in Japan.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original data of deep-sequencing are available at the DDBJ BioPro-
ject database under accession number PRJDB11331.

Acknowledgments: I thank Yoshio Koyanagi for his support.

Conflicts of Interest: The author declares no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Shatkin, A.J. Capping of eucaryotic mRNAs. Cell 1976, 9, 645–653. Available online: https://pubmed.ncbi.nlm.nih.gov/1017010/

(accessed on 8 February 2021). [CrossRef]
2. Li, X.; Xiong, X.; Yi, C. Epitranscriptome sequencing technologies: Decoding RNA modifications. Nat. Methods 2016, 14, 23–31.

Available online: https://pubmed.ncbi.nlm.nih.gov/28032622/ (accessed on 8 February 2021). [CrossRef]
3. Arango, D.; Sturgill, D.; Alhusaini, N.; Dillman, A.A.; Sweet, T.J.; Hanson, G.; Hosogane, M.; Sinclair, W.R.; Nanan, K.K.; Mandler,

M.D.; et al. Acetylation of Cytidine in mRNA Promotes Translation Efficiency. Cell 2018, 175, 1872–1886.e24. [CrossRef] [PubMed]
4. Safra, M.; Sas-Chen, A.; Nir, R.; Winkler, R.; Nachshon, A.; Bar-Yaacov, D.; Erlacher, M.; Rossmanith, W.; Stern-Ginossar, N.;

Schwartz, S. The m1A landscape on cytosolic and mitochondrial mRNA at single-base resolution. Nat. Cell Biol. 2017, 551,
251–255. [CrossRef] [PubMed]

5. Schwartz, S.; Agarwala, S.D.; Mumbach, M.R.; Jovanovic, M.; Mertins, P.; Shishkin, A.; Tabach, Y.; Mikkelsen, T.S.; Satija, R.;
Ruvkun, G.; et al. High-Resolution mapping reveals a conserved, widespread, dynamic mRNA methyla-tion program in yeast
meiosis. Cell 2013, 155, 1409–1421. Available online: https://pubmed.ncbi.nlm.nih.gov/24269006/ (accessed on 8 February 2021).
[CrossRef] [PubMed]

6. Edelheit, S.; Schwartz, S.; Mumbach, M.; Wurtzel, O.; Sorek, R. Transcriptome-Wide Mapping of 5-methylcytidine RNA
Modifications in Bacteria, Archaea, and Yeast Reveals m5C within Archaeal mRNAs. PLoS Genet. 2013, 9, e1003602. [CrossRef]
[PubMed]

7. Williams, G.D.; Gokhale, N.; Horner, S.M. Regulation of Viral Infection by the RNA ModificationN6-Methyladenosine. Annu. Rev.
Virol. 2019, 6, 235–253. [CrossRef]

8. Helm, M.; Motorin, Y. Detecting RNA modifications in the epitranscriptome: Predict and validate. Nat. Rev. Genet. 2017, 18,
275–279. Available online: https://pubmed.ncbi.nlm.nih.gov/28216634/ (accessed on 8 February 2021). [CrossRef]

9. Jiang, Q.; Crews, L.A.; Holm, F.; Jamieson, C.H.M. RNA editing-dependent epitranscriptome diversity in cancer stem cells. Nat.
Rev. Cancer 2017, 17, 381–392. Available online: https://pubmed.ncbi.nlm.nih.gov/28416802/ (accessed on 8 February 2021).
[CrossRef]

10. Tan, B.; Gao, S.-J. RNA epitranscriptomics: Regulation of infection of RNA and DNA viruses byN6-methyladenosine (m6A). Rev.
Med Virol. 2018, 28, e1983. [CrossRef]

11. Tan, B.; Gao, S.-J. The RNA Epitranscriptome of DNA Viruses. J. Virol. 2018, 92. [CrossRef]
12. Price, A.M.; Hayer, K.E.; McIntyre, A.B.R.; Gokhale, N.S.; Abebe, J.S.; Della Fera, A.N.; Mason, C.E.; Horner, S.M.; Wilson, A.C.;

Depledge, D.P.; et al. Direct RNA sequencing reveals m6A modifications on adenovirus RNA are necessary for efficient splicing.
Nat. Commun. 2020, 11, 1–17. [CrossRef]

