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The testis transcriptome is highly complex and includes RNAs that potentially hybridize to form double-stranded RNA

(dsRNA). We isolated dsRNA using the monoclonal J2 antibody and deep-sequenced the enriched samples from testes

of juvenile Dicer1 knockout mice, age-matched controls, and adult animals. Comparison of our data set with recently pub-

lished data from mouse liver revealed that the dsRNA transcriptome in testis is markedly different from liver: In testis,

dsRNA-forming transcripts derive from mRNAs including promoters and immediate downstream regions, whereas in

somatic cells they originate more often from introns and intergenic transcription. The genes that generate dsRNA are sig-

nificantly expressed in isolatedmale germ cells with particular enrichment in pachytene spermatocytes. dsRNA formation is

lower on the sex (X and Y) chromosomes. The dsRNA transcriptome is significantly less complex in juvenile mice as com-

pared to adult controls and, possibly as a consequence, the knockout of Dicer1 has only a minor effect on the total number of

transcript peaks associated with dsRNA. The comparison between dsRNA-associated genes in testis and liver with a report-

ed set of genes that produce endogenous siRNAs reveals a significant overlap in testis but not in liver. Testis dsRNAs also

significantly associate with natural antisense genes—again, this feature is not observed in liver. These findings point to a

testis-specific mechanism involving natural antisense transcripts and the formation of dsRNAs that feed into the RNA in-

terference pathway, possibly to mitigate the mutagenic impacts of recombination and transposon mobilization.

[Supplemental material is available for this article.]

Themammalian testis displays the highest transcriptome diversity
of all organs, even exceeding that of brain (Werner et al. 2007;
Soumillon et al. 2013). All transcript categories including pro-
tein-coding and noncoding RNAs as well as antisense transcripts
are overrepresented in testis. Many of even highly expressed pro-
tein-coding transcripts are not translated (Wang et al. 2019), sug-
gesting that the RNA itself or the process of transcription fulfills
a biological role.

A family of RNAs that is prominently expressed in the testis
are natural antisense transcripts (NATs). NATs are fully processed
RNAs, that is, spliced, polyadenylated, and capped, that are pro-
duced from the opposite strand of protein-coding genes and share
sequence complementarity with the related sense transcript
(Faghihi and Wahlestedt 2009; Zinad et al. 2017). Depending on
sequencing depth and data processing, 40% or more of all pro-
tein-coding genes in humans produce NATs; a further hallmark
of which is the significant underrepresentation of NATs on mam-
malian X Chromosomes. The sequence complementarity between
sense and antisense transcripts and the prevalence of NATs suggest
that double-stranded RNA (dsRNA) formation may be common,

especially in testis with its complex transcriptome (Kiyosawa
et al. 2003; Chen et al. 2004).

dsRNA formation is, in theory, a frequent event in mammali-
an cells, not only as a result of widespread NAT expression but also
of pervasive transcription from repetitive regions of the genome
and bidirectional transcription of mitochondrial DNA (Kim et al.
2019). The formation of endogenous dsRNA, however, conflicts
with the cell’s defense system against viruses, which is geared to
recognize dsRNA. The dilemma appears to be solved, at least in
somatic cells, by tight containment of dsRNA within mitochon-
dria as well as efficient transcriptional repression of repetitive ele-
ments and retention of spurious transcripts in the nucleus (Dhir
et al. 2018; Kim et al. 2018). A breakdown of these defense mech-
anisms, for example, by an increased transcription of nuclear ele-
ments with sequence complementarity or reduced removal of
mitochondrial dsRNA, has potentially catastrophic consequences
for a cell and possibly the entire organism. A cytosolic accumula-
tion of dsRNA is typical of viral infection and triggers a strong in-
flammatory response. Accordingly, stimulation of dsRNA sensor
proteins, such as interferon induced with helicase C domain 1
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(IFIH1, also known asMDA5), eukaryotic
translation initiation factor 2 alpha ki-
nase 2 (EIF2AK2, also known as PKR),
adenosine deaminase RNA specific
(ADAR), DExD/H-box helicase 58
(DDX58, also known as RIG-I) has been
reported in response to various stressors
that affect mitochondrial integrity or re-
duce transcriptional repression by DNA
methylation (Hur 2019).

Because testis represents an immu-
nologically privileged environment, the
effects of dsRNA formationmay be differ-
ent in male germ cells as compared to
somatic tissues (Zhao et al. 2014). Hence
high levels of dsRNA formation as a result
of pervasive transcriptionmay be tolerat-
ed in male germ cells and have a specific
purpose there. We have previously sug-
gested an evolutionary mechanism in-
volving antisense transcription, dsRNA
formation, and endogenous siRNA
(endo-siRNA) production to parse a via-
ble sperm population from those that
suffered catastrophic mutagenic events
during recombination and transposon
mobilization (Werner et al. 2009, 2015).
The hypothesis is supported by the re-
cent finding that the complex transcrip-
tome in testis results in lower mutation
rates in genes that are expressed during
spermatogenesis (Xia et al. 2020).

