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SUMMARY
dsRNA sensing triggers antiviral responses against RNA and DNA viruses in diverse eukaryotes. In
Drosophila, Invertebrate iridescent virus 6 (IIV-6), a large DNA virus, triggers production of small interfering
RNAs (siRNAs) by the dsRNA sensor Dicer-2. Here, we show that host RNA polymerase II (RNAPII) bidirec-
tionally transcribes specific AT-rich regions of the IIV-6 DNAgenome to generate dsRNA. Both replicative and
naked IIV-6 genomes trigger production of dsRNA in Drosophila cells, implying direct sensing of invading
DNA. Loquacious-PD, a Dicer-2 co-factor essential for the biogenesis of endogenous siRNAs, is dispensable
for processing of IIV-6-derived dsRNAs, which suggests that they are distinct. Consistent with this finding,
inhibition of the RNAPII co-factor P-TEFb affects the synthesis of endogenous, but not virus-derived, dsRNA.
Altogether, our results suggest that a non-canonical RNAPII complex recognizes invading viral DNA to
synthesize virus-derived dsRNA, which activates the antiviral siRNA pathway in Drosophila.
INTRODUCTION

Sensing of virus-derived double-stranded RNA (dsRNA) is cen-

tral to antiviral immunity in metazoans. There are a variety of

pattern recognition receptors, referred to as dsRNA sensors,

that play a role in the recognition and effector mechanisms dur-

ing viral infection (de Faria et al., 2013). Viruses often produce

dsRNA during their replication cycle, regardless of genome

structure (Dewitte-orr and Mossman, 2010; Son et al., 2015;

Weber et al., 2006). Although dsRNA is often referred to as a

by-product of genome replication of RNA viruses, dsRNA is

also commonly found in cells infected by DNA viruses (Son

et al., 2015; Weber et al., 2006). These dsRNAs are often associ-

ated with transcription of convergent genes to produce comple-

mentary RNAs (Aloni, 1972; Boone et al., 1979; Burgess and

Mohr, 2015; Duesberg and Colby, 1969; Jacobs and Langland,

1996; Jacquemont and Roizman, 1975; Kumar and Carmichael,

1998; Liu et al., 2015; Lucas and Ginsberg, 1972; Peacock et al.,

1969; Weber et al., 2006). Indeed, this is facilitated by the fact

that DNA viruses have highly compact genomes harboring short

intergenic regions (IRs) with inefficient termination signals on

viral open reading frames (ORFs) (Jacobs and Langland, 1996;
This is an open access article under the CC BY-N
Kumar and Carmichael, 1998). Alternatively, host cells can

generate dsRNAs upon recognition of viral DNA. In mammals,

RNA polymerase III (RNAPIII) senses and converts cytoplasmic

AT-rich dsDNA into stimulatory dsRNA species to activate the

antiviral RNA helicase RIG-I (Ablasser et al., 2009; Chiu et al.,

2009). Sensing of dsRNA by the Toll receptor TLR3 plays an

important role in the control of herpesvirus, a large dsDNA virus,

in mammals (Tabeta et al., 2004; Zhang et al., 2007). These data

reinforce the idea that dsRNA recognition plays a broad role in

the antiviral defense. Accordingly, DNA viruses commonly

encode mechanisms that target dsRNA sensors through

degradation, decoys, and pseudo-substrates (Dewitte-orr and

Mossman, 2010).

Invertebrates heavily depend on the small interfering RNA

(siRNA) pathway for antiviral defense against DNA and RNA

viruses, which is mediated by dsRNA sensing (Bronkhorst

et al., 2012; Jayachandran et al., 2012; Kemp et al., 2013; Mar-

ques and Imler, 2016; Sabin et al., 2013; Webster et al., 2015).

In Drosophila, the RNA helicase Dicer-2 (Dcr-2) senses long

dsRNA that is processed into 21-nt-long siRNAs, which are

loaded onto the endonuclease Argonaute 2 (AGO2) by a com-

plex consisting of Dcr-2, R2D2, and TAF11 (Deddouche et al.,
Cell Reports 39, 110976, June 21, 2022 ª 2022 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. IIV-6 generates dsRNA upon infection of Drosophila cells

(A) Detection of dsRNA by immunoblotting of total RNAs from IIV-6- or mock-infected S2 cells at different times post infection. *Non-specific bands. hpi, hours

post infection.

(B) Immunofluorescence (IFA) of dsRNA in IIV-6- and mock-infected S2 cells (Hoechst/DNA, blue; dsRNA, red; phalloidin/actin, green). Scale bars: 20 mm.

(C) Cartoon depicting crucial steps in iridovirus replication. The iridovirus genomic DNA (gDNA) invades the nucleus and uses host RNA polymerase II (RNAPII) to

transcribe early genes (e.g., 393L) that coordinate DNA replication and synthesis of the viral RNA polymerase. Viral gDNA initially replicates in the nucleus and

then is translocated into the cytoplasm for final replication and late transcription (e.g., MCP) to produce and release viral particles.

(legend continued on next page)
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2008; Galiana-Arnoux et al., 2006; Lee et al., 2004; Liang et al.,

2015; Liu et al., 2003). AGO2 is the core of the RNA-induced

silencing complex (RISC), which targets and degrades viral

RNA transcripts by complementarity, thus restricting viral infec-

tions (Hammond et al., 2001; Schwarz et al., 2003; van Rij et al.,

2006; Wang et al., 2006). This defense mechanism functions

against not only RNA viruses, but also DNA viruses, including

Invertebrate iridescent virus 6 (IIV-6), a member of the nucleocy-

toplasmic large dsDNA viruses (NCLDVs) (Bronkhorst et al.,

2012; Kemp et al., 2013). The importance of the siRNA pathway

for defense against IIV-6 is highlighted by the facts that Dcr-2

and AGO2 mutant flies are more susceptible to infection and

the virus encodes an inhibitor of RISC (Bronkhorst et al., 2012,

2019; Kemp et al., 2013). In infected flies, IIV-6-derived siRNAs

are generated symmetrically from both strands of the genome,

suggesting they are produced from long dsRNA precursors by

Dcr-2 processing (Bronkhorst et al., 2012; Kemp et al., 2013).

However, unlike most RNA viruses, IIV-6-derived siRNAs are

not uniformly generated across the virus genome, and the origin

and biogenesis of dsRNA precursors remain unclear.

Although a hallmark of virus infection, dsRNA also exists in

non-infected cells and is encoded by the host cell genome

(Dhir et al., 2018; Ilyin et al., 1980; Jelinek and Darnell, 1972).

Drosophila endogenous dsRNAs arise from structured loci, cis

natural antisense transcripts (cis-NATs), and transposable ele-

ments (TEs), and are thereafter converted into siRNAs (Chung

et al., 2008; Czech et al., 2008; Ghildiyal et al., 2008; Kawamura

et al., 2008; Okamura et al., 2008). Dcr-2 discriminates dsRNA

origins using Loquacious-PD (Loqs-PD), a dsRNA binding pro-

tein (dsRBP) required for dicing endogenous dsRNAs but not

dsRNAs from cytoplasmic RNA viruses (Han et al., 2011b; Mar-

ques et al., 2013; Zhou et al., 2009). It remains unclear how Dcr-

2/Loqs-PD can discriminate between viral and endogenous

dsRNA and whether this also applies to molecules derived

from DNA viruses.

Here, we focus on the origin and recognition of dsRNAs gener-

ated in response to IIV-6 infection in Drosophila. Our results sug-

gest that sensing of invading DNA promotes non-canonical

RNAPII transcription to generate dsRNA and trigger antiviral

RNAi.

RESULTS

dsRNA accumulates in IIV-6-infected cells
In fruit flies infected with IIV-6, the presence of siRNAs suggests

that virus-derived dsRNA is produced, although this has not

been formally shown. We infected Drosophila S2 cells with

IIV-6 and observed accumulation of dsRNA by immunoblotting

at 24 h post infection (hpi) (Figure 1A). dsRNA was heterogenous

in size and not as abundant as in cells infectedwith the RNA virus

Drosophila C virus (DCV), known to generate large amounts of
(D) dsRNA and Lamin0 labeling in IIV-6-infected S2 cells analyzed by IFA. Z-projec

and dsRNA (red), Lamin0 (green), and Hoechst/DNA (blue) areas (bottom). Right

bars: 20 mm. a.u., arbitrary units.

(E) dsRNA and BrdU labeling in IIV-6-infected S2 cells analyzed by IFA. Z-project

dsRNA (red), BrdU (green), and DNA (blue) areas (bottom). Right: cross-section q

and 5 mm (right). a.u., arbitrary units.
dsRNA (Monsion et al., 2018) (Figure S1A). By immunofluores-

cence, we also observed the accumulation of dsRNA in infected

cells (Figure 1B). Interestingly, iridoviruses have a complex repli-

cation cycle involving an early step in the nucleus and a later

more robust stage in the cytoplasm where the viral factory is

formed (Figure 1C) (Chinchar et al., 2011). Using an antibody

against Drosophila Lamin, which labels the inner nuclear

membrane, we observed that most dsRNAs accumulated in

the nucleus of infected cells (Figures 1D and S1B). Indeed,

dsRNA signals were mostly excluded from cytoplasmic factories

containing replicating viral DNA labeled with bromodeoxyuridine

(BrdU) (Figures 1E and S1C). These data suggest that dsRNA is

produced in the nucleus of IIV-6-infected cells, separate from

late viral factories that are in the cytoplasm.

Mapping dsRNA precursors on the IIV-6 genome based
on siRNA coverage
To address the origin of the IIV-6-derived dsRNAs, we analyzed

four independent small RNA-sequencing (sRNA-seq) datasets

from cells and flies infected with IIV-6 (Figure 2A). There was

a remarkably consistent pattern of siRNA coverage along the

viral genome (Figure 2A, top left). The striking conservation of

the siRNA coverage suggests that the production of dsRNA

precursors is biased toward specific regions of the viral

genome.

