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Modification of mRNA by N°-adenosine methylation (m°A) on internal bases influences gene expression

in eukaryotes. How the dynamic genome-wide landscape of m°A-modified mRNAs impacts virus infection and host
immune responses remains poorly understood. Here, we show that type I interferon (IFN) production triggered by
dsDNA or human cytomegalovirus (HCMV) is controlled by the cellular m°A methyltrasferase subunit METTL14
and ALKBH5 demethylase. While METTL14 depletion reduced virus reproduction and stimulated dsDNA- or
HCMV-induced IFNB1 mRNA accumulation, ALKBH5 depletion had the opposite effect. Depleting METTL14
increased both nascent IFNB1 mRNA production and stability in response to dsDNA. In contrast, ALKBH5 deple-
tion reduced nascent IFNB1 mRNA production without detectably influencing IFN1B mRNA decay. Genome-wide
transcriptome profiling following ALKBH5 depletion identified differentially expressed genes regulating antiviral
immune responses, while METTL14 depletion altered pathways impacting metabolic reprogramming, stress
responses, and aging. Finally, we determined that IFNB1 mRNA was m°A-modified within both the coding sequence

and the 3’ untranslated region (UTR). This establishes that the host m®A modification machinery controls IFNp
production triggered by HCMYV or dsDNA. Moreover, it demonstrates that responses to nonmicrobial dsDNA in
uninfected cells, which shape host immunity and contribute to autoimmune disease, are regulated by enzymes

controlling m®A epitranscriptomic changes.
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Differential chemical modification of mRNA in theory
provides a powerful means to dynamically alter gene
expression. In particular, methylation of adenosine at
the N° position (m®A) constitutes the most widespread in-
ternal base modification to mRNA (Yue et al. 2015;
Roundtree et al. 2017). A methyltransferase writer core
complex composed of the METTL3 catalytic subunit,
METTLI14, and WTAP installs m®A marks on nascent
mRNA cotranscriptionally (Fig. 1A; Liu et al. 2014). Dis-
tributed primarily within mRNA-coding sequences and
reportedly enriched at the start of 3’ exons and proximal
to termination codons, m°A is also found within 3’ un-
translated regions (UTRs) and extended 5’ cap structures
where the 2’-O-methyl nucleotide immediately adjacent
to the 7-methylguanosine (m’G) cap is an adenosine
(Dominissini et al. 2012; Meyer et al. 2012). In addition
to modifying RNA secondary structure (Liu et al. 2015,
2017; Roost et al. 2015), m®A is specifically recognized
by a family of “reader” proteins, including YTH domain-
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containing proteins that reside primarily in the cytoplasm
(YTHDF1 and YTHDF2) or the nucleus (YTHDCI and
YTHDEF3) (Fig. 1A; Patil et al. 2018). Identification of
demethylases FTO and ALKBHS5, capable of erasing m°A
marks in vitro, suggested that m®A modifications were po-
tentially dynamic and reversible, sculpted by the opposing
actions of writers that install m®A and erasers that remove
it (Jia et al. 2011; Zheng et al. 2013). Recently, however,
FTO was shown to have limited capacity to demethylate
internal m®A residues, with its preferred substrate being
N°®, 2-O-dimethyl-adenosine (m°A,,), located beside the
m’G cap (Mauer et al. 2017). Although m®A methylation
occurs to nascent pre-mRNA, it is predominately stable in
the cytoplasm until the mRNA decays (Ke et al. 2017).
While this argues against methylation removal in the cy-
toplasm, internal m®A removal by a demethylase such as
ALKBH5 within the nucleus could not be excluded and
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RNA m°A modification shapes innate immunity

Figure 1. Accumulation of the cellular m°A
machinery is induced by human cytomegalo-
virus (HCMV). (A) Regulation of m®A levels
in mRNA by the opposing action of a multi-
subunit methyltransferase and demethy-
lases. A subset of reader proteins that
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(B) Normal human dermal fibroblasts
(NHDFs) were mock-infected (uninfected)
or infected with HCMV (multiplicity of in-
fection [MOI]=3). At the indicated hours
post-infection (hpi), total protein was collect-
ed, fractionated by SDS-PAGE, and analyz-
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ed by immunoblotting with the indicated
antibodies. Actin represents a host antigen
whose levels remain unchanged during infec-
tion. (C) As in B except cells were infected
with UV-inactivated HCMV, and GAPDH
was used as a control host antigen. (D) Total

RNA collected from HCMV-infected cells
(MOI =3) at the indicated times (hours) post-
infection. For each of the indicated genes,
mRNA was analyzed by real-time quantita-
tive PCR (qPCR) and normalized to PPIA
mRNA levels. Three biological replicates
were performed. Error bars indicate SEM. (E)
Uninfected NHDFs or NHDFs infected with
HCMYV (MOI = 3) were treated with the mech-
anistic target of rapamycin (mTOR) active
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remains possible (Ke et al. 2017). Numerous aspects of
RNA biology and metabolism have been reportedly regu-
lated by m®A mRNA modification, including nuclear pro-
cessing and export (Fustin et al. 2013; Zheng et al. 2013,
2017; Haussmann et al. 2016), translation (Meyer et al.
2015; Coots et al. 2017; Zhou et al. 2018), and mRNA de-
cay (Wanget al. 2014; Du et al. 2016; Chen and Shyu 2017;
Edupuganti et al. 2017). In addition, mRNA modification
by m°A influences development, differentiation, repro-
gramming, circadian rhythm, cell cycle, disease pathogen-
esis, and stress responses (Fustin et al. 2013; Aguilo et al.
2015; Merkestein et al. 2015; Zhou et al. 2015; Vu et al.
2017; Woijtas et al. 2017; Wen et al. 2018).