13. Tan, B.; Liu, H.; Zhang, S.; da Silva, S.R.; Zhang, L.; Meng, J.; Cui, X.; Yuan, H.; Sorel, O.; Zhang, S.W.; et al. Viral and cellular
N6-methyladenosine and N6,2′-O-dimethyladenosine epitranscriptomes in the KSHV life cycle. Nat. Microbiol. 2017, 3, 108–120.
Available online: https://pubmed.ncbi.nlm.nih.gov/29109479/ (accessed on 5 January 2021). [CrossRef]

https://www.mdpi.com/article/10.3390/ijms22179127/s1
https://www.mdpi.com/article/10.3390/ijms22179127/s1
https://pubmed.ncbi.nlm.nih.gov/1017010/
http://doi.org/10.1016/0092-8674(76)90128-8
https://pubmed.ncbi.nlm.nih.gov/28032622/
http://doi.org/10.1038/nmeth.4110
http://doi.org/10.1016/j.cell.2018.10.030
http://www.ncbi.nlm.nih.gov/pubmed/30449621
http://doi.org/10.1038/nature24456
http://www.ncbi.nlm.nih.gov/pubmed/29072297
https://pubmed.ncbi.nlm.nih.gov/24269006/
http://doi.org/10.1016/j.cell.2013.10.047
http://www.ncbi.nlm.nih.gov/pubmed/24269006
http://doi.org/10.1371/journal.pgen.1003602
http://www.ncbi.nlm.nih.gov/pubmed/23825970
http://doi.org/10.1146/annurev-virology-092818-015559
https://pubmed.ncbi.nlm.nih.gov/28216634/
http://doi.org/10.1038/nrg.2016.169
https://pubmed.ncbi.nlm.nih.gov/28416802/
http://doi.org/10.1038/nrc.2017.23
http://doi.org/10.1002/rmv.1983
http://doi.org/10.1128/JVI.00696-18
http://doi.org/10.1038/s41467-020-19787-6
https://pubmed.ncbi.nlm.nih.gov/29109479/
http://doi.org/10.1038/s41564-017-0056-8


Int. J. Mol. Sci. 2021, 22, 9127 16 of 17

14. Gokhale, N.S.; McIntyre, A.B.R.; McFadden, M.J.; Roder, A.E.; Kennedy, E.M.; Gandara, J.A.; Hopcraft, S.E.; Quicke, K.M.;
Vazquez, C.; Willer, J.; et al. N6-Methyladenosine in Flaviviridae Viral RNA Genomes Regulates Infection. Cell Host Microbe 2016,
20, 654–665. [CrossRef]

15. Lichinchi, G.; Zhao, B.; Wu, Y.; Lu, Z.; Qin, Y.; He, C.; Rana, T.M. Dynamics of Human and Viral RNA Methylation during Zika
Virus Infection. Cell Host Microbe 2016, 20, 666–673. [CrossRef]

16. Courtney, D.; Tsai, K.; Bogerd, H.P.; Kennedy, E.M.; Law, B.A.; Emery, A.; Swanstrom, R.; Holley, C.; Cullen, B.R. Epitranscriptomic
Addition of m5C to HIV-1 Transcripts Regulates Viral Gene Expression. Cell Host Microbe 2019, 26, 217–227.e6. [CrossRef]
[PubMed]

17. Tsai, K.; Vasudevan, A.A.J.; Campos, C.M.; Emery, A.; Swanstrom, R.; Cullen, B.R. Acetylation of Cytidine Residues Boosts HIV-1
Gene Expression by Increasing Viral RNA Stability. Cell Host Microbe 2020, 28, 306–312.e6. [CrossRef]

18. Tsai, K.; Bogerd, H.P.; Kennedy, E.M.; Emery, A.; Swanstrom, R.; Cullen, B.R. Epitranscriptomic addition of m6A regulates HIV-1
RNA stability and alternative splicing. Genes Dev. 2021, 35, 992–1004. [CrossRef] [PubMed]

19. Courtney, D.; Kennedy, E.M.; Dumm, R.E.; Bogerd, H.P.; Tsai, K.; Heaton, N.S.; Cullen, B.R. Epitranscriptomic Enhancement of
Influenza A Virus Gene Expression and Replication. Cell Host Microbe 2017, 22, 377–386.e5. [CrossRef] [PubMed]