To better define regions that generate dsRNA precursors, we

selected the most covered base positions in the IIV-6 genome

based on sRNA read density using a 95% confidence interval

(Figure 2A). A total of 3,006 bases were shared among the four

independent datasets, which we considered to be hotspots for

siRNA production in the IIV-6 genome (Figure 2A, top right).

The siRNA hotspots mapped to open reading frames (ORFs)

and intergenic regions in the IIV-6 genome, with continuous

coverage of siRNA reads between adjacent regions, indicating

that dsRNA precursors were not restricted to gene units. Based

on this observation, instead of analyzing individual ORFs, we

defined 14 genomic regions with continuous and homogeneous

siRNA read coverage that contained all 3,006 hotspots (see

STARMethods for details), hereafter named hotspot-associated

regions (Figures 2A and 2B). These were interspersed with large

areas of the virus genome with poor siRNA coverage that we

refer to as hotspot-depleted regions, also numbered from 1

through 14 (Figure 2B). The 14 hotspot-associated regions had

a larger than expected contribution to the share of IIV-6-derived

siRNAs (Figure 2B). Notably, hotspot-associated regions were

significantly more AT rich than the rest of the genome, despite

the low CG content of the IIV-6 genome as whole (Figure 2C).

In addition, we identified an AT-rich sequencemotif that is signif-

icantly enriched close to hotspot-associated regions compared

with other motifs that are found throughout the viral genome

(Figures S2A and S2B). These results indicate that specific
ted confocal images are shown on the left. Middle: cross-section analysis (top)

: cross-section quantification for individual cells depicted in the middle. Scale

ed confocal images are shown on left. Middle: cross-section analysis (top) and

uantification for individual cells depicted in the middle. Scale bars: 10 mm (left)
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Figure 2. IIV-6-derived siRNAs are concentrated in a few genomic regions

(A) Computational strategy to identify regions on the IIV-6 genome associated with high density of siRNAs. The intersection of the top 5%most-covered bases in
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(legend continued on next page)
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AT-rich regions of the IIV-6 genome are more likely to generate

dsRNA precursors that will be processed into siRNAs.

The size heterogeneity of hotspot-associated regions

matches the diversity of dsRNA products observed in IIV-6-in-

fected cells (Figure 1A). The largest hotspot-associated region

with high siRNA density, 206R–209R, spanned 3,980 bp,

including two genes (206R and 209R) and an intergenic region

of 337 bp (Figure 2D). We observed continuous siRNA read

coverage in the whole region, consistent with the idea that there

is a single dsRNA precursor (Figure 2D). In this region, sense and

antisense transcripts spanning the two ORFs and the intergenic

region could be detected using strand-specific (ss) RT-PCR (Fig-

ure 2D). Another multigenic hotspot-associated region, 224L–

227L, also generated long transcripts covering multiple ORFs

and intergenic regions in both strands (Figure 2E). Notably, the

224L–227L region was quite distinct from 206R–209R in terms

of ORF organization, since genes are encoded on both genomic

strands, while 206R–209R is unidirectional. By quantitative

ssRT-PCR (ssqRT-PCR), we observed that the sense strand

was between 400 and 4,000 times more abundant than the anti-

sense strand from 206R (gene within the 206R–209R region) at 6

and 24 hpi, respectively (Figure 2F). Likely, the sense strand

detection was a sum of the regular viral transcript and the long

RNA that spans the intergenic region. Antisense and sense tran-

scripts from 206R were detected at 6 hpi, suggesting that

dsRNAs can be produced early in the IIV-6 cycle even before

they can be detected by immunoblot (Figures 2D and 2F).

Antisense transcription indicates genomic locations of
dsRNA synthesis
Our results suggest that hotspot-associated regions in the IIV-6

genome produce sense and antisense transcripts that generate

dsRNA. To test this idea, dsRNAs frommock- and IIV-6-infected

cells were enriched by immunoprecipitation using an anti-dsRNA

antibody (dsRIP) (Figures 3A and 3B). To validate the approach,

we tested the protocol using cells infected with the RNA virus

DCV and observed enrichment of dsRNA in the dsRIP (Fig-

ure S3A). Known sources of endogenous dsRNA such as TEs

(DM297) and structured loci (AY119020 and CG18854) were

also enriched in the dsRIP, suggesting the method could be

used to characterize other dsRNAs (Figure 3C). To gain a

genome-wide overview of viral dsRNA production, dsRIP sam-

ples from IIV-6-infected cells were subjected to high-throughput
IIV-6 genes from right (R) and left (L) genomic strands are shown on top. The datas

correlation).

(B) Contribution of hotspot-associated or hotspot-depleted regions to the generatio

gions were numbered and named according to the presence of ORFs, while intersp

the density of siRNA coverage for each defined region (red line delimits 90% of the t

plot. Right: observed/expected siRNA abundance within hotspot-associated and h

(C) Adenine-thymine (AT) content of genes and intergenic regions within hotspot-

significance.

(D) JBrowse panel showing the siRNA density within hotspot-associated region

including a 337-bp intergenic region, was detected using strand-specific RT-P

strands, respectively, to facilitate visualization.

(E) JBrowse panel showing the siRNA density within hotspot-associated region 22

detected using strand-specific RT-PCR.

(F) Antisense and sense quantification of 206R transcripts in IIV-6- or mock-infe

Tukey’s test (****p < 0.0001). The antisense/sense ratio is indicated on the right (
sequencing (dsRIP-seq) at 6 hpi.We also sequenced small RNAs

from infected cells at the same time point for a direct compari-

son. We chose an early time point, 6 hpi, to try to analyze the

biogenesis of dsRNA and siRNAs more directly and avoid sec-

ondary effects that accumulate over time. The profile of IIV-6-

derived small RNAs at the early time point already showed a

clear symmetrical size peak of 21 nt, characteristic of the siRNA

response, and coverage along the IIV-6 genome correlated well

with data from other time points (Figures S3B–S3D). We

compared the abundance of antisense and sense transcripts

from the dsRIP-seq data with the abundance of siRNAs from

the sRNA-seq data (Figures 3D and 3E). There was positive cor-

relation between siRNA and antisense transcript abundance

(Figure 3E). Indeed, genomic coverage by siRNAs and antisense

transcripts was qualitatively very similar (Figure 3F). The correla-

tion between siRNA and antisense abundance was stronger for

the hotspot-associated genomic regions (Figures 3D and 3E).

These data show highly significant correlation between anti-

sense coverage and siRNA biogenesis.

To further explore the relationship between antisense tran-

scripts and siRNA biogenesis, we analyzed specific genomic re-

gions.Hotspot-associated region130Rhad thehighest coverage

of antisense transcripts and siRNAs at 6 hpi (Figure 3E). Unlike

most of the other hotspot-associated regions, 130R is predicted

to harbor a functional ORF in the antisense direction, suggesting

that both strands are concomitantly transcribed, which would

explain the high coverage by dsRNAs and siRNAs (Figure 3E,

top). We also observed strong antisense transcript and siRNA

coverage in the largest multigenic hotspot-associated regions,

206R–209R and 224L–227L (Figure 3G). Similar to endogenous

dsRNAs, antisense RNAs from hotspot-associated regions

were strongly enriched by dsRIP at 6 and 24 hpi, consistent

with their origin from dsRNA (Figure 3H). As expected for dsRNA

enrichment, the abundances of antisense and sense transcripts

are more similar in the dsRIP compared with the input for

206R–209R and even for 130R, where bidirectional transcription

leads to amore similar abundanceof both strands (FigureS3E). In

contrast, antisense transcripts derived from the 393L gene,

located within hotspot-depleted region 13, were not enriched in

the dsRIP, and the antisense-to-sense ratio did not change

compared with input (Figures 3H and S3E). These results show

that hotspot-associated regions correlate with sites of bidirec-

tional transcription in the IIV-6 genome that can generate dsRNA.
ets were clustered by a distance-like metric and represented as (1� Pearson’s

n of IIV-6-derived siRNAs in four independent datasets. Hotspot-associated re-

acing hotspot-depleted regions were numbered 1–14. Left: density map showing

otal density). Center: the number of hotspots in each region is depicted in the bar

otspot-depleted regions. dpi, days post infection; hpi, hours post infection.

associated or hotspot-depleted regions. Unpaired t test was used to evaluate

206R–209R. The segment highlighted between the 206R and the 209R genes,

CR. sRNA coverages were clipped at 1,000 and 700 reads/base for R and L

4L–227L. The segment highlighted between the 225R and the 227L genes was

cted S2 cells by ssqRT-PCR at indicated time points. Two-way ANOVA with

n = 3 replicates/group).
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Figure 3. Correlation of dsRNA-generating regions and siRNA hotpots in the genome of IIV-6

(A) Strategy for dsRNA immunoprecipitation (dsRIP).

(B) dsRNA detection by immunoblotting after dsRIP of total RNA from mock- and IIV-6-infected cells. Total RNAs (10% input) are shown as a control. *Non-

specific bands.

(C) Percentage of recovery ofDrosophila genes (RpL32, GAPDH, U6 RNA) and endogenous dsRNAs (DM297, AY119020, CG18854) in the dsRIP (n = 3 replicates/

group).

(legend continued on next page)
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Invading DNA triggers dsRNA synthesis in the absence
of viral proteins
Our results suggest that IIV-6-infected cells accumulate virus-

derived dsRNAs. Thus, we tested whether IIV-6 generates

dsRNA by a host mechanism in the absence of viral proteins

(Figure 4A). To test this, we extracted genomic DNA (gDNA)

from purified IIV-6 virion particles and transfected it into S2 cells.