Significantly, virus-encoded mRNAs are also chemi-
cally modified by m®A, and a role for m®A in infection bio-
logy is emerging. While m®A has been detected in viral
RNA, precisely how host enzymes that control m®A mod-
ification levels impact virus reproduction remains
unclear. For two RNA viruses that replicate in the nucle-
us, cellular m°A functions stimulate virus reproduction.
The METTL3/14 m®A writer complex reportedly pro-
motes HIV replication, whereas m°A erasers ALKBH5
and FTO suppress it (Kennedy et al. 2016; Lichinchi
et al. 2016a; Tirumuru et al. 2016). However, different
mechanisms have been proposed to account for this, in-
cluding differential nuclear export, translation, and virus
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genome replication. Similarly, the METTL3 methyl-
transferase promotes influenza A virus replication and
mPA sites in the viral HA segment are required for proper
protein expression and pathogenicity in mice (Courtney
et al. 2017). Recently, RNA viruses that replicate exclu-
sively in the cytoplasm have been found to contain m°A
in their (+) sense RNA genomes. In contrast to nuclear
RNA viruses, m®A writers METTL3/14 limited HCV
infectious particle production and protein expression
without detectably changing RNA replication (Gokhale
et al. 2016; Brocard et al. 2017; Gonzales-van Horn and
Sarnow 2017). The FTO demethylase, however, stimulat-
ed HCV protein expression. In addition, METTL3/14 re-
stricted Zika virus reproduction, whereas FTO and
ALKBH5 demethylases enhanced it. Zika virus infection
also enriched for m®A modifications of host mRNAs but
did not detectably change the abundance of host antivi-
ral transcripts (Lichinchi et al. 2016b). DNA viruses
such as SV40, adenovirus, and herpesviruses replicate
in the nucleus and produce mRNAs that contain m®A
(Lavi and Shatkin 1975; Sommer et al. 1976; Moss et
al. 1977; Hesser et al. 2018; Tan et al. 2018; Tsai et al.
2018). Intriguingly, interfering with the host m°A ma-
chinery in cells infected with the y-herpesvirus KSHV re-
sulted in complex proviral and antiviral outcomes that
were dependent on the cell type analyzed (Hesser et al.
2018). How cellular functions that control steady-state
mRNA mC°A levels impact the reproduction of large
DNA viruses and the DNA-sensing pathways that im-
pact host innate defenses remain unknown.

Infection with human cytomegalovirus (HCMV), a large
DNA virus that replicates within the nucleus, is predom-
inately asymptomatic in healthy individuals (Britt 2008;
Boeckh and Geballe 2011). However, HCMYV causes life-
threatening disease among the immunocompromised, in-
cluding solid organ or stem cell transplant recipients
(Ljungman et al. 2010; Razonable and Humar 2013), and
is a significant source of congenital morbidity and mortal-
ity among newborn infants in the developed world (Can-
non et al. 2010; Manicklal et al. 2013). Unlike many
viruses, including a- and y-herpesvirus subfamily mem-
bers, the p-herpesvirus HCMV does not globally impair
ongoing host protein synthesis. Instead, extensive remod-
eling of the host translational landscape plays a critical
role in regulating HCMV productive replication (McKin-
ney et al. 2014; Tirosh et al. 2015). Significantly, changes
in host gene expression induced in response to HCMV can
either stimulate or restrict acute virus reproduction.
While some HCMV-induced alterations to host gene ex-
pression require de novo expression of viral genes, others
do not and are in fact triggered by exposure to the viral
dsDNA genome. Whether any of these responses to
HCMYV are impacted by cellular m®A RNA modification
enzymes and how this might influence HCMV reproduc-
tion are unknown. Furthermore, the unanticipated extent
to which HCMV manipulates host gene expression post-
transcriptionally, balancing expression of proviral cellular
factors and antiviral host responses, makes it a powerful
model to investigate how the cellular m°A modification
machinery impacts virus reproduction.
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Here, we show that the overall abundance of cellular
m®A writers METTL3/14, erasers ALKBH5 and FTO,
and reader proteins increased in response to HCMV infec-
tion. Interfering with METTL3/14 accumulation reduced
virus protein accumulation and reproduction, whereas
depleting the ALKBH5 demethylase enhanced viral pro-
tein expression and stimulated virus reproduction. Un-
expectedly, interferon B (IFNB1) mRNA accumulated
upon METTLI14 depletion. This impaired HCMYV repro-
duction, implicating an underlying response to dsDNA.
Significantly, METTL14 depletion stimulated IFNB1 ac-
cumulation in response to dsDNA in uninfected primary
human fibroblasts, while ALKBH5 depletion restricted
it. Codepleting ALKBH5 with m°A readers YTHDF1 or
YTHDF2 intensified the reduction in dsDNA-induced
IFNB1 mRNA accumulation. Moreover, IFNBI mRNA
was found in an RNA fraction enriched for m®A. While
IFNB1 mRNA biogenesis following dsDNA exposure
was increased by METTL14 depletion and reduced by
ALKBHS5 depletion, altered IFNBI mRNA decay was de-
tected only in response to depleting METTL14. Genome-
wide profiling following ALKBHS5 depletion identified dif-
ferentially expressed genes regulating antiviral immune
responses, while METTL14 depletion altered pathways in-
volving metabolic reprogramming, stress responses, and
aging. This establishes that m®A RNA modification en-
zymes regulate cellular responses to dsDNA sensing,
which shapes host immunity and contributes to autoim-
mune disease. It further suggests that m°A epitranscrip-
tomic changes play a fundamental role in cell-intrinsic
innate immune responses.

Results

Regulation of HCMV replication by host m°A
modification enzymes

Since host protein synthesis is not impaired by HCMYV in-
fection (McKinney et al. 2014), we could examine how cel-
lular functions required for m®A RNA modification
responded to HCMV and influenced virus reproduction.
Compared with uninfected primary human fibroblasts
(normal human dermal fibroblasts [NHDFs]), HCMV in-
fection resulted in accumulation of m®A methyltransfer-
ase subunits METTL3/14; m°A readers YTHDC1 and
YTHDF1,2,3; and the demethylases ALKBH5 and FTO
between 12 and 72 h after infection (Fig. 1B). This most
closely coincided temporally with accumulation of the
representative HCMV early (E) protein UL44 (Fig. 1B)
and was severely curtailed following infection with UV-
inactivated HCMYV, indicating that virus-induced accu-
mulation of cellular m®A effector polypeptides was largely
dependent on viral gene expression (Fig. 1C). These mod-
est increases in abundance observed 48-72 h after infec-
tion with UV-inactivated HCMV are unlikely to result
from incomplete UV inactivation, as they were not ob-
served for all m®A effector proteins. It could, however, in-
dicate a secondary level of induction independent of virus
gene expression.