20. Lu, M.; Zhang, Z.; Xue, M.; Zhao, B.S.; Harder, O.; Li, A.; Liang, X.; Gao, T.; Xu, Y.; Zhou, J.; et al. N6-methyladenosine
modification enables viral RNA to escape recognition by RNA sensor RIG-I. Nat. Microbiol. 2020, 5, 584–598. [CrossRef] [PubMed]

21. Xue, M.; Zhao, B.S.; Zhang, Z.; Lu, M.; Harder, O.; Chen, P.; Lu, Z.; Li, A.; Ma, Y.; Xu, Y.; et al. Viral N6-methyladenosine
upregulates replication and pathogenesis of human respiratory syncytial virus. Nat. Commun. 2019, 10, 4595. [CrossRef]
[PubMed]

22. Eisfeld, A.J.; Neumann, G.; Kawaoka, Y. At the centre: Influenza A virus ribonucleoproteins. Nat. Rev. Microbiol. 2015, 13, 28–41.
Available online: https://pubmed.ncbi.nlm.nih.gov/25417656/ (accessed on 8 February 2021). [CrossRef]

23. Te Velthuis, A.J.W.; Fodor, E. Influenza virus RNA polymerase: Insights into the mechanisms of viral RNA synthesis. Nat. Rev.
Microbiol. 2016, 14, 479–493. Available online: https://pubmed.ncbi.nlm.nih.gov/27396566/ (accessed on 8 February 2021).
[CrossRef] [PubMed]

24. Takara Bio INC. High-Quality Stranded RNA-seq Libraries from Single Cells Using the SMART-Seq Stranded Kit. Available
online: https://www.takarabio.com/learning-centers/next-generation-sequencing/technical-notes/single-cell-rna-and-dna-
seq/stranded-libraries-from-single-cells (accessed on 25 January 2021).

25. Levanon, E.Y.; Eisenberg, E.; Yelin, R.; Nemzer, S.; Hallegger, M.; Shemesh, R.; Fligelman, Z.Y.; Shoshan, A.; Pollock, S.R.;
Sztybel, D.; et al. Systematic identification of abundant A-to-I editing sites in the human transcriptome. Nat. Biotechnol. 2004, 22,
1001–1005. [CrossRef] [PubMed]

26. Watanabe, T.; Kawakami, E.; Shoemaker, J.; Lopes, T.J.; Matsuoka, Y.; Tomita, Y.; Kozuka-Hata, H.; Gorai, T.; Kuwahara, T.;
Takeda, E.; et al. Influenza Virus-Host Interactome Screen as a Platform for Antiviral Drug Development. Cell Host Microbe 2014,
16, 795–805. [CrossRef] [PubMed]

27. Karlas, A.; Machuy, N.; Shin, Y.; Pleissner, K.-P.; Artarini, A.; Heuer, D.; Becker, D.; Khalil, H.; Ogilvie, L.; Hess, S.; et al.
Genome-wide RNAi screen identifies human host factors crucial for influenza virus replication. Nat. Cell Biol. 2010, 463, 818–822.
[CrossRef] [PubMed]

28. Tran, A.T.; Rahim, M.N.; Ranadheera, C.; Kroeker, A.; Cortens, J.P.; Opanubi, K.J.; Wilkins, J.A.; Coombs, K.M. Knockdown of
specific host factors protects against influenza virus-induced cell death. Cell Death Dis. 2013, 4, e769. [CrossRef] [PubMed]

29. Shapira, S.D.; Gat-Viks, I.; Shum, B.; Dricot, A.; de Grace, M.M.; Wu, L.; Gupta, P.B.; Hao, T.; Silver, S.J.; Root, D.E.; et al. A
Physical and Regulatory Map of Host-Influenza Interactions Reveals Pathways in H1N1 Infection. Cell 2009, 139, 1255–1267.
[CrossRef]

30. Brass, A.L.; Huang, I.-C.; Benita, Y.; John, S.P.; Krishnan, M.N.; Feeley, E.; Ryan, B.J.; Weyer, J.L.; Van Der Weyden, L.; Fikrig, E.;
et al. The IFITM Proteins Mediate Cellular Resistance to Influenza A H1N1 Virus, West Nile Virus, and Dengue Virus. Cell 2009,
139, 1243–1254. [CrossRef]