Iridovirus gDNA is not infectious, nor is it able to drive its replica-

tion (Willis et al., 1979). Accordingly, transfected gDNA levels

declined after 24 h, in contrast to virion-infected cells, which

experienced a large increase in DNA levels in the same period

(Figure 4B). We determined if transfected gDNA generates viral

transcripts from early and late stages of iridovirus replication

(Figure 1C). As expected, gDNA transfection was not sufficient

to induce significant levels of early (393L) and late (MCP; major

capsid protein) viral genes, confirming that the IIV-6 genome

requires viral proteins to initiate productive transcription and

infection (Figure 4B). Interestingly, both 393L andMCP fall within

hotspot-depleted regions (as indicated in Figure 4B). In contrast,

transcripts derived from large multigenic hotspot-associated

regions, 206R–209R and 224L–227L, were detected in the

absence of viral replication at 6 and 24 h post gDNA transfection

(Figures 4B and 4C). Notably, at 6 h, infected and transfected

cells had similar levels of antisense transcripts from the 206R–

209R region when viral gDNA levels were comparable (Fig-

ure 4C). At the same time, sense RNA levels were 4–5 orders

of magnitude lower in transfected cells, suggesting that this is

the contribution of viral transcription (Figures 4B and 4C). The

data for other hotspot-associated regions, 224L–227L and

130R, also show the presence of sense and antisense transcripts

in cells transfected with gDNA in the absence of viral replication

(Figures S4A and S4B). In the case of 130R, RNA levels were

�1,000-fold higher during infection compared with transfection

with gDNA, even at 6 hpi, suggesting a large contribution of

active infection to the transcription of ORFs located in both

strands (Figure S4B). Nevertheless, these data show that

sense-antisense RNAs derived from hotspot-associated regions

can originate from invading DNA in the absence of IIV-6 virion

proteins.

Sense and antisense transcript levels increased over time dur-

ing infection when the viral gDNA also increased (Figures 4C,

S4A, and S4B). To study the contribution of viral replication to

dsRNA synthesis, we evaluated the effects of inhibitors that

directly or indirectly interfere with IIV-6 DNA replication (Fig-

ure S4C). S2 cells infected with IIV-6 virions were treated with

AraC, a nucleoside analog that leads to premature termination

of DNA synthesis, which blocked viral DNA replication

(Figures 4D and S4C). We observed a mild effect on expression

of early genes such as 393L, but a robust reduction in late gene
(D and E) Correlation of the abundance of IIV-6 sense (D) or antisense (E) transcri

hotspot-depleted regions at 6 hpi (n = 3 replicates pooled). Dots represent each

gions is indicated in purple and yellow, respectively, in addition to all regions co

(F) Coverage of small RNAs (20–23 nt) and antisense transcripts along the IIV-6

(G) JBrowse panels showing density of coverage of sRNA-seq and dsRIP-seq fo

cells.

(H) Percentage of recovery of IIV-6 antisense transcripts from hotspot-associated

spot-depleted region 13 (393L) in the dsRIP at indicated time points (n = 3 replic
transcription indicated by MCP levels (Figure S4E). AraC had a

weaker effect on 206R–209R antisense transcript abundance

compared with sense (Figures 4E and S4F). Similar results

were observed for the 224L–227L region (Figure S4G). In the

case of 130R, both sense and antisense transcripts were very

sensitive to AraC, likely because the coding ORFs in both direc-

tions are late genes transcribed by the virus after DNA replication

(Figure S4H). To confirm results using AraC, we also used phos-

phonoacetic acid (PAA), another inhibitor of DNA replication that

had a similar effect on 206R–209R antisense transcript abun-

dance compared with sense (Figures S4I–S4L). Together, these

results suggest that viral DNA replication is not essential for

antisense RNA production.

We observed that antisenseRNAs can bemade in the absence

of virion proteins and viral DNA replication. However, synthesis of

antisense RNAs could still require virus proteins made inside in-

fected cells, such as the viral RNA polymerase (Figure 1C). To

answer this question, we inhibited protein synthesis in infected

cells by using cycloheximide (CHX). This treatment had only a

modest effect on antisense transcript levels in contrast to its ef-

fects on sense transcripts from 206R–209R and 224L–227L,

similar to the effect we observedwith inhibitors of viral DNA repli-

cation (Figures 4F, S4G, and S4M). Again, 130R wasmore sensi-

tive to CHX treatment, corroborating the idea that some of the

bidirectional transcription of this region requires the viral poly-

merase (Figures S4H). However, more sensitive antisense

RNAs from 130R had levels similar to those of 206R–209R and

224L–227L antisense RNAs under AraC and CHX treatments,

indicating that this region can generate dsRNAs in the absence

of viral proteins (Figures 4C, 4F, S4G, and S4H). As expected,

CHX inhibited viral DNA replication and expression of the late

genes but did not affect early transcription (Figures 4G and

S4N). Thus, de novo viral protein synthesis is not essential for

antisense transcription and, presumably, dsRNA accumulation.

Cellular RNA polymerase II generates IIV-6-derived
dsRNAs
Our results suggest that IIV-6-derived antisense RNA is pro-

duced by a host RNA polymerase. Since the fly genome does

not encode RNA-dependent RNA polymerases, dsRNA synthe-

sis must be carried out by DNA-dependent RNA polymerases

(RNAPs) (Figure 5A). We first assessed the general role of

RNAPs in the synthesis of dsRNA precursors by using actino-

mycin D (ActD), a general inhibitor of RNAPs. ActD inhibited nu-

clear host RNAPs and had a direct effect on IIV-6 infection

(Figures S5A and S5B). We also observed dose-response inhibi-

tion on the accumulation of sense and antisense transcripts from

the 206R–209R and 130R regions, confirming that dsRNA pre-

cursors were generated de novo from iridovirus dsDNA by a
pts in dsRIP-seq compared with siRNA density within hotspot-associated and

region. Pearson’s correlation for hotspot-associated and hotspot-depleted re-

mbined in black.

genome at 6 hpi in S2 cells (n = 3 replicates pooled).

r hotspot-associated regions 130R, 206R–209R, and 224L–227L at 6 hpi in S2

regions 130R, 206R–209R (206R), and 224L–227L (225R) compared with hot-

ates/group).
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Figure 4. Recognition of naked DNA is sufficient to trigger host-dependent synthesis of dsRNAs

(A) Strategy to define the transcriptional origin of antisense/sense precursors of IIV-6-derived dsRNAs.

(B) Quantification of viral DNA replication and RNA transcription in cells infected with IIV-6 or transfected with viral genomic DNA (gDNA). Genes from hotspot-

depleted (393L, MCP) and hotspot-associated regions 206R–209R (206R) and 224L–227L (225R) were analyzed by qRT-PCR (n = 3 replicates/time/group). nd,

not detected. Two-way ANOVA with Sidak’s test (ns, not significant; ***p < 0.001, ****p < 0.0001).

(C) Antisense and sense quantification of 206R transcripts by ssqRT-PCR at indicated time points in gDNA-transfected and IIV-6-infected S2 cells (n = 3 rep-

licates/time/group). nd, not detected. Unpaired t test (**p < 0.01, ****p < 0.0001).

(D) Quantification of IIV-6 gDNA replication in control and cytosine b-D-arabinofuranoside-treated (AraC) S2 cells infected with IIV-6 at indicated time points (n = 3

replicates/time/group). Two-way ANOVA with Sidak’s test (ns, not significant, ****p < 0.0001).

(E) Antisense and sense quantification of 206R transcripts by ssqRT-PCR in control and AraC-treated S2 cells infected with IIV-6 at 6 hpi (n = 3 replicates/group).

nd, not detected. Unpaired t test (**p < 0.01, ****p < 0.0001).

(F) Antisense and sense quantification of 206R transcripts by ssqRT-PCR in control and cycloheximide-treated (CHX) S2 cells infected with IIV-6 at 6 hpi (n = 3

replicates/group). nd, not detected. Unpaired t test (**p < 0.01, ***p < 0.001).

(G) Quantification of IIV-6 gDNA replication in control and CHX-treated S2 cells infected with IIV-6 at indicated time points (n = 3 replicates/time/group). Two-way

ANOVA with Sidak’s test (ns, not significant; **p < 0.01, ****p < 0.0001).
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host RNAP in infected cells (Figures 5B, S5C, and S5D). We next

used a-amanitin (a-aman) and ML-60218, which are specific in-

hibitors of host RNAPII and RNAPIII, respectively. a-aman in-

hibited the accumulation of sense and antisense transcripts

from the 206R–209R region, in a dose-dependent manner (Fig-

ure 5C). As a control, we observed that a-aman decreased levels
8 Cell Reports 39, 110976, June 21, 2022
of endogenous mRNAs such as GAPDH (Figure 5D). In contrast,

ML-60218 led to no change in sense RNA levels and a slight in-

crease in antisense RNAs (Figure 5E). As expected, ML-60218

led to a significant decrease in tRNA abundance (Figure 5F).

We also observed a similar effect of a-aman on antisense tran-

scripts from hotspot-associated regions 224L–227L and 130R
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significant; **p < 0.01).

Article
ll

OPEN ACCESS
(Figures S5E and S5F). a-aman also inhibited viral replication,

while ML-60218 had no significant effects (Figures S5G and

S5H). These results implicate RNAPII as the source of viral

dsRNAs.