Male germ cells display a highly
complex transcriptome that potentially
produces intermolecular dsRNA struc-
tures. Here, we enriched and sequenced
dsRNA from mouse testis and compared
it to a similar data set from somatic liver cells. We aimed to estab-
lish potential differences between the dsRNA transcriptome of
male germ cells versus somatic (liver) cells. We then sought to es-
tablish whether dsRNA is a substrate for DICER1 to generate endo-
siRNAs (endo-siRNAs) and if natural antisense transcripts coex-
pressed with the cognate sense transcripts contribute form detect-
able levels of dsRNA.

Results

dsRNAs are enriched in mouse testis

Testes show themost complex transcriptome of all organs inmam-
mals including a comprehensive array of natural antisense tran-
scripts. We hypothesized that such transcriptional complexity
may result in substantial formation of dsRNA that can be isolated
using the dsRNA-specific antibody J2 (Dhir et al. 2018). Because
RNA extraction methods introduce, depending on the particular
methodology, either a significant positive or negative bias toward
dsRNA, antibody pull-down of dsRNAwas performed without pri-
or RNA extraction. A hybridized sense–antisense transcript pair
(slc34a2a/slc34a2aas) from zebrafish (Nalbant et al. 1999) was add-
ed to the tissue lysate as a spike-in probe (Fig. 1A).

Testes of eight mice were used in the study: three juvenile
(18 d old) wild-type (WT) mice, three age-matched male germ

cell–specific Dicer1 knockout animals (Zimmermann et al. 2014),
and two adult WT control mice. After incubation with the J2 anti-
body, both bound dsRNA and the flowthrough were sequenced.
A total of 18.44 million reads were obtained from the antibody-
bound samples (RIP) and 73.30 million reads from the flow-
through (FLOW); of these, 10.16 and 54.52 million reads, respec-
tively, mapped uniquely to the mouse reference genome
(Supplemental Table S1). The reads derived from the spike-in probe
were almost entirely found in the RIP samples, although in some
samples in very low numbers, indicating a comparably shallow
read depth (Fig. 1C). Nevertheless, the significant enrichment of
the dsRNA probe in the RIP samples confirmed the validity of
the protocol and the specificity of the antibody.

Figure 2 includes two examples of aligned reads from a J2-en-
riched sample (R2) and a total RNA-seq testis experiment (Pervou-
chine et al. 2015), showing a cluster including the genesGm37600,
Bzw1, Clk1, Ppil3, Nif3l1, Orc2, Gm15834, Fam126b, and Ndufb3
(194 kbp) that potentially form dsRNA on several occasions (Fig.
2A). The pattern is reflected in the total RNA-seq testis sample.
The reads are not enriched in double-stranded regions, in line
with the experimental procedure that recovers the entire tran-
scripts that form hybrids and not only the complementary
regions. An adjacent cluster (Aox4, Gm15759, Aox2) with poten-
tially overlapping transcripts is not expressed, hence no dsRNA
was detectable. On the other hand, Kcnq1ot1 shows reads on
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Figure 1. Experimental strategy to characterize the dsRNA transcriptome of mouse testis. (A) Testes
from three groups of animals were collected, including 18-d-old wild-type and Dicer1 knockout mice
as well as adult mice (4–6 mo old). The dsRNA was immune purified using the specific J2 antibody
and both bound and unbound RNA samples were sequenced. (B) Two quantification methods were ap-
plied to call expressed genes; (1) peak calling using BEDTools (Quinlan and Hall 2010) followed by quan-
tification using DESeq2, and (2) the RNA-seq pipeline in SeqMonk (https://www.bioinformatics
.babraham.ac.uk/projects/seqmonk/) that quantifies exon mapping reads and returns RPKM values.
Both pipelines yield lists of gene coordinates in BED/bedGraph format. (C) Enrichment of the spike-in
probe in the J2 treated samples. Reads per million of the spike-in probe in the J2 immuno-enriched sam-
ples (RIP) versus the flowthrough samples (FLOW). The dots represent results from the eight different
samples. t-test confirmed a significant accumulation of dsRNA in the J2-enriched samples.

Werner et al.

2 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on January 26, 2022 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.265603.120/-/DC1
https://www.bioinformatics.babraham.ac.uk/projects/seqmonk/
https://www.bioinformatics.babraham.ac.uk/projects/seqmonk/
https://www.bioinformatics.babraham.ac.uk/projects/seqmonk/
https://www.bioinformatics.babraham.ac.uk/projects/seqmonk/
https://www.bioinformatics.babraham.ac.uk/projects/seqmonk/
https://www.bioinformatics.babraham.ac.uk/projects/seqmonk/
https://www.bioinformatics.babraham.ac.uk/projects/seqmonk/
http://genome.cshlp.org/
http://www.cshlpress.com