31. König, R.; Stertz, S.; Zhou, Y.; Inoue, A.; Hoffmann, H.-H.; Bhattacharyya, S.; Alamares, J.G.; Tscherne, D.M.; Ortigoza, M.B.;
Liang, Y.; et al. Human host factors required for influenza virus replication. Nature 2010, 463, 813–817. [CrossRef]

32. Grozhik, A.V.; Olarerin-George, A.O.; Sindelar, M.; Li, X.; Gross, S.S.; Jaffrey, S.R. Antibody cross-reactivity accounts for
widespread appearance of m1A in 5’UTRs. Nat Commun. 2019, 10. Available online: https://pubmed.ncbi.nlm.nih.gov/31719534/
(accessed on 7 February 2021). [CrossRef] [PubMed]

33. Zhang, C.; Jia, G. Reversible RNA Modification N 1 -methyladenosine (m 1 A) in mRNA and tRNA. Genom. Proteom. Bioinform.
2018, 16, 155–161. [CrossRef]

34. Schwartz, S.; Bernstein, D.A.; Mumbach, M.R.; Jovanovic, M.; Herbst, R.H.; León-Ricardo, B.X.; Engreitz, J.M.; Guttman, M.;
Satija, R.; Lander, E.S.; et al. Transcriptome-wide mapping reveals widespread dynamic-regulated pseu-douridylation of ncRNA
and mRNA. Cell 2014, 159, 148–162. Available online: https://pubmed.ncbi.nlm.nih.gov/25219674/ (accessed on 8 February
2021). [CrossRef]

35. Zhang, L.-S.; Liu, C.; Ma, H.; Dai, Q.; Sun, H.-L.; Luo, G.; Zhang, Z.; Zhang, L.; Hu, L.; Dong, X.; et al. Transcriptome-wide
Mapping of Internal N7-Methylguanosine Methylome in Mammalian mRNA. Mol. Cell 2019, 74, 1304–1316.e8. [CrossRef]

http://doi.org/10.1016/j.chom.2016.09.015
http://doi.org/10.1016/j.chom.2016.10.002
http://doi.org/10.1016/j.chom.2019.07.005
http://www.ncbi.nlm.nih.gov/pubmed/31415754
http://doi.org/10.1016/j.chom.2020.05.011
http://doi.org/10.1101/gad.348508.121
http://www.ncbi.nlm.nih.gov/pubmed/34140354
http://doi.org/10.1016/j.chom.2017.08.004
http://www.ncbi.nlm.nih.gov/pubmed/28910636
http://doi.org/10.1038/s41564-019-0653-9
http://www.ncbi.nlm.nih.gov/pubmed/32015498
http://doi.org/10.1038/s41467-019-12504-y
http://www.ncbi.nlm.nih.gov/pubmed/31597913
https://pubmed.ncbi.nlm.nih.gov/25417656/
http://doi.org/10.1038/nrmicro3367
https://pubmed.ncbi.nlm.nih.gov/27396566/
http://doi.org/10.1038/nrmicro.2016.87
http://www.ncbi.nlm.nih.gov/pubmed/27396566
https://www.takarabio.com/learning-centers/next-generation-sequencing/technical-notes/single-cell-rna-and-dna-seq/stranded-libraries-from-single-cells
https://www.takarabio.com/learning-centers/next-generation-sequencing/technical-notes/single-cell-rna-and-dna-seq/stranded-libraries-from-single-cells
http://doi.org/10.1038/nbt996
http://www.ncbi.nlm.nih.gov/pubmed/15258596
http://doi.org/10.1016/j.chom.2014.11.002
http://www.ncbi.nlm.nih.gov/pubmed/25464832
http://doi.org/10.1038/nature08760
http://www.ncbi.nlm.nih.gov/pubmed/20081832
http://doi.org/10.1038/cddis.2013.296
http://www.ncbi.nlm.nih.gov/pubmed/23949218
http://doi.org/10.1016/j.cell.2009.12.018
http://doi.org/10.1016/j.cell.2009.12.017
http://doi.org/10.1038/nature08699
https://pubmed.ncbi.nlm.nih.gov/31719534/
http://doi.org/10.1038/s41467-019-13146-w
http://www.ncbi.nlm.nih.gov/pubmed/31719534
http://doi.org/10.1016/j.gpb.2018.03.003
https://pubmed.ncbi.nlm.nih.gov/25219674/
http://doi.org/10.1016/j.cell.2014.08.028
http://doi.org/10.1016/j.molcel.2019.03.036