Virus-derived dsRNAs transcribed by host RNAPII
activate antiviral RNAi
In Drosophila, the siRNA pathway can be triggered by endoge-

nous and viral sources of dsRNAs. In the case of RNA viruses,
these sources can be genetically discriminated by the require-

ment of the dsRBP Loqs-PD for the biogenesis of endogenous

but not virus-derived siRNAs (Han et al., 2011a; Marques et al.,

2010, 2013). Our results indicate that dsRNAs derived from

IIV-6 are produced by the host RNAPII, which also produces

precursors of endogenous siRNAs. Thus, we tested whether

Loqs-PD would be required for recognition and processing of

IIV-6-derived dsRNA. loqs-PD-deficient flies generated levels

of IIV-6-derived siRNAs comparable to those of control flies
Cell Reports 39, 110976, June 21, 2022 9
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(Figures 6A, 6B, and S6A). Furthermore, we did not observe sig-

nificant changes in siRNA abundance in any viral genomic region

between Loqs-PD-deficient and control flies (Figure 6B). As

described before, the same loqs-PD-deficient flies had a global

decrease in the abundance of siRNAs derived from cis-NATs

and Tes, while miRNAs remained comparable to wild type

(Figures S6B–S6D) (Fukunaga et al., 2012). Endogenous

siRNAs (endo-siRNAs) derived from structured loci AY119020

andCG18854, as well as TE DM297, showed a clear requirement

for Loqs-PD, as previously reported in Drosophila (Figure 6C)

(Fukunaga et al., 2012; Marques et al., 2010). These precursors

of endo-siRNAs give rise to dsRNAs, as evident from their

enrichment in the dsRIP (Figure 3C). Cells treated with a-aman

had a significant decrease in RNA levels from these endogenous

loci, confirming that they are RNAPII transcripts (Figure 6D).

Even though endo-siRNA loci and IIV6-derived transcripts are

both products of RNAPII, our results suggest that the siRNA

pathway can discriminate dsRNAs derived from viral and host

sources. Thus, we testedwhether viral and host dsRNAs depend

on similar RNAPII complexes by assessing the role of co-factors.

Positive transcription elongation factor b (P-TEFb) is a complex

containing cyclin-dependent kinase 9 (CDK9), which is an essen-

tial co-factor to control elongation of most RNAPII transcripts.

P-TEFb can be inhibited by flavopiridol and the adenosine

analog 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole (DRB)

(Chao et al., 2000; Chao and Price, 2001; Henriques et al.,

2013; Marshall and Price, 1995). We observed that flavopiridol

and DRB treatments efficiently reduced transcript levels of

host endo-siRNA precursors at levels comparable to those of

a-aman treatment (Figures 6E and S6E). In agreement with this

observation, cdk9 mutant larvae, lacking the catalytic subunit

of P-TEFb, showed lower levels of endo-siRNAs derived from

endogenous dsRNAs such as AY119020 and CG18854 (Fig-

ure S6F) (Church et al., 2017). In contrast, flavopiridol and DRB

had limited or no effect on the levels of sense and antisense tran-

scripts from viral hotspot-associated regions (Figures 6F and

S6G). Flavopiridol (FP) andDRB had no effect on viral replication,

but efficiently decreased the levels of host RNAPII transcripts

(Figures S6H and S6I). These results connect P-TEFb-

dependent RNAPII transcription of endo-siRNA precursors to

Dcr-2 processing in a Loqs-PD-dependent manner. Notably,

transcriptional elongation, which is regulated by P-TEFb, is

also affected by the presence of the N6-methyladenosine
Figure 6. Virus and endogenous dsRNAs are generated by distinct RN

(A) Abundance of siRNAs from control (loqs PB+/+/PD+/+) and loqs-PD-deficient

group). Small RNAs (20–23 nt) mapping to the IIV-6 genome are represented as

in light pink and light blue, respectively.

(B) Correlation of siRNA density in control and loqs-PD-deficient flies at 48 and 96

depleted regions. Correlation was evaluated using Pearson’s.

(C) Abundance of endogenous siRNAs (endo-siRNA) fromDM297, a transposable

PD-deficient flies in samples described in (A).

(D) Quantification of DM297, AY119020, and CG18854 transcripts in control and a

with Dunnett’s test (****p < 0.0001).

(E) Quantification of DM297, AY119020, and CG18854 transcripts in control and fl

t test (**p < 0.001, ****p < 0.0001).

(F) Antisense and sense quantification of 206R transcripts by ssqRT-PCR in contro

not detected. Unpaired t test (ns, not significant).

(G) Overview of activation of the siRNA pathway by IIV-6-derived and endogeno
(m6A) modification in the nascent RNA (Henriques et al., 2013;

Akhtar et al., 2021). Therefore, we analyzed the presence of

the m6A modification in endo-siRNA precursors such as cis-

NATs and TEs. Based on genome-wide data of transcripts

containing m6A in Drosophila, we observed that cis-NATs were

significantly enriched for the modification compared with other

genes (Figure S6J) (Wang et al., 2021). In fact, over 95%of genes

that generate cis-NATs had the m6A modification. In regard to

TEs, elements that contained the m6A modification had a signif-

icantly higher odds ratio of generating siRNAs (Figure S6K). In

addition, the abundance of siRNAs derived from TEs containing

the m6A modification was also significantly higher (Figure S6L).

These results suggest that the presence of the m6A modification

in endogenous dsRNAs correlates with production of siRNAs.

Together, these data suggest that transcription by the

canonical P-TEFb RNAPII complex is associated with the pres-

ence of m6A in the RNA, which directs processing by Dcr-2 in

a Loqs-PD-dependent manner (Figure 6G). In contrast, a

P-TEFb-independent RNAPII complex carries out transcription

of viral dsRNA triggered by invading viral DNA to engage a

Loqs-PD-independent siRNA pathway (Figure 6G).

DISCUSSION

Our work implicates the host RNAPII in the production of DNA

virus-derived dsRNAs that function as signaling intermediates

to activate antiviral RNAi in Drosophila. The RNAPII co-factor

p-TEFb, which is required for the synthesis of most cellular tran-

scripts, was dispensable for the production of virus-derived

dsRNA (Henriques et al., 2013; Jonkers et al., 2014). This

suggests that non-canonicalRNAPII complexesgeneratedsRNAs

that are intrinsicallymore likely to trigger antiviralRNA interference.

Notably, transcription of precursors for dual piwi-interacting RNA

(piRNA) clusters in the Drosophila germline is also mediated by

RNAPII independent of several canonical transcription factors (An-

dersen et al., 2017; Chang et al., 2019). These non-canonical tran-

scripts are preferred activators of the piRNA pathway in this case.

The activation of RNAi pathways by RNAPII-derived products is

conceptually similar to the role of mammalian RNAPIII in the pro-

duction of 50 triphosphate-containing dsRNAs using viral DNA as

a template to trigger RIG-I sensing (Ablasser et al., 2009; Chiu

et al., 2009). This suggests the independent convergence of host

RNA polymerases in the recognition of invading viral DNA as a
APII complexes that trigger separate arms of the siRNA pathway

(loqs PB+/+/PD�/�) flies across the IIV-6 genome at 96 hpi (n = 3 flies pooled/

8-bp bins. Hotspot-associated and hotspot-depleted regions are represented

hpi (n = 3 flies pooled/group). Dots represent hotspot-associated and hotspot-

element, and two structured loci, AY119020 and CG18854, in control and loqs-

-aman-treated S2 cells by qRT-PCR (n = 3 replicates/group). One-way ANOVA

avopiridol-treated (FP) S2 cells by qRT-PCR (n = 3 replicates/group). Unpaired

l and FP-treated S2 cells infected with IIV-6 at 6 hpi (n = 3 replicates/group). nd,

us dsRNAs that are both products of host RNAPII.
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strategy to engage antiviral dsRNA sensors. Here it is tempting to

speculate that RNAPII products are longer and may be more

adequate to activate Dcr-2 compared with shorter RNAPIII-syn-

thesized RNAs that are triphosphorylated at the 50, which are

optimal RIG-I activators (Schlee et al., 2009).

Our findings are likely not restricted to IIV-6, since many insect

DNA viruses generate siRNAs, including densoviruses, baculovi-

ruses, nudiviruses, and poxviruses (Jayachandran et al., 2012;

Ma et al., 2011; Sabin et al., 2013; Webster et al., 2015). These

are very diverse DNA viruses with different genome structures,

ranging from small single-stranded to large double-stranded

circular and linear molecules. In addition, during infection by

RNA viruses, the genome can be reverse transcribed into a viral

DNA form capable of sustaining activation of the siRNA pathway

(Goic et al., 2013; Poirier et al., 2018; Tassetto et al., 2017, 2019).

In fact, triggering dsRNA synthesismay be a broadermechanism

of DNA recognition in insects. Other DNA forms can generate

dsRNA and induce an siRNA response in Drosophila cells,

including the mitochondrial genome, plasmids, and even

double-strand breaks in the nuclear genome (Merk et al., 2017;

Michalik et al., 2012; Pajak et al., 2019). In these cases, the

DNA is not coated with histones or other factors and therefore

is more exposed, a feature that may facilitate recognition.

Interestingly, DNA-virus-derived dsRNAs produced by RNAPII

are recognized by Dcr-2 without the requirement for Loqs-PD.

It is unclear whether Loqs-PD is involved in the recognition of

dsRNA derived from other types of invading DNA, but the mech-

anism at work could be the same, since we showed that dsRNA

synthesis does not require viral factors. In contrast to these

invading DNAs, processing of endogenous sources of dsRNA

by Dcr-2 requires Loqs-PD as a co-factor (Fukunaga et al.,

2012; Marques et al., 2010). Our data indicate that endo-siRNA

precursors are transcribed by a canonical p-TEFb-dependent

RNAPII complex and are enriched for the m6A modification.