B

A

Figure 2. Genome browser snapshots (SeqMonk) of representative examples of dsRNA-associated gene clusters. Two individual data sets with high read
coverage from adult murine kidney (R2 and GSM900193) (Pervouchine et al. 2015) are shown. The upper panels represent the dsRNA-enriched sample
(R2), the lower panels represent testis RNA (GSM900193). (A) The cluster encompassing the genes Bzw1, Clk1, Ppil3, Nif3l1, Orc2, Gm15834, Fam126b,
and Ndufb3 shows reads mapping to both strands in exons of the related genes, although at low levels. There are hardly any regions that contain reads
in both orientations. The adjacent cluster, also containing genes with complementary exons is not expressed. (B) Snapshot of the parentally imprinted
Kcnq1 gene. The protein-coding sense transcript is not expressed in males; however, the related antisense transcript is expressed, and reads in both ori-
entations are detected. This could be the result of intramolecular dsRNA formation by SINE and LINE elements enriched in this region. The blue bars rep-
resent the + and the red bars the – strand.
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both strands with minimal expression of
Kcnq1, possibly due to the clustering of
LINE and SINE elements in Kcnq1ot1
that can form intramolecular dsRNA
(Fig. 2B). Moreover, the read pattern is
different between the J2-enriched and
the total RNA-seq samples.

dsRNAs derive from testis- and liver-

specific genic regions on autosomes

To characterize a comprehensive dsRNA
transcriptome we pursued two strategies,
one focusing on read peaks and the other
on gene expression (Fig. 1B). The first one
involved peak calling using genome cov-
erage (genomecov, BEDTools) (Quinlan
andHall 2010), and calls fromall samples
were combined followed by the identifi-
cation of genes associated with peaks.
Combined reads from all eight samples
were visualized per chromosome in rela-
tion to gene density (Fig. 3A). The dsRNA
read depth follows the pattern of protein-
coding gene density indicating that tran-
scripts from these genes give rise to
dsRNAs (Fig. 3A). Peaks that reached a
threshold of five times more than back-
groundorhigherwere thenannotatedus-
ing ChIPpeakAnno (Zhu et al. 2010), and
the genomic coordinates were compiled
(Fig. 3B). Peaks were predominantly asso-
ciatedwithprotein-coding sequences, in-
cluding regulatory features such as
promoters, exons, and flanking regions
confirming the matching appearance of
read and gene densities in Figure
3A. The proportion between peaks in ex-
ons versus introns was 7.2 to 1. A total
of 3328 peaks were detected on auto-
somes, 128 on the X, and 13 on the Y
Chromosome, respectively, indicating a
bias against the sex chromosomes. The
vast majority of these peaks (97.2%)
were associated with protein-coding and
a few noncoding genes, whereas only
2.8%ofpeakswere found in intergenic re-
gions. The sex chromosomes showed a
comparable trend (97.6 vs. 2.4% on the
X Chromosome and 84.6 vs. 15.4% on
the Y Chromosome) (Fig. 3; Supplemen-
tal Table S2).

To investigate a potential difference
between male germ cells and somatic
cells, we used our pipeline to analyze a
published data set from mouse fetal liver
including J2-enriched samples and an input control (Gao et al.
2020). The experiments revealed a significantly different distribu-
tionof loci associatedwithdsRNA, particularly in peaknumbers as-
sociated with exons versus introns. In testis the proportion was
37.3% to 5.2% compared to liver with 14.4% and 37.8% of total
peaks, respectively (Fig. 3B). The overall difference between the

two samples is highly significant (χ2, 89.92, P-value =3.13×
10−17). An additional difference between male germ cells and
somatic cells concerns the 5′ flanking regions, which are associated
with 4% of dsRNA peaks in testis but <1% in mouse liver, respec-
tively. The sex chromosomes are distinct from autosomes in two
features relevant to dsRNA formation, specifically repetitive

B

A

Figure 3. dsRNA transcriptomeof combinedmouse testis samples and liver. (A) Chromosomal distribu-
tion of dsRNA reads from testis. The dsRNA reads are in red; annotated protein-coding and noncoding
genes ingreenare for comparison. dsRNA reads andgenes showacomparablepattern. Sex chromosomes
display less dsRNA compared to autosomes. The bars represent dsRNA read- or gene density per million
bases. (B) J2 antibody enriched reads from mouse testis and liver were aligned and quantified; the input
frommouse liver served as a control. The resulting peakswere then annotated to biotypes (color-coded as
indicated) usingChIPpeakAnno. Features related to the regulation or the structure of annotated transcripts
(promoters, exons, UTRs, and immediate downstream regions; GENCODE.vM20.annotation.gff3) are
shaded in brown. Introns and intergenic regions are in shades of blue. Promoters encompass 1000 bp up-
stream of the transcription start; “immediate downstream” includes 1000 bp downstream from the tran-
script end. Autosomes and sex chromosomes are displayed in separate columns because sex
chromosomes are enriched in repetitive elements and depleted in natural antisense transcripts, both of
which are associatedwith dsRNA formation. The pipeline is described in theMethods andgraphically out-
lined in Supplemental Figure S1.

Werner et al.