In response to viral gene expression, a less than twofold
increase in ALKBH5 mRNA was observed over time (Fig.
1D). Whereas METTL3, YTHDFI1, and YTHDF3 mRNA
increased approximately twofold, a threefold to fourfold
increase in mRNA levels was detected for YTHDCI,
YTHDEF2, and METTTLI14 (Fig. 1D). Finally, the HCMV-
induced increase in cellular m°A effectors was repressed
by treatment with the mechanistic target of rapamycin
(mTOR) active site inhibitor PP242 (Fig. 1E). This indi-
cates that the increase in m®A writers, readers, and erasers
was dependent on mTOR activation in HCMV-infected
cells. The HCMV UL38 protein, which is expressed at ear-
ly times post-infection, activates mTOR complex 1
(mTORCI1) and has been shown to regulate cap-dependent
translation of host mRNAs in HCMV-infected cells (Mc-
Kinney et al. 2012, 2014). Taken together, these data sug-
gest that the increase in cellular m®A effector proteins
induced by HCMYV is in part regulated by changes in
mRNA abundance and cap-dependent mRNA translation.
Similar changes in mRNA abundance and mRNA transla-
tion inferred from ribosome profiling have been reported
by others (Tirosh et al. 2015) in cells infected with a differ-
ent HCMYV strain (Supplemental Fig. S1).

To determine how host m°®A writers and erasers influ-
enced virus replication, cultures were treated with siRNA
specific for METTL3, METTL14, ALKBHS5, or control non-
silencing siRNA. Subsequently, siRNA-treated NHDFs
were mock-infected or infected with HCMV at a low
multiplicity of infection, which allows for measurement
of virus reproduction and spread through the culture.
Compared with nonsilencing siRNA-treated cultures,
METTL3/14-specific siRNAs inhibited HCMYV reproduc-
tion up to 11-fold (Fig. 2A) and reduced accumulation of
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representative virus immediate—early (IE), early, and late
(L) proteins (Fig. 2B). Even under these conditions, where
approximately one in 20 cells was initially infected, a vi-
rus-induced increase in METTL14 and ALKBH5 abun-
dance remained detectable (Supplemental Fig. S2A),
albeit modest in comparison with the increase observed
at greater viral inoculums, where the majority of cells
was infected (Fig. 1B). In addition, a greater reduction in
HCMV reproduction was observed with METTLI14
siRNA-treated compared with METTL3 siRNA-treated
cultures. Asboth METTL3 and METTL14 are components
contained within a multisubunit methyltransferase (Liu
et al. 2014), this likely reflects the larger reduction in
METTL3 and METTL14 levels achieved using METTL14
siRNA compared with METTL3 siRNA (Fig. 2B). Impor-
tantly, METTL3 and METTL14 siRNAs did not detectably
change ALKBH5 or GAPDH levels (Fig. 2B). METTL14
depletion similarly reduced accumulation of representa-
tive HCMV immediate-early, early, and late proteins
over time when high-multiplicity infections were per-
formed (Supplemental Fig. S2B). In contrast, ALKBH5
siRNA enhanced virus protein accumulation and stimu-
lated virus reproduction and spread by nearly 100-fold fol-
lowing infection at low multiplicity (Fig. 2A,B). ALKBH5
depletion did not detectably increase levels of HCMV
IE1/2 (immediate-early), UL44 (early), or pp28 (late)
proteins in cells infected at high multiplicity (Supple-
mental Fig. S2B). Depleting the demethylase FTO did not
detectably stimulate HCMYV reproduction (Supplemental
Fig. S3). The selective effect of ALKBH5 on HCMYV repro-
duction (Supplemental Fig. S3) is consistent with the
restricted capacity of FTO to demethylate internal m°®A
residues and its preference for m®A,, substrates (Mauer
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et al. 2017). Finally, depleting METTL3 or ALKBH5
did not measurably impact replication of other DNA
viruses, including HSV-1 or vaccinia virus (Supplemental
Fig. S3).

Cellular m®A modification enzymes regulate IFNB1
mRNA accumulation in HCMV-infected cells

To determine whether host functions regulating m®A
modification controlled antiviral immune responses,
IFNB1 mRNA abundance was measured in HCMV-in-
fected cells treated with nonsilencing siRNA or siRNA
specific for METTL14 or ALKBH5. While [IFNB1 mRNA
levels were significantly elevated in cultures treated
with METTLI14 siRNA relative to nonsilencing siRNA,
ALKBH5 siRNA-treated cultures contained reduced
IFNB1 mRNA (Fig. 2C). This suggested that greater
HCMYV reproduction in ALKBH5-depleted cells might re-
sult from less IFN production, while reduced virus repli-
cation in METTLI4-depleted cultures resulted from
greater IFNp production. To test this hypothesis, the in-
volvement of IFN signaling in the inhibition of HCMYV rep-
lication by METTL14 depletion was examined. NHDFs
treated with control nonsilencing siRNA or METTL14
siRNA were infected with HCMV, and virus replication
was measured in the presence or absence of a Janus kinase
(JAK) inhibitor, which inhibits JAK signaling downstream
from the type I TFN receptor. While HCMYV replication re-
mained inhibited by METTL14 siRNA compared with
control siRNA, JAK inhibitor treatment to a large extent
restored HCMYV reproduction in METTL14 siRNA-treated
cultures to levels observed in cultures treated with control
siRNA (Fig. 2D). In contrast, addition of JAK inhibitor to
control siRNA-treated cultures resulted in a small, <10-
fold increase (Fig. 2D). This indicates that restriction of
HCMYV reproduction by METTL14 siRNA likely resulted
from IFNP production and subsequent signaling depen-
dent on JAK-STAT.

m°A modification enzymes and reader proteins
control cell-intrinsic innate responses to dsDNA
in uninfected cells

Since HCMYV is a dsDNA virus and since dsDNA alone is
sufficient to trigger IFNp production (Chen et al. 2016), it
was conceivable that the control of IFNB production by
mC®A-modifying enzymes might not be restricted to vi-
rus-infected cells. To test this possibility, the capacity of
cellular m®A writers and erasers to regulate innate IFNp
production in uninfected cells was evaluated. Addition
of dsDNA effectively stimulated IFNBI mRNA accu-
mulation in nonsilencing siRNA-treated cultures (Fig.
3A). Unexpectedly, METTL14 depletion significantly
enhanced IFNBI mRNA accumulation, while ALKBH5
depletion effectively limited IFNB1 mRNA accumulation
in uninfected cells (Fig. 3A). This suggested that IFNBI1
mRNA might be m®A-modified. Indeed, compared with
GAPDH and DICER, a cellular mRNA known to be
m®A-modified, IFNBI mRNA was substantially enriched
in an RNA fraction immunoprecipitated from dsDNA-
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treated NHDFs using an m®A-specific antibody (Fig. 3B).
Analysis of m®A-enriched RNA by RNA sequencing
(RNA-seq) identified m°®A peaks mapping over two dis-
crete IFNB1 mRNA segments (Fig. 3C; Supplemental Ta-
ble S1), each of which contains consensus m°®A acceptor
sites (Linder et al. 2015). While one cluster (supported by
two out of three biological replicates) maps entirely with-
in the IFNBI1-coding sequences, the second (supported by
three out of three biological replicates) includes the junc-
tion between the ORF and 3’ UTR (Fig. 3C). Others have
similarly found methylated mRNA residues enriched
within UTRs near stop codons (Dominissini et al. 2012;
Meyer et al. 2012). Finally, depleting METTL14 or
ALKBHS5 did not detectably alter the responsiveness of
target cells to exogenously added IFNB, as measured by
STAT Y701 phosphorylation, or prevent accumulation
of arepresentative IFN-stimulated gene (ISG) (Supplemen-
tal Fig. S4). Instead, the observed changes in IFNB1 mRNA
levels reflected differential production of functional IFNf
cytokine (Fig. 3D).