Since the presence of m6A seems to prevent the formation of

dsRNA, Loqs-PD may be required to stabilize endo-siRNA pre-

cursors and allow them to be processed by Dcr-2 (Gao et al.,

2020; Kierzek et al., 2022; Qiu et al., 2021). It is also noteworthy

that both P-TEFb (via CDK9) and m6A are important for the

recruitment of the microprocessor complex to long structured

RNAs that are precursors of microRNAs, another class of endog-

enous small RNAs (Alarcón et al., 2015; Church et al., 2017).

Similarly, P-TEFb and m6A may be required to recruit Dcr-2

and Loqs-PD to endo-siRNA precursors. Thus, the biogenesis

of endogenous small RNAs from endogenous dsRNAs may be

tightly regulated by P-TEFb and m6A to avoid potential toxicity.

IIV-6-derived dsRNAs seem to mostly accumulate in the

nucleus of infected cells and outside of viral factories. This

suggests that recognition of IIV-6 DNA by RNAPII occurs in the

nucleus, unlike what has been suggested for RNAPIII in mam-

mals (Ablasser et al., 2009; Chiu et al., 2009). It is also intriguing

that recognition the IIV-6 gDNA triggers preferential transcription

of specific regions of the genome by RNAPII. These regions are

more AT rich than the rest of the genome, similar to the prefer-

ence of RNAPIII for recognition of AT-rich DNA in mammalian

cells (Ablasser et al., 2009; Chiu et al., 2009). In addition, we

identified a specific AT-rich motif that is significantly enriched

around hotspot-associated regions. This motif could be a signal
12 Cell Reports 39, 110976, June 21, 2022
for RNAPII recruitment and explain why these regions are

preferentially targeted in the viral genome. Notably, the AT-rich

motif we identified resembles conserved sequences that fold

into hairpins at the 30 ends of non-polyadenylated invertebrate

iridovirus transcripts (_Ince et al., 2017). Nevertheless, we have

not observed a complete co-occurrence between the AT-rich

motif and the presence of hairpins. Hence, dsRNA synthesis

from invading DNA may be driven by accessibility to AT-rich

sequences that are able to recruit RNAPII.

Overall, our work provides insight into the sensing of DNA

viruses by the innate immune system through dsRNA

recognition, a mechanism that likely preceded the evolution of

DNA-sensing pathways.

Limitations of the study
Our results point to a role for a non-canonical RNAPII complex in

the recognition of invading viral DNA that is used as a template

for dsRNA synthesis to activate the siRNA pathway. Since acti-

vation of RNA interference is important to control IIV-6 infection,

inhibition of RNAPII-dependent synthesis of viral dsRNA should

have a proviral effect (Bronkhorst et al., 2019; Kemp et al., 2013).

Unfortunately, we could not perform such experiments, since

cell viability is affected by continuous RNAPII inhibition, which

is required to measure production of new infectious particles.

We are currently trying to identify specific components of the

non-canonical RNAPII complex required for viral dsRNA synthe-

sis that do not affect cellular transcription. This will allow us to

directly assess the contribution of this non-canonical RNAPII

complex to the control of IIV-6 infection. It will also be important

to evaluate this mechanism in other insects, such as grasshop-

pers, that are naturally infected by IIV-6, as well as the impor-

tance of this mechanism in the antiviral defense against other

DNA viruses (de Miranda et al., 2021).
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Antibodies

Anti-dsRNA J2 monoclonal antibody (mAb) English and Scientific

Consulting Kft

Cat# 10010200;

RRID: AB_2651015

Anti-dsRNA 9D5 rabbit IgG Absolute antibody Cat# Ab00458-23.0; RRID: AB_2920603

Anti-BrdU antibody BD Biosciences Cat# 555627; RRID: AB_395993

Anti-lamin Dm0 Developmental Studies

Hybridoma Bank,

Cat# adl84.12

RRID: AB_528338

Donkey anti-mouse IgG (H+L) Highly

CrossAdsorbed Secondary Antibody,

Alexa Fluor Plus 488

Thermo Fisher Scientific Cat#A32766; RRID: AB_2762823

Goat anti-Mouse IgG (H+L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor 488

Thermo Fisher Scientific Cat#A-11001;

RRID: AB_2534069

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor 546

Thermo Fisher Scientific Cat# A-11010; RRID: AB_2534077

Anti-rabbit IgG, HRP-linked whole Ab

(from donkey)

Amersham (GE Healthcare) Cat# NA934; RRID: AB_772206

Bacterial and virus strains

DCV (Kemp et al., 2013) N/A (not applicable)

IIV-6 (Kemp et al., 2013) N/A

Chemicals, peptides, and recombinant proteins

5,6-Dichlorobenzimidazole

1-b-D-ribofuranoside (DRB)

Sigma-Aldrich Cat# D1916

CAS Number 53-85-0

a-amanitin (a-aman) Sigma-Aldrich Cat# A2263

CAS Number 23109-05-9

Actinomycin D (ActD) Sigma-Aldrich Cat# A1410

CAS Number: 50-76-0

Cycloheximide (CHX) Sigma-Aldrich Cat# C7698

CAS Number: 66-81-9

Cytosine b-D-arabinofuranoside (AraC) Sigma-Aldrich Cat# C1768

CAS Number: 147-94-4

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Cat# D2650

CAS Number 67-68-5

Flavoperidol (FP) Sigma-Aldrich Cat# F3055

CAS Number 131740-09-5

ML-60218 (RNAPIII inhibitor) Calbiochem Cat# US1557403

CAS Number 577784-91-9

Phosphonoacetic acid (PAA) Sigma-Aldrich Cat# 284270

CAS Number 4408-78-0

TRIzol Reagent Thermo Fisher Scientific Cat# 15596018

Acid phenol-chloroform Thermo Fisher Scientific Cat# AM9720

Phenol:Chloroform:Isoamyl

Alcohol (25:24:1, v/v)

Thermo Fisher Scientific Cat# 15593031

RNaseOUT Recombinant

Ribonuclease Inhibitor

Thermo Fisher Scientific Cat# 10777019

Moloney murine leukaemia

virus (M-MLV) Reverse Transcriptase

Promega Cat# M1701

Hydromount medium National Diagnostics Cat# HS-106

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Hoechst 33342 DNA staining Thermo Fisher Scientific Cat# H-3570

CAS Number: 23491-52-3

Pierce 16% Formaldehyde (w/v),

methanol-free

Thermo Fisher Scientific Cat# 28906

SYBR Safe DNA Gel Stain Thermo Fisher Scientific Cat# S33102

Non-fat dry milk Bio-Rad Cat# 1706404

dNTP Set (100 mM each A,C,G,T) GE Healthcare Cat# 28406552

3 M Sodium Acetate solution Thermo Fisher Scientific Cat# AM9740

Critical commercial assays

SUPERSCRIPT III Thermo Fisher Scientific Cat# 18080044

Power SYBRTM Green PCR Master Mix Thermo Fisher Scientific Cat# 4367659

TruSeq Small RNA Library Preparation Kit Illumina Cat# RS-200-0012

SOLiD total RNA expression kit Thermo Fisher Scientific Cat# 4445374

TruSeq Stranded Total RNA Library

Prep Kit with Ribo-Zero Gold

Illumina Cat# RS-122-2301

RNA 6000 Nano Kit Agilent Technologies Cat# 5067-1511

DNase I (RNase-free) Thermo Fisher Scientific Cat# AM2222

Exonuclease I Thermo Fisher Scientific Cat# EN0581

RNaseOUT Recombinant Ribonuclease Inhibitor Thermo Fisher Scientific Cat# 10777019

Moloney murine leukemia virus (M-MLV)

Reverse Transcriptase

Promega Cat# M1701

Phusion DNA polymerase Thermo Fisher Scientific Cat# F530S

Platinum Pfx DNA polymerase Thermo Fisher Scientific Cat# 11708021

MEGAscriptTM T7 Transcription Kit Thermo Fisher Scientific Cat# AM1334

Dynabeads Protein G Thermo Fisher Scientific Cat# 10003D

Cellfectin II Reagent Thermo Fisher Scientific Cat# 10362100

Penicillin-Streptomycin (100X) Thermo Fisher Scientific Cat# 15070063

GlutaMAX Thermo Fisher Scientific Cat# 35050061

Schneider’s Drosophila Medium Thermo Fisher Scientific Cat# 21720024

Fetal Serum bovine Thermo Fisher Scientific Cat# 12657029

Fetal Serum bovine GE healthcare Cat# SV30160

Deposited data

The raw small RNQ-seq and dsRIP-seq data This manuscript SRA accession number: RJNA768250

Experimental models: Cell lines

Drosophila Kc167 cells Laboratory of Jean-Luc Imler

(Université de Strasbourg)

FlyBase ID: FBtc0000001

Drosophila S2* Laboratory of Richard W. Carthew

(Northwestern University)

FlyBase ID: FBtc9000011

Experimental models: Organisms/strains

D. melanogaster Strain w1118 https://bdsc.indiana.edu/ RRID: BDSC_3605, 5905, 6326

w[1118];loqs[KO]/CyO;P{w+,

FLAG-loqs-PB}/TM3, Sb[1]

(Fukunaga et al., 2012) N/A

w[1118];loqs[KO]/CyO;P{w+,

FLAG-loqs-PB-PD}/TM3, Sb[1]

(Fukunaga et al., 2012) N/A

Oligonucleotides

2 S rRNA Block DNA Oligo: 50-TAC
AAC CCT CAA CCA TAT GTA GTC

CAA GCA/3SpC3/-30

(Wickersheim and Blumenstiel, 2013) N/A

Oligos for ssRT, PCR, dsRNA

synthesis and qPCR assays

This manuscript Table S1

(Continued on next page)

e2 Cell Reports 39, 110976, June 21, 2022

Article
ll

OPEN ACCESS

https://bdsc.indiana.edu/


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Random primers Thermo Fisher Scientific Cat# 48190-011