4 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on January 26, 2022 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.265603.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.265603.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.265603.120/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com


elements are enriched, whereas antisense transcripts are depleted,
and both features are associated with dsRNA formation. However,
neither in mouse testis nor liver was a significant difference
in peak-associated biotypes between sex chromosomes and auto-
somes observed. On the other hand, both J2-purified samples
showed a distinct biotype distribution when compared to mouse
liver input control (P< 0.001). Promoter-associated peaks are en-
riched in the input sample (39.4% vs. 11.6% liver autosomes or
22.2% testis autosomes in J2-purified samples) possibly related to
shorter, promoter-associated transcripts that do not form dsRNA
(Preker et al. 2008; Djebali et al. 2012). These results confirm that
male germ cells and somatic cells produce a notably different set
of transcripts that form dsRNA: Inmale germ cells, the clearmajor-
ityof reads are associatedwithexonsor regulatory sequencesofpro-
tein-coding genes. Conversely, in somatic cells, introns and
intergenic regions of the genome contribute to ∼50% or more to
the dsRNA transcriptome.

dsRNAs are highly abundant in pachytene spermatocytes

Because themajority of dsRNA-related read peaks in testis associate
with annotated genes, we generated a list of the expressed tran-
scripts using the RNA-seq quantitation pipeline in SeqMonk
with a cutoff of eight timesmore than background and a “present”
call in at least six of the eight samples. This approach produced a
set of 3275 genes that form dsRNA in testis. Again, genes on the
sex chromosomes are significantly underrepresented in this list
(42 on the X Chromosome and one on the Y Chromosome vs.
3232 on autosomes) (Supplemental Table S2).

We used this list to obtain an impression ofwhether the genes
associated with dsRNA formation show tissue-specific expression
using publicly available transcriptome data (brain cortex, frontal
lobe, cerebellum, lung, colon, spleen, kidney, bladder, heart, liver,
and testis) (Pervouchine et al. 2015) as well as from staged develop-

ing male germ cells (premeiotic, pachytene, secondary spermato-
cytes, round spermatids) (da Cruz et al. 2016); round spermatids,
elongated spermatids, and spermatozoa) (Zuo et al. 2016).
Among the compilation of different tissues, testis expressed the
highest proportion of dsRNA-forming genes with 27.6% versus
23.5–27.2% in other tissues (Fig. 4A). The percentage of expressed
dsRNA-forming genes was elevated in isolated, developing male
germ cells (33.3 ±3.1%) and particularly in pachytene spermato-
cytes with a proportion of 58.1% (P= close to 0) (Fig. 4B). Of
note, the number of genes with positive calls is clearly reduced in
pachytene spermatocytes and spermatozoa as compared to other
stages. Despite the fact that the pipeline may only identify one
transcript of a pair that forms dsRNA, the significant accumulation
of mRNAs that form dsRNA (with an unidentified complementary
transcript) in pachytene spermatocytes supports our focus on testis
and suggests a biological role for dsRNA in this particular cell type.

Wetested four lociwithestablishedcomplementary senseand
antisense transcripts by RT-qPCR. Loci that contained a protein-
coding gene and also produced a spliced, lowly expressed antisense
transcript that shares complementarity in exons with the sense
gene were selected. We designed four primer pairs for each sense–
antisense pair that amplify fragments from noncomplementary
and complementary regions of the mRNAs (Supplemental Fig.
S2). Bidirectional transcription of the four loci was confirmed
with a general trend that protein-coding sense transcripts are ex-
pressed at higher levels. Expression levels determined by RNA-seq
and RT-qPCR did not correspond well, likely because RT-qPCR fo-
cuses on specific small regions, whereas RNA-seqquantification in-
tegrates the entire transcript.

The analysis of the dsRNA transcriptome has so far estab-
lished that dsRNA is significantly more prevalent in testis, particu-
larly in pachytene spermatocytes, than in somatic cells. Moreover,
dsRNA in testis derives from annotated genic regions rather than
intergenic sequences and introns.

B
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Figure 4. Expression of potentially dsRNA-forming genes in various mouse tissues and stagedmale germ cells. (A) Bar graph indicating the total number
of expressed genes (100%, indicated above the bars) and the percentage of dsRNA-forming genes within the colored, lower part of the bars. Brown and red
areas reflect the proportion of genes that form dsRNA in testis (dsRNA-associated genes), and the light gray areas are expressed genes without evidence of
dsRNA. The different colors represent the data sets from Pervouchine (light brown), da Cruz (red), and Zuo (brown) (Pervouchine et al. 2015; da Cruz et al.
2016; Zuo et al. 2016). (B) Compilation of all the values presented in A. Box plot indicating the median (solid black line) and 25th and 75th percentiles as
box limits. Whiskers show 1.5 times the interquartile range; pachytene spermatocytes represent a clear outlier. χ2 test was performed, and related P-values
are indicated.
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dsRNAs are associated with endo-

siRNAs and antisense transcripts

Significant levels of endogenous siRNA
have been reported in testis, suggesting
that the dsRNA may be processed by
Dicer1 into endo-siRNAs (Song et al.
2011). To test this hypothesis, we first
compared a published endo-siRNA data
set from mouse testis (Hilz et al. 2017)
with our dsRNA data. Moreover, we as-
sessed the dsRNA transcriptome from ju-
venile, male, germ cell–specific Dicer1
knockout (KO) mice and age-matched
wild-type littermate controls on the as-
sumption that DICER1 may be involved
in dsRNA processing. Reads were aligned
and expression quantified using the
pipeline for peak calling as applied previ-
ously for the testis and liver data sets. To
determine overlapping regions, the coor-
dinates of genes associated with dsRNA
and with endo-siRNA were intersected
using the online tool BedSect (https://
imgsb.org/bedsect/) (Mishra et al.
2020).We compared the dsRNA-associat-
ed genes frommouse testis (3492 entries)
and liver (RIP, 4900 entries, and input
control, 4061) to the published data set
of endo-siRNAs (3712 entries) in testis
(Hilz et al. 2017) as well as to a list of an-
notated natural antisense genes (2991
entries, Ensembl BioMart).