Int. J. Mol. Sci. 2021, 22, 9127 17 of 17

36. Enroth, C.; Poulsen, L.D.; Iversen, S.; Kirpekar, F.; Albrechtsen, A.; Vinther, J. Detection of internal N7-methylguanosine
(m7G) RNA modifications by mutational profiling se-quencing. Nucleic Acids Res. 2019, 47, e126. Available online: https:
//pubmed.ncbi.nlm.nih.gov/31504776/ (accessed on 8 February 2021). [CrossRef]

37. Meyer, K.D.; Jaffrey, S.R. Rethinking m6A readers, writers, and erasers. Annu. Rev. Cell Dev. Biol. 2017, 33, 319–342. Available
online: https://pubmed.ncbi.nlm.nih.gov/28759256/ (accessed on 8 February 2021). [CrossRef]

38. Hussain, S.; Aleksic, J.; Blanco, S.; Dietmann, S.; Frye, M. Characterizing 5-methylcytosine in the mammalian epitranscriptome.
Genome Biol. 2013, 14, 215. [CrossRef]

39. Cullen, B.R.; Tsai, K. Mapping RNA Modifications Using Photo-Crosslinking-Assisted Modification Sequencing. Methods Mol.
Biol. 2021, 2298, 123–134. Available online: https://link.springer.com/protocol/10.1007/978-1-0716-1374-0_8 (accessed on 22
August 2021). [CrossRef]

40. Kim, D.; Lee, J.Y.; Yang, J.S.; Kim, J.W.; Kim, V.N.; Chang, H. The architecture of sars-cov-2 transcriptome. Cell 2020, 181,
914–921.e10. [CrossRef] [PubMed]

41. Viehweger, A.; Krautwurst, S.; Lamkiewicz, K.; Madhugiri, R.; Ziebuhr, J.; Hölzer, M.; Marz, M. Direct RNA nanopore sequencing
of full-length coronavirus genomes provides novel insights into structural variants and enables modification analysis. Genome
Res. 2019, 29, 1545–1554. [CrossRef] [PubMed]

42. Xu, L.; Seki, M. Recent advances in the detection of base modifications using the Nanopore sequencer. J. Hum. Genet. 2020, 65,
25–33. Available online: https://pubmed.ncbi.nlm.nih.gov/31602005/ (accessed on 9 February 2021). [CrossRef]

43. Suzuki, T.; Ueda, H.; Okada, S.; Sakurai, M. Transcriptome-wide identification of adenosine-to-inosine editing using the ICE-seq
method. Nat. Protoc. 2015, 10, 715–732. [CrossRef] [PubMed]

44. Kennedy, E.M.; Courtney, D.G.; Tsai, K.; Cullen, B.R. Viral Epitranscriptomics. J. Virol. 2017, 91. Available online: https:
//pubmed.ncbi.nlm.nih.gov/28250115/ (accessed on 26 February 2021). [CrossRef]

45. Durbin, A.F.; Wang, C.; Marcotrigiano, J.; Gehrke, L. RNAs Containing Modified Nucleotides Fail To Trigger RIG-I Conformational
Changes for Innate Immune Signaling. mBio 2016, 7, e00833-16. [CrossRef]

46. Liu, Y.; You, Y.; Lu, Z.; Yang, J.; Li, P.; Liu, L.; Xu, H.; Niu, Y.; Cao, X. N6-methyladenosine RNA modification–mediated cellular
metabolism rewiring inhibits viral replication. Science 2019, 365, 1171–1176. [CrossRef] [PubMed]

47. Winkler, R.; Gillis, E.; Lasman, L.; Safra, M.; Geula, S.; Soyris, C.; Nachshon, A.; Tai-Schmiedel, J.; Friedman, N.; Le-Trilling, V.T.K.;
et al. m6A modification controls the innate immune response to infection by targeting type I interferons. Nat. Immunol. 2019, 20,
173–182. [CrossRef] [PubMed]

48. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [CrossRef]
49. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R.; 1000 Genome Project Data

Processing Subgroup. The Sequence Alignment/Map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef]
50. Zhang, Y.; Aevermann, B.D.; Anderson, T.K.; Burke, D.F.; Dauphin, G.; Gu, Z.; He, S.; Kumar, S.; Larsen, C.N.; Lee, A.J.; et al.