In addition to m®A writers and erasers, reader proteins
that recognize m®A-modified RNA could potentially im-
pact IFNB production in response to dsDNA in uninfected
cells. Compared with NHDFs treated with control non-
silencing siRNA, depleting m°A readers YTHDF1 or
YTHDF2 reduced IFNB1 mRNA induction in response to
dsDNA (Fig. 3E). In contrast, IFNB1 mRNA levels were
not significantly different in response to dsDNA following
mCA reader YTHDEF3 depletion (Fig. 3E). This indicated
that depleting YTHDF1 or YTHDEF2 was similar to deplet-
ing the ALKBH5 demethylase, as both suppressed IFNB1
mRNA induction by dsDNA (Fig. 3E). Remarkably, code-
pletion of ALKBHS5 together with YTHDF1 or YTHDF2 ex-
acerbated the reduction in dsDNA-induced IFNB1 mRNA
accumulation to levels below that observed when cells
were singly depleted for either ALKBH5, YTHDFI, or
YTHDF2 (Fig. 3E). This demonstrates a synthetic genetic
interaction between ALKBH5 demethylase and the m°A
readers YTHDF1 and YTHDF2. It further indicates that
these two m°A readers limit the extent to which ALKBH5
depletion suppresses IFNP production and is consistent
with the m®A demethylase and readers acting in the
same pathway to regulate IFNBI mRNA levels.

Regulation of genome-wide responses to dsDNA
by METTL14 and ALKBHS

To determine the extent to which cellular m®A functions
control genome-wide responses to dsDNA, total RNA
isolated from primary NHDFs treated with nonsilencing
siRNA or siRNA specific for METTL14 or ALKBH5
and exposed to dsDNA for 6 and 12 h was analyzed by
stranded mRNA sequencing (mRNA-seq). Following nor-
malization and classification of differentially regulated
genes (adjusted P-value [Padj] of <0.01), 2998 genes proved
responsive to ALKBH5 depletion, and 4866 genes were re-
sponsive to METTL14 depletion after 12 h, compared
with nonsilencing siRNA-treated controls (Fig. 4A,B;
Supplemental Fig. S5). A similar number of differentially
expressed genes was observed in ALKBH5-depleted


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.319475.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.319475.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.319475.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.319475.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.319475.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.319475.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.319475.118/-/DC1

RNA m°A modification shapes innate immunity

Figure 3. Induction of type I IFN in response to
dsDNA is regulated by RNA m°A METTL3/14 methyl-
transferase and ALKBH5 demethylase. (A) NHDFs
treated with control nonsilencing siRNA or siRNAs
specific for METTL14 or ALKBH5 were incubated
with H,O or dsDNA. After 9 h, total RNA was collect-
ed, and IFNB1 mRNA was measured by qRT-PCR. Er-
ror bars indicate SEM. (*) P<0.05; (**) P<0.01 by
Student’s t-test. (B) RNA isolated from NHDFs treated
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NHDFs treated with dsDNA for only 6 h (Supplemental
Fig. S6). However, the overall number of differentially ex-
pressed genes in METTL14-depleted NHDFs exposed to
dsDNA for 6 h was 30%-40% less than that observed after
12 h (Supplemental Fig. S6). The slower or delayed IFNB1
induction observed in METTLI14-depleted cells (Supple-
mental Fig. S6), which conceivably extends to other ge-
nome-wide changes when the 6- and 12-h time points
are compared, likely accounts for this finding. It further
suggests that the differential gene expression phenotypes,
including those controlling IFNp production, occur more
rapidly upon m®A eraser depletion than writer depletion.

Compared with nonsilencing siRNA-treated cultures,
interfering with the m®A writer subunit METTL14 or
the eraser ALKBH5 had a complex impact on gene expres-
sion in response to dsDNA (Fig. 4A,B). A greater number of
genes (3419 genes) was uniquely regulated by METTLI14
depletion compared with ALKBH5 depletion (1551 genes)
after dsDNA treatment for 12 h (Fig. 4C; Supplemental
Table S2). In addition, 984 genes were similarly coregu-

LSO
O & E

with dsDNA for 6 h was immunoprecipitated with
anti-m°A antibody. RNA enriched in the immune
complex was analyzed by QqRT-PCR using primers spe-
cific for the indicated genes. (C) Two regions of the
IENBI1 transcript are enriched for m°A peaks. Visuali-
zation of m°A sequencing (m®A-seq) results shows re-
gions of enrichment for m°A immunoprecipitation

(red) over input (blue) for three biological replicates of
‘ NHDFs transfected with dsDNA for 12 h. Specific re-
gions enriched for m®A modifications were identified
using ExomePeak (see the Supplemental Material)
and are shown as horizontal black lines. m°A DRACH
motifs (Linder et al. 2015) are shown as red boxes. No
IFNB1 mapping reads were detected in control (no
dsDNA) immunoprecipitation or input data sets (data
not shown), consistent with the minimal background
presence of IFNBI transcripts in untreated cells. The
transcript structure of IFNBI is denoted in dark blue
(3’ UTR and 5 UTR) and blue (CDS). (D) NHDFs treat-
ed as in A were incubated with H,O or dsDNA. After
24 h, supernatants or known concentrations of IFNB
standards were placed on indicator cells, and the
amount of IFNP activity was quantified. Error bars in-
dicate SEM. (*) P<0.05; (***) P<0.001 by Student’s t-
test. (E) NHDFs treated with control nonsilencing
siRNA or the indicated siRNAs specific for the deme-
thylase ALKBH5 andfor m°A readers YTHDFI,
YTHDF2, and YTHDF3 were exposed to dsDNA. After
9 h, total RNA was collected, and IFNB1 mRNA was
quantified by qRT-PCR. Error bars indicate SEM. (*)
P<0.05; (**) P<0.01 by Student’s t-test.