The coordinates of 1000 randomly
selected dsRNA genes from mouse testis
and liver were intersected with endo-
siRNA-associated genes. The number of
genes with dsRNA and endo-siRNA for-
mation was comparable in mouse liver
J2-enriched samples and input control
(401.2 ±15.2 vs. 401.4±11.4 per 1000
genes) but significantly different from a
set of genes associated with dsRNA reads
in testis (468.3 ±11.2; P< 0.0001) (Fig.
5A). This result was confirmed by com-
paring normalized reads in mouse testis RIP and FLOW samples.
The RIP samples displayed about 10 times as many normalized
reads that intersected with siRNAs signals as counted with the
FLOW samples (140.04 vs. 15.37 RPKM, P<0.0001, respectively)
(Fig. 5B). Three chromosomes showed higher counts in the
FLOWsamples (Chr 1, 3, and 10) caused by highly expressed peaks
that skew the otherwise “normal” proportion (Supplemental Fig.
S3). Of note, X and Y Chromosomes display a significantly lower
number of dsRNA reads that correlate with endo-siRNAs (Fig. 5B).

We then interrogated the two dsRNA-enriched samples from
mouse testis and liver (same data sets as for the endo-siRNA anal-
ysis) for a potential association with natural antisense transcripts.
The coordinates of antisense genes (2991) were intersected with
1000 randomly selected dsRNA-associated genes frommouse testis
and liver (3492 and 4900 genes, respectively). Again, the input
sample from mouse liver was used as a control. As shown in
Figure 5C, both dsRNA-enriched samples (testis and liver) are

associated with antisense transcripts, although in testis the
link is clearly more pronounced (input control 148.3 ±12.3 vs.
168.9± 10.2 and 237.8 ±11.4, liver and testis, respectively).
Moreover, the association between dsRNA and antisense tran-
scripts was significantly higher in the J2-enriched as compared
to the FLOW samples (P<0.0001) (Fig. 5D).

The second strategy to investigate a potential link between
dsRNA and endo-siRNA focused on the dsRNA transcriptome
from juvenile, male germ cell–specific Dicer1 knockout (KO)
mice and age-matchedwild-type littermate controls. The late phas-
es of spermatogenesis are severely disrupted in Dicer1 KO mice
(Korhonen et al. 2011); therefore, we used testes from 18-d-old ju-
venile mice before the onset of spermatogenic defects.

In general, the dsRNA transcriptome was comparable be-
tween juvenileWT andDicer1 KOmice (316 vs. 364 peaks) but sig-
nificantly less complex than in adultWTmice (3461 peaks). Again,
the peaks are predominantly associated with protein-coding

BA
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Figure 5. Reads in J2-enriched samples that intersect with endo-siRNAs (Hilz et al. 2017) and antisense
transcripts. Samples from testis and liver as well as the flowthrough (FLOW)were analyzed, the upper pan-
el (A,B) showing the overlap with siRNA forming genomic regions, the lower panel (C,D) with antisense
genes. (A) Number of intersected genes per 1000 genes, dsRNA samples from testis show significantly
more genes that generate endo-siRNAs than both J2-enriched samples and input control from liver.
(B) Normalized number of fragments on individual chromosomes per megabase in combined RIP sam-
ples from mouse testis as compared to FLOW samples. Each dot represents a specific chromosome; the
box plot indicates the median, 25th, and 75th percentiles as box limits and 1.5 times the interquartile
range (whiskers); Chromosomes 1, 3, and 10 are clear outliers in the FLOW samples (Supplemental
Fig. S3). The sex chromosomes tend to show a lesser overlap between dsRNA and endo-siRNA formation
even if the lower number of dsRNA peaks is considered. (C) Number of dsRNA-forming genes intersected
with antisense genes. The coordinates of 2991 antisense genes were retrieved and lists of 1000 randomly
selected genes were intersected with lists from testis (1000 of 3492) and liver (1000 of 4900 J2 and 1000
of 4061 input control). The dsRNA-associated genes in both testis and liver are significantly associated
with antisense genes (P<0.0001 and P<0.005, respectively). (D) Total number of reads on individual
chromosomes per megabase in combined RIP and FLOW samples that intersect with antisense tran-
scripts. The box plot gives the median, 25th, and 75th percentiles as box limits and 1.5 times the inter-
quartile range (whiskers); Chromosome 16 represents an outlier in the FLOW samples.
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sequences, with <10% mapping to introns or intergenic regions
(Fig. 6A). However, almost half of the genes (148) were differen-
tially expressed: 95 were significantly overexpressed (P≤0.05),
and 53 were suppressed inDicer1 KO animals (Supplemental Table
S3). Of note, none of the 148 genes mapped to the mitochondrial
genome, which produces the highest density of dsRNA. The peak
finding pipeline applied to the WT and Dicer1 KO samples failed
to establish significant differences in dsRNA peak occurrence
(Fig. 6A). We next overlapped the genomic regions of J2-bound
peaks in the three data sets (juvenile WT, Dicer1 KO, and adult
WT mice). We found 144 genes to be present in all three data
sets and only 44 and 17 peak-associated genes solely present inDic-
er1 KO or juvenile WT controls, respectively (Fig. 6B). To test
whether the data sets from juvenile mice were associated with ei-
ther siRNAs or antisense genes, we intersected the list of coordi-
nates with the previously described set of siRNA and antisense
genes. As shown by the upset plots there are more dsRNA peak-as-
sociated genes in both the siRNA and antisense list for the samples