Software and algorithms

Fiji (ImageJ) (Schindelin et al., 2012) fiji.sc/

Illustrator Adobe www.adobe.com/

Photoshop Adobe www.adobe.com/

Graphpad GraphPad Software Inc. https://www.graphpad.com/

Primer3plus (Untergasser et al., 2012) primer3plus.com/

JBrowse (Buels et al., 2016) jbrowse.org/

Bowtie2 (Langmead and Salzberg, 2012) http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

Bowtie (Langmead et al., 2009) http://bowtie-bio.sourceforge.net/

index.shtml

Cutadapt v1.12 (Martin, 2011) https://cutadapt.readthedocs.io/

en/v1.12/

FASTX-Toolkit http://hannonlab.cshl.edu/

fastx_toolkit/

N/A

PEAR (Zhang et al., 2014) https://cme.h-its.org/exelixis/web/

software/pear/

BEDTools (Quinlan and Hall, 2010) https://bedtools.readthedocs.

io/en/latest/

Zen 3.1 Lite software Carl Zeiss, Inc. https://www.zeiss.com/microscopy/

int/products/microscope-software/

zen-lite.html

R software The R Foundation https://www.r-project.org/

Other

Original codes Eric R. G. R. Aguiar https://github.com/ericgdp/dmel_

and_IIV6

Images of immunofluorescence,

gels, and blots

This manuscript Under request

sRNA-seq from flies and S2 cells

infected with IIV-6 (public data)

Bronkhorst et al., 2012;

Kemp et al., 2013

Table S2

sRNA-seq from cdk9 mutant larvae (public data) Church et al., 2017 Table S2
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jo~ao

Trindade Marques (jtm@ufmg.br).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The raw small RNA-seq and dsRIP-seq data with annotation and identification files have been deposited in SRA: PRJNA768250.

Original codes have been deposited at GitHub: https://github.com/ericgdp/dmel_and_IIV6, and is publicly available as of the date

of publication. Any additional information required to analyze the data reported in this paper is available from the lead contact

upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly stocks and infections
Fly stocks were grown on standard cornmeal-agar molasses at 25�C. Loquacious transgenic flies were described elsewhere (Fuku-

naga et al., 2012). Two transgenic lines expressing loqs specific isoforms were used here: loqs-PD deficient (w[1118]; loqs[KO]/CyO;
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P{w+,FLAG-loqs-PB}/TM3,Sb[1]) and the Control (w[1118]; loqs[KO]/CyO; P{w+,FLAG-loqs-PB-PD}/TM3,Sb[1]) (Fukunaga et al.,

2012). For IIV-6 infections, 4 to 6-day-old female flies were intrathoracic injected (Nanoject II injector; Drummond Scientific) with 5

X 105 TCID50 (w[1118] flies for SOLiD platform sequencing) or 5,000 TCID50 (Control and loqs-PD deficient flies for Illumina platform

sequencing) diluted in 69 nL of non-supplemented Schneider’s medium. The flies were incubated at 25�C and harvested in TRIzol

reagent (Invitrogen). Samples were homogenized using a mini-Beadbeater homogenizer (BioSpec). RNA and DNA were extracted

according to TRIzol’s protocol.

Viruses and cells
Drosophila S2 cells were grown in Schneider’s Drosophila medium supplemented with 10% heat-inactivated Fetal Bovine

Serum (FBS, Gibco), 1X GlutaMAX (Gibco), and 1X penicillin/streptomycin (10 mg.mL�1/10,000 U, Gibco). Cells were incubated

at 25–28�C for regular growth and viral infections.

IIV-6 stock was produced in S2 cells using a multiplicity of infection of 0.001 pfu/cell with incubation for 5–6 days for virus growth.

Cells were disrupted by freezing/thawing and IIV-6 was concentrated in 30% (wt/vol) sucrose cushion by ultracentrifugation. The blue

opalescent IIV-6 pellet was resuspended in 1 X phosphate-buffered saline (1X PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,

1.8 mM KH2PO4 [pH 7.4]) (Sigma) and spun down to remove particle aggregates. IIV-6 titer was determined in S2 cells incubated at

25�C for 8–10 days. IIV-6 Cytopathic Effect (CPE) was daily scored based on the decreasing of cell proliferation, the presence of large

cells and/or cell debris. The Reed–Muench method was applied to calculate the 50% tissue culture–infective dose (TCID50/mL) and

converted to pfu/mL with a conversion factor of 0.7.

DCV stock was prepared from low-passage growth in S2 cells, purified by ultracentrifugation and resuspended in 10 mM Tris

buffer, pH 7.5. The DCV titers were determined by end-point dilution using Drosophila Kc167 cells as previous described (Kemp

et al., 2013). The CPE of DCV-infected cells was monitored and the titers calculated as pfu/mL.

For infections, S2 cells were counted, transferred to conical tubes, and infected with IIV-6, DCV or mock-infected according to

each experimental setup. After infection, S2-infected cells were incubated at 25–28�C with periodic homogenization (10–10 min)

to allow virus adsorption. Cells were then gently spun down at 200 g/4�C/5 min and the medium removed. Cells were resuspended

in fresh Schneider’s medium and seeded into 6 or 24-well plates. Infected cells were incubated at 25–28�C and harvested according

to each experiment setup. Cell pellets were homogenized in TRIzol (Invitrogen) and RNA and DNA extracted according to the man-

ufacturer’s instructions. DCV infections were essentially carried as IIV-6 infections using 1 or 0.1 pfu/cell and harvested at 24 and

48 hpi, respectively.

METHOD DETAILS

Chemical inhibitors
CHX, ActD, DRB, flavopiridol and ML-60218 stocks were prepared in DMSO; BrdU, a-aman, AraC and PAA stocks were prepared in

sterile water. For S2 treatment, ActD (0.01, 0.1 or 1 mg/mL), CHX (10 mg/mL), PAA (100 mg/mL) and AraC (200 mg/mL) were added

concomitantly with IIV-6 infection. DBR (100 mM) and flavopiridol (0.5 mM) were added 15 min and 2 h before IIV-6 infection, respec-

tively. a-amanitin (5 or 50 mg/mL) andML-60218 (6 or 30 mM) were added 4 h before infection. In all cases cells were infected using 10

pfu/cell. After 1 h to allow IIV-6 adsorption, cells were spun down at 200 g/4�C/5 min and fresh Schneider’s medium containing the

same drugs was renewed. DMSO or water were used in control samples and adjusted to the highest dose of the drug. 20 mM BrdU

were added concomitantly with IIV-6 when cells were processed 6 hpi for Immunofluorescence (IFA) or, in the case of 72 hpi, cells

were infected with 0.01 pfu/cell and BrdU was added 2 h prior to cell fixation. To analyze endogenous transcripts, a-amanitin and

ML-60218 were added 10 h before collecting the cells.

DNA isolation from IIV-6 particles and DNA transfection
IIV-6 was extracted from purified particles using Phenol:Chloroform:Isoamyl Alcohol (25:24:1 v/v, Invitrogen) and quantified using a

Multiskan Microplate Spectrophotometer (Thermo). For DNA transfection, 8 mL of Cellfectin II Reagent (Invitrogen) were mixed to

100mL of non-supplemented Schneider medium. Cellfectin solution was mixed with 1 mg of purified IIV-6 DNA (�2000 genomes)

or sterile water (mock) in 125 mL of non-supplemented Schneider medium and incubated for 15 min at Room Temperature (RT).

S2 cells were counted, spun down, resuspended in fresh Schneider’s medium supplemented with 1.5% of FBS in the absence of

antibiotics (plating medium). Then, 23 106 cells were transferred into 6-well plates. The transfection solution was added into S2 cells

with incubation for 3 h and plating medium replaced for complete Schneider medium (10% FBS, 1X Glutamax and 1X antibiotics). In

parallel, S2 cells were infected with IIV-6 using 10 pfu/cell, as described above. Cells were harvested at 6 and 24 h post transfection/

infection for RNA and DNA extraction using TRIzol.

Immunofluorescence (IFA)
Drosophila S2 cells were infected with 0.01 pfu/cell of IIV-6 for dsRNA staining and BrdU labelling (72 hpi) or 10 pfu/cell for BrdU

labelling (6 hpi). 1 h before fixation, S2 cells were homogenized and transferred to coverslips treated with Concanavalin A or Poly-

L-lysine (Sigma) and incubated for 30–60 min to allow cell attachment. Cells were fixed with 4% formaldehyde (Pierce), washed in

1X PBS and permeabilized twice with 0.1% Triton X-100 in 1X PBS (PBSTX) for 10 min. Cells were blocked with 10% of FBS in
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PBSTX (blocking buffer) for 1 h at RT. Primary antibodies were diluted in blocking buffer and incubated with cells at 4�C/overnight.
The antibodies anti-dsRNA 9D5 (Absolute antibody), anti-Drosophila Lamin Dm0 (Developmental Studies Hybridoma Bank) and

anti-BrdU antibody (BD, clone 3D4) were 2000, 200 and 400-fold diluted, respectively. Cells were washed three times with

PBSTX. Secondary Goat IgG (H+L) conjugated with Alexa Fluor 488 (anti-mouse), Donkey IgG (H+L) Alexa Fluor Plus 488 (anti-

mouse) and/or Goat IgG (H+L) conjugated with Alexa Fluor 546 (anti-rabbit) antibodies at 400-fold dilution in PBSTX were associated

to Hoechst 33342 DNA staining (Molecular Probes) and incubated with cells for 1 h at RT. When present, 100-fold diluted Phalloidin

conjugated with Alexa Fluor 488 (Molecular Probes) was added in secondary antibody solution. Cells were washed three times with

PBSTX and rinsed once with 1X PBS. Coverslips were mounted in microscope slides with Hydromount medium (National Diagnos-

tics) and sealed with nail polish. Imaging was performed using adapted settings on a Zeiss LSM880 confocal microscope. Images

were processed in ImageJ and the final panel mounted in PhotoShop (Schindelin et al., 2012).