lated in the same direction by depleting either ALKBH5
or METTL14, while 463 genes were reciprocally regulat-
ed, including IFNBI (Fig. 4C). IFN and ISGs figured prom-
inently among those whose induction by dsDNA was
impacted by interfering with ALKBH5 or METTL14 (Fig.
4D). Clustered heat maps revealed distinct signatures of
IFNBI, IFNLI, and IL6 mRNA accumulation in NHDFs
treated with nonsilencing siRNA versus siRNA specific
for ALKBH5 or METTL14 in response to dsDNA (Sup-
plemental Fig. S7). Furthermore, 4% of a defined collec-
tion of 349 ISGs (Schoggins et al. 2011) together with
notable genes controlling innate immunity and inflam-
mation, proliferation, and metabolic control (Supplemen-
tal Fig. S7) were up-regulated by METTL14 depletion and
down-regulated by ALKBH5 depletion in response to
dsDNA.

Top pathways enriched among genes differentially ex-
pressed upon ALKBH5 depletion in dsDNA-treated
NHDFs included those controlling signaling by IFN,
Wnt, NF-«xB, TNF, TGFp, and LPS, many of which impact
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Figure 4. Control of genome-wide re-
sponses to dsDNA by m°A demethylase
ALKBH5 and m°A methylase subunit
METTLI14. Volcano plots show differen-
tially expressed genes (adjusted P-value<
0.01) identified from RNA-seq of polyade-
nylated RNA collected from cells transfect-
ed with ALKBH5 siRNA (siALKBH5; n=3
biological replicates) (A) or METTL14
siRNA (siMETTLI14; n=3 biological repli-
cates) (B) and stimulated with dsDNA for
12 h. Genes up-regulated versus a nonsi-
lencing siRNA control (stimulated with
dsDNA for 12 h; n=3 biological replicates)
are shown in red, while down-regulated
genes are shown in blue. Nonregulated
genes are shown in gray. (C) One-thou-
sand-four-hundred-forty-seven significantly
regulated genes (P<0.01) overlap between
data sets generated using siALKBH5 and
siMETTL14. A scatter plot of these shows
genes that are commonly up-regulated or
down-regulated following either METTL14
or ALKBH5 silencing (highlighted in red
and blue, respectively). Genes regulated in
areciprocal manner are highlighted in green
(up-regulated when METTL14 is silenced
and down-regulated when ALKBHS5 is si-
lenced) and yellow (down-regulated when
METTLI14 is silenced and up-regulated
when ALKBH5 is silenced). The red circle
highlights the IFNB1 mRNA. (D) Heat
map depicting 349 ISGs, colored according
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infection biology and immune responses (Fig. 4E). Nota-
bly, ALKBH5 depletion also impacted mRNA biogenesis,
including pathways controlling RNA polymerase II tran-
scription and mRNA stability (Fig. 4E). Pathway analysis
of 1668 genes down-regulated by ALKBH5 depletion in-
cluded those controlling NF-«xB activation, type I and
type II IFN signaling, and antigen processing and presenta-
tion, all of which have documented antiviral roles (Sup-
plemental Fig. S8). In contrast, top pathways enriched
among genes differentially expressed upon METTL14
depletion in dsDNA-treated NHDFs included those in-
volved in oxidation reduction, responses to amino acid
stimulus, catabolic processes, hypoxia, aging, and ER
stress (Fig. 4F). Pathway analysis of 2273 genes up-regulat-
ed by METTL14 depletion in dsDNA-treated NHDFs in-
cluded those involved in cilium assembly, catabolic
processes, and metabolic alterations (Supplemental Fig.
S9), some of which are associated with quiescence or dif-
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ferentiation, senescence, and physiological stress (Favaro
et al. 2012; Sanchez and Dynlacht 2016; Takahashi et al.
2018). Analysis of pathways down-regulated by METTL14
depletion included control of RNA polymerase II tran-
scription; circadian regulation of gene expression; Wnt
signaling; DNA replication; proliferation; responses to
ER stress, LPS, TNF, and hypoxia; and mRNA stability
(Supplemental Fig. S9). Overall, this analysis shows that
primary human fibroblasts express unique ALKBH5- or
METTLI14-dependent gene signatures in response to
dsDNA. Significantly, while many of the genes differen-
tially expressed following depletion of the ALKBH5 m°A
demethylase impact cell-intrinsic antiviral immune re-
sponses, depleting the METTL14 methylase subunit im-
pacts pathways involved in metabolic reprogramming,
responses to physiological stress, and aging. These chang-
es likely allow rapid metabolic adaptation to a changing
environment.
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IFNB1 mRNA biogenesis and decay are regulated
by m°A modification enzymes

To more precisely understand how METTL14 and
ALKBH5 control IFNp production, we sought to define
the underlying regulatory mechanisms. Treating NHDFs
with dsDNA for 7 h did not significantly change the sub-
cellular distribution or overall abundance of cellular m°A
reader, writer, or eraser proteins (Supplemental Fig. S10A,
B). In addition, METTLI14 depletion did not appreciably
stimulate—and ALKBHS5 depletion did not detectably in-
terfere with—NF-«kB and IRF3 signaling, as measured by
TBK or IRF3 phosphorylation, IxkBa accumulation, and
IRE3 nuclear accumulation (Supplemental Fig. S10C,D).
This suggested that cellular m®A writers and erasers
might be controlling IFNB1 mRNA metabolism, in partic-
ular mRNA biogenesis or decay of this unspliced cellular
mRNA. To prevent secondary effects resulting from IFN@
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cytokine signaling following IFNB1 mRNA production,
we measured IFNB1 mRNA abundance in response to
dsDNA in the presence and absence of JAK inhibitor. Fig-
ure 5A shows that compared with nonsilencing siRNA-
treated NHDFs, METTLI14-depleted cells accumulate
greater levels of IFNB1 mRNA from 9 to 13 h after dSSDNA
exposure. The kinetics of IFNBl mRNA accumula-
tion were faster in JAK inhibitor-treated cells. In contrast,
reduced amounts of IFNBI mRNA accumulated in
ALKBH5-depleted cells (Fig. 5A).