fromDicer1KOmice versusWT (77 vs. 30
siRNA and 16 vs. 7 antisense, respective-
ly); notably, the numbers are very small
(Fig. 6C,D). To assess whether the juve-
nile animals showdifferences in the asso-
ciation between dsRNA and endo-siRNA/
antisense seen for the total dsRNA data
set, we intersected Dicer1 KO and WT
samples with the endo-siRNA and anti-
sense gene coordinates and compared it
to size-matched control sets of random
dsRNA-associated genes. Figure 6, E and
F, indicate that the overlap between
dsRNA genes and siRNA-related genes is
comparable between adult and juvenile
animals, whereas the juvenile data sets
contain clearly less antisense-associated
peaks (P<0.001). Of note, these experi-
ments involved juvenile mice, and the
complexity of the dsRNA transcriptome
is expected to increase with age as may
the contribution of DICER1 in process-
ing dsRNA (Björkgren and Sipilä 2015).

dsRNA formation is essential for male

germ cell development

Finally, we generated a parsed list of
dsRNA genes by intersecting the two
dsRNA lists from testis (1893) (Fig. 1B;
Supplemental Table S2). We used this
list of dsRNA-related genes to assess phe-
notypic consequences of a single gene
knockout (Fig. 7). The same approach
was performed with the dsRNA-associat-
ed genes in liver as a comparison. We
also examined the extent to which
dsRNA-forming genes contributed to
specific phenotypes on the background
of genes expressed in testis (Pervouchine
et al. 2015) using Genomic Regions En-
richment of Annotations Tool (GREAT)
analysis (McLean et al. 2010).

In general, the knockout of dsRNA
genes had a strong influence on cellular and embryonic develop-
ment related to the investigated tissue, that is, sperm develop-
ment in testis (Fig. 7A,B; Supplemental Table S4). The knockout
of genes present in both data sets (1759) was predominantly as-
sociated with defects in embryonic development (Supplemental
Fig. S4). The same approach with the liver input control, again,
showed an enrichment of developmental phenotypes, reflecting
a tightly regulated transcriptional program rather than a particu-
lar role of dsRNA formation (Supplemental Table S4). When the
dsRNA-generating genes in testis were assessed for enrichment
on a testis transcriptome background, traits related to sperm mor-
phology, male germ cell apoptosis, and developmental arrest
constituted the first 12 entries of a list of 14 terms that showed
significant enrichment (Fig. 7C). These findings suggest that
dsRNA formation may constitute an essential checkpoint for
male germ cell development.

We made a considerable effort to visualize dsRNA in adult
mouse tissue by fluorescence immunohistochemistry using the

E

F

BA

C

D

Figure 6. dsRNA formation in juvenileDicer1 KOmice and age-matched wild-type controls. (A) dsRNA
peaks in the three samples (Adult WT, Dicer1 KO, and WT) were annotated to biotypes using
ChIPpeakAnno: Promoter, 5′ UTR, exon, 3′ UTR, immediate downstream (1000 bp) are in shades of
brown, and introns and intergenic regions are in shades of blue. (B) Venn diagram depicting the genes
associatedwith dsRNA peaks inDicer1 KO,WT, and adult mouse testis and the overlaps between the sam-
ples. (C) The coordinates of genes associated with peaks in Dicer1 KO samples and WT controls were in-
tersected with the coordinates of siRNA-associated genes (in red) (Hilz et al. 2017) and antisense genes
(in blue) in D, respectively, and visualized in upset plots. In both cases, the Dicer1 KO specific genes show
greater association with siRNA-associated and antisense genes (siRNA 77 vs. 30, antisense 16 vs. 7). (E)
Number of dsRNA-associated genes in Dicer1 KO and WT controls that intersect with siRNA-associated
genes, compared to an average of 10 size-matched random samples from the total dsRNA gene set.
(F) Number of dsRNA-associated genes in Dicer1 KO and WT controls that intersect with antisense tran-
scripts compared to the control total dsRNA gene set. Significance was determined by one-sample t-test.
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J2 antibody. However, the signal did not reach the detection limit.
As a positive control, we used cultured cell lines (A375 and
CCD1106) and treated the cells either with the dsRNA analog
poly I:C or stressed them with azacytidine to provoke endogenous
dsRNA production. Both procedures resulted in clearly enhanced
staining with the J2 antibody, confirming on the one hand the

specificity of the antibody and on the other suggesting that the
level of endogenous dsRNA is low and spatially dispersed (Supple-
mental Fig. S5). An additional limitation of this study is the differ-
entmouse strains used for J2 enrichment of dsRNA. The processing
of dsRNA and its role in innate immunity are well-established and
generally conserved in vertebrates. Therefore, it is unlikely that