BrdU labeling of cellular DNA
To label replicative S2DNAwith BrdU, an additional DNA hydrolysis stepwas performed in the immunofluorescence to allow the anti-

BrdU antibody access the protected cellular dsDNA. Fixed S2 cells were treated with 0.5 M HCl for 30 min at RT, the HCl was then

removed and neutralized with 0.1 M sodium borate buffer pH 8.5 for 30 min. The sodium borate buffer was removed from slides and

cells washed with 1X PBS. Subsequent steps were performed as described above for IFA in S2 cells.

In vitro synthesis of dsRNA
PCR products for in vitro synthesis of dsGFP were generated from plasmid templates using primers containing the T7 polymerase

recognition sequence in their 50-ends. PCR products were purified using Phenol:Chloroform:Isoamyl Alcohol (25:24:1 v/v). dsRNAs

were synthesized from purified PCR products using MegaScript T7 transcription kit (Invitrogen), purified using Acid Phenol (Invitro-

gen) and annealed (20 mM Tris-HCl pH7.5, 100 mM NaCl). Size and annealing efficiency were evaluated in 2% agarose gel stained

with Ethidium Bromide.

dsRNA immunoblotting
Total RNA was quantified using Nanodrop (Thermo), mixed to 6X DNA loading buffer (Invitrogen) and then resolved on 3.5% non-

denaturing polyacrylamide gels. Samples were wet transferred to a positively charged nylon membrane (GE) in TBE 0.5X at 35

V/4�C/overnight. The RNAs were crosslinked to the membrane using 120 mJ/cm2 UVC (Stratagene). Membranes were washed

in 1X PBS and incubated in the blocking buffer consisted of PBST (1X PBS and 0.1% Tween-20), 5% of non-fat skim milk (Bio-Rad),

50 mg/mL sheared salmon DNA. After 1 h shaking at RT, blocking buffer was replaced for the primary antibody solution consisting of

PBST, 2%non-fat skimmilk and 1/6000 of recombinant rabbit anti-dsRNA 9D5 antibody (Absolute antibody). Membranes were incu-

bated for 2 h shaking at RT, washed with PBST and incubated for 1 h shaking at RT in the 1/10000 of HPR-linked anti-rabbit antibody

(Amersham) solution (1X PBST, 2% non-fat skimmilk). Themembranes were washedwith PBST and rinsed in 1X PBS. Then, the ECL

substrate (GE) was added to blots according to the manufacturer’s recommendations. Chemiluminescent signals were acquired us-

ing a Fusion FX7 Image System. Data were analyzed with ImageJ software. dsRNA sizes were estimated based on the pattern of

purified dsRNAs from DCV-infected cells in an 1% agarose gel.

dsRNA enrichment by immunoprecipitation (dsRIP)
Total RNAs were isolated by TRIzol, keeping samples at 4�C throughout the process to minimize complementary RNA annealing.

TRIzol-isolated RNAs were diluted in ice-cold IP buffer (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40

(NP-40) (Sigma) and 100 U/mL RNaseOUT (Invitrogen)). The anti-dsRNA J2 antibody (English and Scientific Consulting Hungary,

SCICONS) was combined to total RNAs derived from mock-, IIV-6- and DCV-infected S2 cells. RNA-J2 mixtures were incubated

overnight at 4�C under rotation. Dynabeads Protein G (Invitrogen) were washed with IP buffer and combined with RNA-J2 mixture

at 4�C for 4 h/rotating. Beads were captured in the magnetic stand and 5–8 times washed in IP buffer. RNAs associated to beads

were extracted with TRIzol according to the manufacturer’s recommendation.

DNase I treatment of RNA samples
Briefly, 0.4–10 mg of total RNAs extracted with TRIzol or from dsRIP samples were mixed to 5 mL of 10X buffer (100 mM Tris, pH 7.5,

25 mM MgCl2, 5 mM CaCl2), 2 U RNase-free DNase I (Invitrogen) and nuclease-free water up to 50 mL following incubation at

37�C/30 min. DNase I-treated RNAs were purified with Acid phenol-chloroform (Invitrogen).

RNA analysis: cDNA synthesis, PCR and qPCR reactions
DNase I-treated RNAs were quantified in Nanodrop (Thermo) and used in regular Reverse Transcription (RT) assays. Briefly,

400–1000 ng of RNAs were denatured at 70�C for 5 min and then reverse transcribed using Moloney murine leukaemia virus

(M-MLV) reverse transcriptase. RT reactions without the reverse transcriptase (RT(�)) were performed as controls for genomic

DNA contamination.

dsRNAprecursors from IIV-6Genomic regions 206R-209R and 224L-227Lwere detected using primers aligning to different genes/

ORFs within individual regions. PCR assays were performed using DNA Taq polymerase (Invitrogen) and 100 nM of forward/reverse
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primers. PCR cycling conditions: 95�C for 3 min; 35–40 cycles of 95�C for 30 s, 50�C for 30 s and 72�C for 60 s, and a single step at

72�C for 6min. PCR reactions weremixed to 6X DNA loading buffer (Invitrogen) and then electrophoresed in 1–1.5% (wt/vol) agarose

gels. PCR bands were analyzed by Sybr-safe (Invitrogen) or Ethidium Bromide staining and observed under the UV light.

Quantitative PCR (qPCR) reactions were performed using Power SYBRMaster Mix (Applied Biosystems) and run on CFX384 Real-

Time System (Bio-Rad) or QuantStudio 7 (Applied Biosystems) with the standard cycling programs for Cycle Threshold (Ct) and

melting temperature (dissociation curve) analysis. Data were normalized by the Drosophila housekeeping Ribosomal protein L 32

(RpL32) or U6 RNA (under ActD and ML-60218 treatments) in case of cDNA using the delta Ct method for relative RNA quantifica-

tions. Isolated DNA from infected cells was resuspended in 200 mL of nuclease-free water and 5 mLwere subjected to qPCR reactions

for S2 and IIV-6 genomic DNA (gDNA) quantifications using delta Ct method and IIV-6 gDNA normalized by S2 DNA levels. Primers

were designed using primer 3 plus tool (https://primer3plus.com/) and are described in Table S1.

Strand specific RT
Strand-specific RT (ssRT) assay was adapted from protocols introduced elsewhere (Peyrefitte et al., 2003; Plaskon et al., 2009).

cDNA complementary to the target IIV-6 RNA sequence was synthesized with the specific primer including a 50-tag unrelated to

IIV-6 and Drosophila genomes (Plaskon et al., 2009). Briefly, 400–1000 ng of DNase I-treated, phenol purified RNAs were combined

to 50-tagged strand-specific primers at a final concentration of 0.2 mM, 4 mM dNTP mix (Thermo) in nuclease-free water. The mixture

was incubated at 95�C for 5 min and 52�C for 2 min. The mix containing 12.5 ng/mL of ActD (Sigma), 2 U/mL RNaseOUT (Invitrogen),

SuperScript III (SSPIII) buffer, 5 mMdithiothreitol and 10 U/mL of SSPIII in nuclease-free water was added to samples. ActD was used

to inhibit the synthesis of the second cDNA strand (Perocchi et al., 2007). cDNA synthesis proceeded at 52�C for 55 min, and then

SSPIII was inactivated at 75�C for 15min. Unincorporated primers were removed using 2 U/mL of Exonuclease I mix (Thermo) at 37�C
for 30min and inactivated at 85�C for 5min. PCR and qPCR assayswere performed using the 50-tag primer combinedwith the appro-

priate IIV-6–specific primer. For ssRT-PCR assays, we used proofreading Phusion (Thermo) or Pfx DNA polymerases (Invitrogen) for

amplification. PCR bands were analyzed as described above. RNA levels were determined by the delta Ct method relative to 40 PCR

cycles. Oligos were designed using primer 3 plus tool (https://primer3plus.com/) and are described in Table S1.

Small RNA sequencing
Small RNAs were size-selected (�18–29 nt) from the lowmolecular weight (LMW) RNA fractions on a denaturing PAGE essentially as

described in (Pfeffer et al., 2004). Purified small RNA preparations from wildtype w[1118] flies injected with IIV-6 were used to

construct small RNA libraries using SOLiD total RNA-seq kit (Ambion) and sequenced using the SOLiD platform (Applied Biosystems)

at the Genomics Core of the Feinberg School of Medicine (Northwestern University). Libraries from size-selected small RNA prep-

arations using control and Loqs-PD deficient flies infected with IIV-6 were constructed utilizing the TruSeq Small RNA Library

Prep Kit (Illumina) according to vendor’s protocol. Preparation of small RNA libraries fromS2 cells were not size-selected, but an oligo

that blocked cloning of 2 S rRNA was used instead (Wickersheim and Blumenstiel, 2013). Samples were sequenced on Illumina Hi-

Seq2500 (flies) or HiSeq4000 (S2 cells) sequencers by IGBMCSequencing Platform of Strasbourg/France. Details for sRNA-seq data

from this study and public data are described in Table S2.

dsRNA immunoprecipitation (dsRIP) sequencing
Prior RNA-seq, dsRNAswere enriched in samples from IIV-6-infected cells. 24 mg of TRIzol-isolated total RNAs frommock- and IIV-6-

infected samples were subjected to dsRIP, DNase I-treated (Ambion) and purified with Acid Phenol (Invitrogen). Then, libraries were

cloned with the TruSeq Stranded Total RNA kit (Illumina), using the protocol recommended by themanufacturer. 23 100 nucleotides

paired-end sequencing was performed on an Illumina HiSeq4000 sequencer by the IGBMC Sequencing Platform of Strasbourg/

France (Strasbourg, France).