To investigate how cellular m°®A writers and erasers in-
fluenced mRNA biogenesis, nascent RNA metabolically
pulse-labeled with 5-ethyluridine (EU) for 30 min was
isolated from nuclei of dsDNA-treated cells to limit
the contribution of cytoplasmic mRNA decay. Figure
5B shows that EU-labeled IFNBI mRNA levels in
METTL14-depleted NHDFs increased compared with
nonsilencing siRNA-treated controls between 7 and 10 h

Figure 5. Control of IFNB1 mRNA biogenesis
and decay by ALKBH5 and METTL14. NHDFs
were treated with control nonsilencing siRNA or
siRNA specific for the METTL14 m°A methyl-
transferase subunit or the ALKBH5 demethylase
for 72 h. (A) NHDFs treated with the indicated siR-
NAs were transfected with dsDNA in the pres-
ence of DMSO or the JAK inhibitor (pyridone 6).
At the indicated times, total RNA was harvested,
and the abundance of IFNB1 mRNA was quanti-
fied by qRT-PCR. Error bars indicate SEM. (*) P
<0.05; (**] P<0.01; (**) P<0.001 by Student’s t-
test. (B) As in A except cultures were pulse-labeled
for 30 min with 5-ethyluridine (EU) at either 7 or
10 h after exposure to dsDNA. Immediately fol-
lowing the EU pulse, nuclear RNA was collected,
nascent EU-containing RNA was isolated, and the
abundance of IFNBI mRNA was quantified by
qRT-PCR. Error bars indicate SEM. (*) P <0.05;
(**) P<0.01 by Student’s t-test. (C, Ieft panel)
NHDFs treated with the indicated siRNAs were
exposed to dsDNA for 3 h and pulse-labeled for 2
h with EU. Free EU was washed out, and total
RNA was harvested at the indicated time points.
Following isolation of nascent EU-containing
RNA, overall IFNB1 mRNA levels were measured
by qRT-PCR and normalized to GAPDH. Error
bars indicate SEM. (*) P <0.04 by Student’s t-test.
(Right panel) As in the left panel, except cultures
: were also treated with the JAK inhibitor (pyridone
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10 " 6). (D) Model illustrating the relationship between
IFNB1 mRNA levels, induced in response to
dsDNA in uninfected cells or HCMV infection,
and m°A levels in mRNA. The balance between
methyltransferase METTL14 and demethylase
ALKBH5 activities is depicted as a scale.
METTLI14 depletion (siMETTL14) tips the scale
in favor of the ALKBH5 demethylase, which in-
creases IFNB1 mRNA levels and is predicted to re-
duce m°A levels. In contrast, ALKBH5 depletion
(siALKBHS) disrupts the balance in favor of meth-
yltransferase activity, which decreases IFNBI
mRNA and is predicted to increase m°A levels.
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after dsSDNA treatment. In NHDFs treated with JAK inhib-
itor, a greater increase in EU-labeled IFNB1 mRNA in
METTL14-depleted cultures compared with nonsilencing
siRNA-treated controls was observed earlier, after only 7 h
of dsDNA exposure. This indicated that the kinetics of
IFNB1 mRNA production respond to IFN receptor signal-
ing. Conversely, nuclei isolated from ALKBH5-depleted
cultures contained less nascent EU-labeled IFNBI
mRNA compared with nonsilencing siRNA-treated cul-
tures (Fig. 5B).

To determine whether METTLI14 or ALKBHS5 also influ-
enced IFNB1 mRNA decay, total EU pulse-labeled RNA
was isolated from NHDFs treated with dsDNA, and
IFNB1 mRNA levels were measured by quantitative RT—-
PCR (qRT-PCR). While decay of EU-labeled nascent
IFNB1 mRNA was indistinguishable in nonsilencing
siRNA or ALKBH5-depleted cultures, EU-labeled IFNB1
mRNA persisted longer in METTL14-depleted cultures
(Fig. 5C). By 11 h after dsDNA treatment, <10% nascent
IFNB1 mRNA remained in nonsilencing or ALKBH5-de-
pleted cultures, whereas nearly 30% was detected in
METTL14-depleted NHDFs. Unexpectedly, the greater
persistence of IFNB1 mRNA in METTLI14-depleted
NHDFs was dependent on JAK signaling (Fig. 5C), consis-
tent with an ISG selectively influencing the decay of the
hypo-m°A methylated IFNB1 mRNA population. Thus,
the burst of IFNBI mRNA biogenesis and decay in re-
sponse to dsDNA is regulated by cellular functions that
control m®A modification of mRNA. In addition, ALKBH5
and METTL14 had a greater impact on IFNB1 mRNA pro-
duction than decay.

Discussion

Despite its pervasiveness as an internal base modification
in cellular and viral mRNAs, how m®A modification of
mRNAs impacts infection biology and host responses is
incompletely understood. Here, we show host enzymes
that install and remove mCA increase in abundance in re-
sponse to HCMYV infection and regulate virus replication.
While depleting the ALKBH5 demethylase stimulated vi-
ral protein accumulation and HCMYV reproduction, inter-
fering with the METTL3/14 methylase had the opposite
effect. The impact of the cellular m®A modification ma-
chinery on HCMV growth resulted from differential
IFNB production, as IFNBl mRNA accumulation was
stimulated by METTL14 depletion and restricted by
ALKBHS5 depletion (Fig. 5D). Moreover, IFNB1 produc-
tion in uninfected cells treated with dsDNA was likewise
regulated by METTL14 and ALKBHS5, and IFNBI mRNA
was enriched in an m®A RNA-containing fraction. Final-
ly, genome-wide profiling of cells exposed to dsDNA
following ALKBHS5 depletion identified differentially ex-
pressed genes regulating antiviral immune responses,
while METTL14 depletion altered pathways involving
metabolic reprogramming, stress responses, and aging.
Thus, by investigating how the METTL14 m°®A methyl-
ase subunit and the ALKBH5 demethylase control
HCMYV replication, we uncovered a fundamental mecha-

1480 GENES & DEVELOPMENT

nism whereby host cell-intrinsic immune responses to
dsDNA in uninfected cells are epitranscriptomically con-
trolled by m®A RNA modification.