B

A

C

Figure 7. Consequences of dsRNA-associated gene deletion onmouse phenotypes using GREAT (McLean et al. 2010). Only the Gene Ontology “Mouse
Phenotype Single knockout” is shown. The list of the top 20 enriched terms of the other gene ontologies is given in Supplemental Table S4. (A) The parsed
list of 1893 genes that form dsRNAwas tested for enrichment against all protein-coding mouse genes (21,395). The mouse phenotype single KO database
contains 9170 entries that cover 9466 or 44% of all genes. (B) Phenotypes enriched after knockout of dsRNA genes expressed in mouse liver on the back-
ground of all genes. (C) Phenotypes enriched after knockout of dsRNA genes expressed inmouse testis (1888 genes or 16%) on a background of genes that
are expressed in testis (11,649).
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strain-specific differences account for the reported differences be-
tween the analyzed data sets.

To conclude, wehave shown that the dsRNA transcriptome in
testis is fundamentally different from that in liver. Moreover, our
evidence suggests that the dsRNA structures are formed between
natural sense–antisense transcripts, recognized by DICER1, and
processed into endo-siRNAs. These findings corroborate a testis-
specific biological role of dsRNA for which the dsRNA structure
of the molecule is the key determinant for function rather than
the protein-coding potential of the particular genes.

Discussion

The highly complex transcriptome of testis appears to greatly ex-
ceed the demands of functioning simply as a (reproductive) organ
(Soumillon et al. 2013). Various explanations have been offered,
ranging from transcriptional fallout after DNA demethylation to
RNA- or transcription-dependent genomic quality control (Wer-
ner et al. 2015; Xia et al. 2020). The recent findings that genes tran-
scribed during sperm development show lower mutation rates
than silent loci strongly support the latter hypothesis and empha-
size the role of transcription and transcription-related repair (Xia
et al. 2020). However, no mechanistic insights to underpin such
biological role have been reported so far. Our investigations here
suggest a mechanism during sperm development that involves
dsRNA formation from genic regions including natural antisense
transcripts followed by processing into endo-siRNAs. Failure of
the mechanism appears to interfere with sperm development
and promote apoptosis of male germ cells.

Analysis of the dsRNA transcriptome of fetal mouse testis and
liver indicates that mitochondria contribute substantially to the
dsRNA transcriptome (Dhir et al. 2018; Kim et al. 2018); converse-
ly, nuclear transcripts that form dsRNA show significant differenc-
es regarding their origin (Fig. 3B). In testis, >90% of dsRNA-
forming transcripts are associated with mRNA features, including
promoters as compared to 58% in liver. The difference suggests
that fully processed mRNAs significantly contribute to the forma-
tion of dsRNA in testis. Our analysis indicated that dsRNA forma-
tion in testis occurs in pachytene spermatocytes, whereas the
cellular origin of dsRNA in liver is less clear. The observation that
the knockout of dsRNA-forming genes in liver is associated with
developmental defects indicates that dsRNA formation in undiffer-
entiated cells may play a biological function. Accordingly, stem
cells tolerate dsRNA in the cytoplasm without triggering an im-
mune response (Wang et al. 2013).

A recent study has compared single-cell sequencing from
mouse and human male germ cells and found comparably high
levels of genic transcription in both species, predominantly in
spermatocytes and round spermatids (Xia et al. 2020). Of note,
these are also the stages identified in this study that express the
highest proportion of dsRNA-forming genes. The particular and
prominent expression of dsRNA inmale germ cells raises the ques-
tion whether oocytes show a comparable expression pattern.
Studies using genetically modified mice with mutations in retro-
transposon defense mechanisms have identified three specific
pathways that protect the oocyte genome, including piRNAs,
RNA interference, and transcriptional silencing mechanisms con-
trolling LINE-1 elements (Taborska et al. 2019). The dsRNA feeding
into piRNA and endo-siRNA pathways in oocytes derives from re-
petitive elements; whether genic dsRNA formation as observed in
male germ cells occurs also in oocytes remains to be established.