Analysis of small RNA sequencing datasets
Small RNA-seq analysis was performed essentially as described in (Aguiar et al., 2015) and consisted in (i) filtering reads by phred

quality R20; (ii) adaptor trimming (Cutadapt v1.12) and exclusion of sequences shorter than 15 nt or containing ambiguous bases

(Martin, 2011); (iii) Pre-processed read alignment to Drosophila melanogaster and IIV-6 reference genomes allowing 1 mismatch

(Bowtie v1.1.2) (Langmead et al., 2009); (iv) exclusion of multi-aligned reads and sequences mapping to 2 S rRNA allowing 1

mismatch; (v) normalization of IIV-6 derived siRNAs (20–23 nt) by the total number of reads mapping to D. melanogaster genome

(v6.09) and posterior representation as Reads per Million (RPM). For sRNA datasets from Control and loqs-PD deficient flies, IIV-6

derived reads were normalized either by total reads mapping to D. melanogaster genome (RPM) and by viral RNA loads (average

of geometric means from IIV-6 MCP and 393L RNA levels). miRNAs and endo-siRNAs were normalized by total read mapping to

D. melanogaster genome (RPM). siRNA derived from specific Transposon Elements were mapped to each reference (consensus)

sequence with Bowtie allowing 1 mismatch. Analysis of small RNA size profile, 50 base preference, density of coverage, and addi-

tional data analysis were evaluated using in-house Perl and R scripts. Intersection data were analyzed and plotted with Upset

plot using an R package. The D. melanogaster (v6.09) genome and respective annotation were download from flybase.org and

IIV-6 genome was download from NCBI. Calculation of the relationship among different sRNA-seq data from Illumina sequencing

of IIV-6-infected flies and cells (Bronkhorst et al., 2012; Kemp et al., 2013), as well as SOLiD platform from this study (Table S2),
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was performed dividing the IIV-6 genome into 8-bp bins that were used to determine the density profile for each library. Posteriorly,

each library represented by a vector of bins was compared to each other by a distance-like metric represented as (1 – Pearson’s

correlation). Resulting distance matrix was used to hierarchically clustering of the samples using ‘‘UPGMA’’ as linkage method

that was plotted in a dendrogram. The siRNA density was plotted against IIV-6 genome and visualized using Jbrowse (Buels

et al., 2016). Hierarchical clustering was performed in R using built-in functions.

Definition of genomic regions enriched for siRNAs in the IIV6 genome
To define regions that presumably generate dsRNAs based on siRNA location, the density of siRNAs (the n times that a base was

covered by any read) for each base of the IIV-6 reference genome was calculated and ranked in the different sRNA-seq datasets

(Bronkhorst et al., 2012; Kemp et al., 2013 and SOLiD platform from this study). The top 5% densest bases (95% percentile) were

select in each dataset independently of genomic annotation (gene/Intergenic region). To filter out for bases located in regions asso-

ciated with high density of siRNAs in all datasets, only shared positions among the top 5% densest bases were retained and defined

as siRNA hotspots. Hotspots were then associated with genes (ORFs) and Intergenic regions. Then, adjacent genes/intergenic

regions containing hotspots were visually examined and sites with continuous coverage of siRNAs were merged into 14 genomic

regions with high siRNA densities (hotspot-associated regions) that were separated by 14 hotspot depleted regions with discontin-

uous and low siRNA coverage. For each hotspot-associated or depleted region, themean siRNA density (mean density of nucleotide

coveragewithin the region) was calculated to generate a densitymap of the relative contribution of individual locations to total density

(sum of the density means from hotspot-associated or depleted regions) in each dataset. To analyze enrichment of siRNAs within

individual regions, the number of siRNAs arising from each region was calculated and compared to the expected number of

siRNAs (mean coverage) covering the whole IIV-6 genome using Fisher’s exact test. siRNA abundancies within hotspot-associated

or depleted region were compared between Control and loqs-PD deficient flies using Pearson’s correlation.

Density correlations between sRNA-seq and dsRIP-seq datasets
For dsRNA-seq analysis, paired-end reads were pre-processed using FASTX-Toolkit. Reads scored with phred quality below 20

were discarded (Gordon and Hannon, 2010). Filtered read pairs were merged into longer sequences using the PEAR program (Zhang

et al., 2014). For transcription assessment, merged readswere compared against IIV-6 genome, genes (ORFs) and intergenic regions

using Bowtie2 software and abundance separated by Left (L) and Right (R) genomic strands. For each position on the IIV-6 genome

an R/L density value was attributed based on read coverages on each genomic strand. Using IIV-6 gene annotation, R/L density

counts were redefined as sense/antisense according to the gene orientation. In this analysis, density counts from intergenic regions

were removed, as sense/antisense directionalities could not be determined. The exceptionwas the intergenic region 205R–206R that

separates genomic region 205R from 206R to 209R, where reads mapping to R and L strands were considered sense and antisense,

respectively. For downstream analysis, the density counts in sense/antisense orientations for genomic regions and inter-regions

were calculated as the sum of densities of individual bases and normalized by the sum of gene lengths within each genomic region

or inter-region to generate a density map of sense/antisense transcription. Then, sense/antisense transcription from dsRIP-seq was

compared with siRNA density in genomic regions and inter-regions using Pearson’s correlation. Details for RNA-seq data are

described in Table S2.

Motif analysis
Putative conserved binding sites for transcription factors (Motifs) were predicted using MEME Suite with the variant MEME-CHIP

setting the parameters known motifs to ‘‘Drosophila melanogaster’’, using ‘‘Combined Drosophila Databases’’ and expected motif

distribution to ‘‘Any number of repetitions’’ (Bailey et al., 2015). Comparisons between the genomic position of motifs and hot-

spot-associated regions annotated in the IIV-6 genome, including Fisher’s exact test for co-localization, were performed using flank,

merge, fisher, reldist and closest programs built-in BEDTools package (Quinlan and Hall, 2010).

m6A analysis
Data from m6A methylation sites in Drosophila melanogaster was obtained from previously published datasets (Wang et al., 2021).

Genomic positions of TEs or cis-NAT with methylation sites were compared using intersect program built-in BEDTools package.

Abundance of TEs that co-localize with methylation sites was computed aligning small RNA reads against TE reference with Bowtie

aligner allowing 1 mismatch, considering only 21-nt long reads normalized by Reads Per Million (RPM). To ascertain the origin, only

singlemapping small RNAswere considered. Odds ratio was computed usingMedCalc (https://www.medcalc.org/). Statistics asso-

ciated to proportion of elements within regions containing the m6Amodification was performed using built-in R Fisher’s test with 105

Monte Carlo replicates. Differences in the abundance of 21-nt small RNAs derived from TEs within or outside regions with m6A was

assessed using two-sided Student’s t-test.

Image processing
The images were first processed in Fiji (Schindelin et al., 2012). Briefly, raw Z-stacked images were open in ImageJ software, the

separate channels weremerged, and Z-Project was applied using SumSlices or Average Intensity modes. The Scale bar was added,

the images were flattened and all images from the same batch were combined in the same panel using Stack tools. Images were
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saved in TIFF format and further processed in Photoshop (PS) where contrast and brightnesswere adjusted, and the final panels were

assembled. Magnified views in insets (zooms) are shown as white boxes from the original images, that were further processed in PS.

Scale bars were also adjusted according to magnification boxes in PS to keep zoom ratios. To analyze BrdU foci location related to

nuclear DNA and/or dsRNA distribution, the images were split into separated channels and different slices merged using Z-Project

tool. The Hoechst channel was used to analyze total DNA (cellular + viral DNA). An automatic threshold was applied tominimize noise

while retaining most Hoechst signal. Hoechst areas were automatically selected in ImageJ Analyze Particles. The same procedure

was applied to BrdU, Lamin0 and dsRNA channels. The resulting circularized areas were overlayed onto the multi-channel images

(after applying Z-Project). When the analysis did not provide sufficiently stringent selection, a cut-off area was defined using ImageJ

Analyze Particles for circularity selection. For cross-sections analysis, Multichannel Plot Profile from BAR tools (https://github.com/

tferr/Scripts) in ImageJwas used inmulti-channel composites to analyze the distribution of pixel intensities along a cross-section line.

Airyscan images were analyzed using the Fiji plugin AiryscanJ (https://gitlab.inria.fr/serpico/airyscanj_bin) with pseudoconfocal

processing.

QUANTIFICATION AND STATISTICAL ANALYSIS

Evaluation of statistical significance was performed using R scripts and GraphPad Prism software. We applied the Student t-test,

One-way ANOVA with Dunnett’s test or two-way ANOVA with Tukey’s (comparing all means) or Sidak’s test (comparing specific

groups of means) to analyze statistically differences in DNA and RNA levels for qPCR assays as indicated in figure legends. For

IIV-6 transcripts and replication analysis, data were log-transformed before statistical inference and plotted using non-transformed

values. For bioinformatic analysis, statistical tests were described elsewhere (Aguiar et al., 2015; Marques et al., 2013). Correlation

between dsRIP data and siRNAs were compared with Pearson’s correlation. Fisher’s exact test was used to evaluate Expected/

Observed abundance of siRNAs from hotspots-associated versus depleted regions, the presence of motifs along IIV-6 genome

and m6A presence in host transcripts. Normality test for assessment of density of RNAs was performed using Shapiro’s test. No

statistical methods were used to pre-evaluate sample size.

Data and software availability
All the data are available from the authors upon request.
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