While cellular m®A modification enzymes control
productive replication of the f-herpesvirus HCMV by in-
fluencing IFN production, effects on HSV-1, an a-herpes-
virus subfamily member, and the prototypical poxvirus
vaccinia were not detected. Conceivably, this might
reflect differences in cell-intrinsic antiviral responses.
Notably, cellular protein synthesis proceeds in HCMV-in-
fected cells, in marked contrast to the strong suppression
of ongoing host protein synthesis observed in cells in-
fected with HSV-1 or vaccinia that effectively limit ISG
expression (Zhu et al. 1997; Ishikawa et al. 2009). Replica-
tion of other viruses, including HIV and influenza A virus,
is stimulated by the METTL3/14 m®A writer complex
and may also in part reflect reduced IFNB induction
(Courtney et al. 2017).

Our data indicate that IFNB1 mRNA is enriched in an
mP®A-containing mRNA fraction and that its accumulation
is controlled by the methyltransferase subunit METTL14
and the demethylase ALKBH5. Depleting METTL14 in-
creased IFNB1 mRNA stability, which is known to be
controlled by ELAVL1/HuR binding to AU-rich sequences
in the 3’ UTR. Nucleic acid-sensing pathways are thought
to control ELAVL1/HuR activity (Herdy et al. 2015; Take-
uchi 2015), potentially explaining why IFNB1 mRNA
stability was enhanced by METTL14 depletion in a man-
ner dependent on IFN signaling (Fig. 5C). The impact of
METTL14 on IFNB1 mRNA decay is consistent with the
reported role for m®A in genome-wide mRNA stability
(Wangetal.2014; Ke etal. 2017). One important difference
is that, unlike the majority of cellular mRNAs, which are
spliced, IFNB1 mRNA does not contain an intron.

Unexpectedly, METTL14 depletion also stimulated EU
incorporation into nascent nuclear IFNB1 RNA following
dsDNA treatment, whereas ALKBH5 depletion repressed
it (Fig. 5B).In addition, the overall magnitude of differences
in EU incorporation into nascent RNA greatly exceeded
any differences detected in IFNB1 mRNA stability (Fig.
5, cf. B and C). This suggests that ALKBH5 and METTL14
have a greater impact on IFNB1 mRNA production than
decay. As differential IRF3 or NF-kB activation or the sub-
cellular distribution of the cellular m®A machinery could
not account for the observed changes in IFNBl mRNA
abundance, limiting m®A installation might stimulate
mRNA biogenesis at the level of transcription. This could
occur upstream of IFNB1 mRNA transcription. Indeed,
pathway analysis of ALKBH5- and METTLI14-depleted
NHDFs treated with dsDNA implicates biological pro-
cesses, including mRNA biogenesis and decay, as poten-
tial effectors shaping genome-wide responses that impact
subsequent IFNB1 mRNA biogenesis. (Fig. 4; Supplemen-
tal Figs. S4, S6, S7). Alternatively, cotranscriptional depo-
sition of m®A onto nascent IFNB1 mRNA might directly
influence transcription initiation or elongation. Whether
one or both of these possibilities prevails and whether ef-
fects of METTL14 and ALKBHS5 on transcription are limit-
ed to rare m®A-containing mRNAs lacking introns such as
IFNBI require further investigation.
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Genome-wide profiling data from uninfected NHDFs
revealed that responses to dsSDNA exposure are regulated
by METTL14 and ALKBHS5. In particular, opposing recip-
rocal effects on expression of 463 genes, including IFNB1,
were observed and accounted for ~32% of genes regulated
by both METTL14 and ALKBH5 depletion in response to
dsDNA. In contrast, the effects of ALKBH5 or METTLI14
depletion were not entirely reciprocal genome-wide. Six-
ty-eight percent of genes responsive to both ALKBH5
and METTLI14 depletion were coregulated in the same di-
rection. In addition to targeting an identical cohort of cor-
egulated and reciprocally regulated genes upon dsDNA
treatment, METTL14 and ALKBH5 also target discrete
gene sets with little overlap. This indicates that while
ALKBH5 and METTL14 regulate innate immune respons-
es via IFNB1 mRNA induction, they largely control differ-
ent, nonoverlapping biological processes. How mC°A
modification enzymes might impact these diverse pro-
cesses that respond to dsDNA sensing is in need of addi-
tional study.

In addition to infection biology, roles for cytoplasmic
dsDNA signaling from nonmicrobial sources have
emerged. The cytoplasmic DNA sensor cGAS controls
senescence, and senescent cells express greater levels of
IFNB and proinflammatory cytokines as part of a senes-
cence-associated secretory phenotype (SASP) (Coppé
et al. 2008; Li and Chen 2018; Takahashi et al. 2018). By
controlling IFNB, cellular m®A modification enzymes
might also impact aging, senescence, and the pathogenic
consequences of overcoming senescence associated with
cancer. As cytoplasmic dsDNA signaling is also a trigger
for inflammatory diseases, epitranscriptomic regulation
of responses triggered by dsDNA could broadly impact
pathophysiology associated with systemic lupus erythe-
matosus, rheumatoid arthritis, chronic inflammation,
and interferonopathies (Gao et al. 2015; Chen et al. 2016;
Crowl et al. 2017; Yan 2017; Li et al. 2018). With this in
mind, developing specific inhibitors of the ALKBH5 deme-
thylase could provide a new strategy to limit activation of
the type I IFN pathway and a potential therapeutic oppor-
tunity to treat autoimmune diseases caused by self DNA.

Materials and methods

Cells, viruses, and chemicals

NHDFs (Lonza, CC-2509) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Corning, 10-013-CV) supplemented
with 100 U/mL penicillin, 100 pg/mL streptomycin, and 5%
(v/v) fetal bovine serum (FBS; Invitrogen). Vero cells (American
Type Culture Collection) were propagated in DMEM supple-
mented with 100 U/mL penicillin, 100 pg/mL streptomycin,
and 5% (v/v) calf serum (FBS; Invitrogen). BSC40 cells were
maintained in DMEM supplemented with 100 U/mL penicillin,
100 pg/mL streptomycin, and 10% (v/v) FBS. HCMV AD169GFP
was kindly provided by Dong Yu and was propagated in NHDFs as
described (Bianco and Mohr 2017). Vaccinia virus (Western Re-
serve strain) was propagated in BSC40 cells as described (Burgess
and Mohr 2015). Wild-type HSV-1 (Patton strain) expressing an
EGFP-Usl11 fusion protein (Benboudjema et al. 2003) was propa-
gated in Vero cells. PP242 (P0O037) was purchased from Sigma
and used at a concentration of 25 uM.
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DNA transfections