Influenza Research Database: An integrated bioinformatics resource for influenza virus research. Nucleic Acids Res. 2017, 45,
D466–D474. [CrossRef]

51. Li, B.; Clohisey, S.M.; Chia, B.S.; Wang, B.; Cui, A.; Eisenhaure, T.; Schweitzer, L.D.; Hoover, P.; Parkinson, N.J.; Nachshon, A.;
et al. Genome-wide CRISPR screen identifies host dependency factors for influenza A virus infection. Nat. Commun. 2020, 11, 164.
[CrossRef]

52. Sui, B.; Bamba, D.; Weng, K.; Ung, H.; Chang, S.; Van Dyke, J.; Goldblatt, M.; Duan, R.; Kinch, M.S.; Li, W.-B. The use of Random
Homozygous Gene Perturbation to identify novel host-oriented targets for influenza. Virology 2009, 387, 473–481. [CrossRef]
[PubMed]

https://pubmed.ncbi.nlm.nih.gov/31504776/
https://pubmed.ncbi.nlm.nih.gov/31504776/
http://doi.org/10.1093/nar/gkz736
https://pubmed.ncbi.nlm.nih.gov/28759256/
http://doi.org/10.1146/annurev-cellbio-100616-060758
http://doi.org/10.1186/gb4143
https://link.springer.com/protocol/10.1007/978-1-0716-1374-0_8
http://doi.org/10.1146/annurev-cellbio-100616-060758
http://doi.org/10.1016/j.cell.2020.04.011
http://www.ncbi.nlm.nih.gov/pubmed/32330414
http://doi.org/10.1101/gr.247064.118
http://www.ncbi.nlm.nih.gov/pubmed/31439691
https://pubmed.ncbi.nlm.nih.gov/31602005/
http://doi.org/10.1038/s10038-019-0679-0
http://doi.org/10.1038/nprot.2015.037
http://www.ncbi.nlm.nih.gov/pubmed/25855956
https://pubmed.ncbi.nlm.nih.gov/28250115/
https://pubmed.ncbi.nlm.nih.gov/28250115/
http://doi.org/10.1128/JVI.02263-16
http://doi.org/10.1128/mBio.00833-16
http://doi.org/10.1126/science.aax4468
http://www.ncbi.nlm.nih.gov/pubmed/31439758
http://doi.org/10.1038/s41590-018-0275-z
http://www.ncbi.nlm.nih.gov/pubmed/30559377
http://doi.org/10.1038/nmeth.1923
http://doi.org/10.1093/bioinformatics/btp352
http://doi.org/10.1093/nar/gkw857
http://doi.org/10.1038/s41467-019-13965-x
http://doi.org/10.1016/j.virol.2009.02.046
http://www.ncbi.nlm.nih.gov/pubmed/19327807

	Introduction 
	Results 
	Inosine 
	N1-Methyladenosine (m1A) 
	Pseudouridine 
	N4-Acetylcytidine (ac4C) 
	7-Methylguanosine (m7G) 
	N6-Methyladenosine (m6A) and 5-Methylcytosine (m5C) 

	Discussion 
	Materials and Methods 
	Cell Lines and Virus 
	Viral Infection and RNA Extraction 
	RNA Fragmentation 
	Removal of Cap-Structure for m7G-RIP 
	Antibodies 
	Stringent RNA Immunoprecipitation for Inosine, m1A, and m7G 
	Mild RNA Immunoprecipitation for Pseudouridine and ac4C 
	Deep-Sequencing Sample Preparation and Sequencing 
	Bioinformatics 
	Data of Transcriptome Experiments 
	Proviral Effect of RNA Modification Host Factors 
	Data Availability 

	References