DNA was transfected using TransIT-X2 (Mirus, MIR6000) ac-
cording to the manufacturer’s protocol. VACV 70-mer (dsDNA)
oligonucleotides were described previously (Unterholzner et al.
2010). Annealing buffer (10 mM Tris-HCI at pH 7.5, 100 mM
NaCl, 1 mM EDTA) without nucleic acids was used as negative
control.

m°A RNA immunoprecipitation (RIP)

Following poly-A* selection, ~1 pg of purified polyadenylated
RNA resuspended in IPP buffer (150 mM NaCl, 0.1% NP-40, 10
mM Tris-HCI at pH 7.5) was denatured for 2 min at 70°C and sub-
sequently placed on ice. Twenty-five microliters of protein-G
magnetic beads (Life Technologies, 10004D) washed and sus-
pended in IPP buffer containing RNase inhibitor (Invitrogen,
10777019) were incubated with 1 ug of monoclonal anti-m°A
antibody for 15 min at room temperature with end-over-end rota-
tion. RNA was added to the antibody-bound beads and incubated
for 2 h at 4°C with end-over-end rotation. RNA-bound beads were
washed twice in 200 pL of IPP buffer, twice in low-salt IPP buffer
(50 mM NaCl, 0.1% NP-40, 10 mM Tris-HCI at pH 7.5), twice in
high-salt IPP buffer (500 mM NaCl, 0.1% NP-40, 10 mM Tris-HCl
at pH 7.5), and twice again in 200 pL of IPP buffer and eluted in 30
uL of RLT (Qiagen, 79216). To purify the RNA, 20 pL of MyOne
Silane Dynabeads (Life Technologies, 37002D) was washed with
100 uL of RLT, resuspended in 30 uL of RLT, and added to the elut-
ed RNA. After addition of 60 uL of 100% ethanol, the beads were
collected magnetically, and the supernatant was discarded. The
beads were washed twice in 100 pL of 70% ethanol, and the
RNA was eluted in 160 pL of IPP buffer. A second round of immu-
noprecipitation was performed by incubating the RNA with pro-
tein-A magnetic beads (Life Technologies, 10002D) coupled to
anti-m°A antibody followed by washes, elution from the pro-
tein-A beads, and purification as described above. The final
RNA elution from the MyOne Silane Dynabeads was performed
in 16 pL of H,O followed immediately by cDNA synthesis.

Isolation of nuclear RNA

RNA from a nuclear fraction was isolated according to a protocol
adapted from a published procedure (Wuarin and Schibler 1994).
Briefly, NHDFs were washed with PBS, scraped into cold lysis
buffer (10 mM Tris-HCI at pH 7.5, 0.15% NP40, 150 mM
NaCl), and incubated for 5 min on ice. The lysate was then trans-
ferred onto 2.5 vol of a chilled sucrose cushion (ice-cold sucrose
buffer [10 mM Tris-HCl at pH 7.5, 150 mM NaCl, 24% sucrose])
and centrifuged at 13,000 rpm for 10 min at 4°C. The supernatant
(cytoplasmic fraction) was collected for RNA extraction by TRI-
zol. The pellet was resuspended in cytoplasmic lysis buffer with-
out NP40 and passed through a fresh sucrose cushion for a second
time. The washed nuclear fraction was then dissolved in TRIzol
for RNA extraction.

Analysis of nascent RNA synthesis and decay

Transcription and stability of newly synthesized RNA were ana-
lyzed using the Click-iT nascent RNA capture kit (Life Technolo-
gies, C10365). To measure RNA decay, siRNA-treated NHDFs
were stimulated with dsDNA. After 3 h, 0.2 mM EU was added.
Following a 2-h incubation with EU, the cells were washed with
PBS, and EU-free medium was added. Cells were harvested, and
RNA was isolated with TRIzol at the indicated time points after
the addition of EU-free medium. The EU-labeled RN As were bio-
tinylated and captured by using the Click-iT nascent RNA capture
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kit, according to the manufacturer’s instructions. To measure EU
incorporation into newly synthesized nuclear RNA, siRNA-treat-
ed NHDFs stimulated with dsDNA were exposed to a 30-min EU
pulse at the indicated times after DNA addition. Following EU ex-
posure, cells were washed with PBS, and nuclear RNA was isolated
and processed as described above.

Library preparation and sequencing

Mumina TruSeq stranded RNA libraries were prepared from 500
ngof poly(A)-selected total RN A (RNA integrity [RIN] score of 10)
by staff at the New York University Genome Technology Center
(https://med.nyu.edu/research/scientific-cores-shared-resources/
genome-technology-center) and sequenced across two PE150 cy-
cle lanes of a HiSeq 4000, yielding between 20,227,308 and
28,768,351 paired-end reads per sample (Supplemental Table S3).

For m°A RNA-seq, RNA fragments with m°®A modifications
were captured by RIP as described above except that a polyclonal
mP°A antibody was used (Dominissini et al. 2013). m®A sequenc-
ing (m®A-seq) immunoprecipitation and input libraries were pre-
pared from 5-10 ng of RNA using the NEBNext Ultra Il RNA
library preparation kit (New England Biolabs) following the
FFPE entry protocol. Twelve libraries were multiplexed and se-
quenced on an Ilumina NextSeq 500 using a single 75-cycle
high-output kit version 2 (single-end read mode), yielding
27,000,000-42,000,000 single-end reads per sample (Supplemen-
tal Table S4). Analysis of m®A-seq is described in the Supplemen-
tal Material.

RNA-seq analysis

Sequence reads were pseudoaligned against a Homo sapiens tran-
scriptome database comprising the latest cDNA and noncoding
RNA databases from Ensembl (https://www.ensembl.org/info/
data/ftp/index.html) using Kallisto (Bray et al. 2016) under default
parameters. Raw transcript counts were parsed to generate raw
gene counts and analyzed using the DESeq2 version 1.18.1
(Love et al. 2014) package in R. Two samples (siAlk-12h-2 and
siL14-6h-dsDNA-2) were excluded from analyses based on PCA
clustering and low total read counts, respectively (Supplemental
Fig. S3). Pairwise contrasts were performed between sample sets
for each condition (12 h, no dsSDNA/6 h + dsDNA/12 h + dsDNA)
and filtered to retain only differentially expressed genes with Padj
of <0.01. Pathway analyses for resulting gene lists were performed
using the “Functional Annotation Tool” hosted by the David Bio-
informatics Research 6.8 platform (Huang et al. 2009a,b).

Data availability

All sequencing data generated during this study are available
from the sequence read archive (SRA) under the BioProject ID
PRJNA451188.
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