The formation of endogenous dsRNA comes with a signifi-
cant risk for mammalian cells. RNA duplexes of 30 bp and longer
are reminiscent of dsRNA viruses and recognized by sensor pro-
teins that trigger a strong innate immune response (Wang and
Carmichael 2004). The discoveries of RNA interference and the
widespread antisense transcription in mammalian genomes have
indicated that, despite the danger of eliciting an unwanted im-
mune reaction, endogenous dsRNA formation occurs (Carlile
et al. 2008; Ghildiyal et al. 2008; Okamura and Lai 2008;
Watanabe et al. 2008). However, the nature of the dsRNA tran-
scriptome established here suggests that RNA duplexes have dis-
tinctly different biological roles in sperm and somatic cells. In
the latter, dsRNA is contained in mitochondria and the nucleus
and only leaks out when the barriers break down or production
is increased owing to pathologies or drugs (Tarallo et al. 2012;
Tsai et al. 2012). Accordingly, the inactivation of polynucleotide
phosphorylase (PNPase), which breaks down mitochondrial
dsRNA, leads to IFIH1 activation and ultimately triggers an inter-
feron-mediated innate immune response (Dhir et al. 2018).
Moreover, drugs that reduce DNAmethylation and increase spuri-
ous transcription of nuclearAlu elements (e.g., azacytidine) induce
a dsRNA response (Ahmad et al. 2018). The transcripts generated
from repetitive elements are generally not processed and remain
in the nucleus and are thus segregated from the dsRNA sensors
in the cytoplasm (Kiyosawa et al. 2005; Elbarbary et al. 2016).

The situation in testis presents differently. Here, transcripts
that form dsRNA derive from genic regions and are spliced, hence
they are more likely to reach the cytoplasm. The mouse gene ex-
pression database (http://www.informatics.jax.org/expression
.shtml) and the Human Protein Atlas (https://www.proteinatlas
.org/) indicate that IFIH1 and EIF2AK2 (also known as PKR) are
expressed at a low to medium level in developing male germ cells,
whereas DICER1 and ADAR in the nucleus aremore abundant. Ac-
cordingly, spermatocytes show a reduced response to poly I:C, a
synthetic dsRNA analog widely used to experimentally trigger an
antiviral response (Li et al. 2012). Male germ cells may therefore
constitute a cellular environment that is more tolerant against
cytoplasmic dsRNA essential for a posttranscriptional regulatory
role of dsRNA.

The connection between dsRNA and a processing by DICER1
into endo-siRNAs is well-established in Caenorhabditis elegans
(Duchaine et al. 2006; Vasale et al. 2010) and Drosophila (Czech
et al. 2008; Ghildiyal et al. 2008; Lucchetta et al. 2009), less so in
vertebrates (Watanabe et al. 2006, 2008; Carlile et al. 2009).
Nevertheless, endo-siRNAs inmouse testis have been characterized
previously, and a regulatory role reminiscent of miRNA function
has been proposed (Song et al. 2011). Limited endo-siRNAs have
also been found in a human cell line (HEK293), potentially linked
to sense/antisense transcript pairs, but with unknown cellular
function (Werner et al. 2014).

Our results confirm the link between dsRNA and the forma-
tion of endo-siRNAs, although the depletion of DICER1 in the tes-
tes of young mice only marginally affected the levels of dsRNA,
which would be expected if DICER1 is efficiently processing RNA
hybrids. The key concern relates to the young age of the Dicer1
KO animals and the limited complexity of the dsRNA transcrip-
tome at this stage, whichmakes a potential impact of the knockout
difficult to monitor. On the other hand, the minor bias toward
overexpression of a heterogeneous (small) group of genes in KO
animals is consistent with a role for DICER1 in processing
dsRNA. Of note, DICER1 is localized to the chromatoid body in
spermatocytes and round spermatids where also most of the
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polyadenylated RNA is accumulated (Kotaja et al. 2006; Jiang et al.
2020). A related observation was also made by Zimmermann and
coworkers who reported a small up-regulation of protein-coding
genes in Dicer1 KO animals (Zimmermann et al. 2014). Of impor-
tance, however, DICER1 is essential for miRNA processing and a
general stimulation could also be the effect of decreased levels of
miRNAs (Korhonen et al. 2011).

A recurrent and striking feature in the analysis of dsRNA is the
distinct underrepresentation of dsRNA peaks, dsRNA-associated
genes, as well as endo-siRNAs mapping to the X and Y Chromo-
somes. A similar bias against the X Chromosome has also been ob-
served in the context of antisense transcripts generated from the
mouse (and human) genome (Kiyosawa et al. 2003; Chen et al.
2004). The X Chromosome bias is not observed in sense–antisense
transcript pairs with complementarity restricted to introns. Our
findings that introns contribute only marginally to dsRNA struc-
tures in testis (Fig. 3B) and that dsRNA is associated with antisense
transcription (Fig. 6C) are in line with the early observations by
Kiyosawa et al. (2003) and Chen et al. (2004). Accordingly, we
could corroborate the link between natural antisense transcripts
and dsRNA formation in testis with a less pronounced association
between dsRNA-associated genes and antisense transcripts in liver
(Fig. 6). This observation contrasts with the accumulation of repet-
itive elements on theXChromosome (Komissarov et al. 2011). The
significant contribution of Alu and LINE-1 elements to dsRNA for-
mation in somatic cells (Sadeq et al. 2021) may again point to dif-
ferent biological roles of dsRNA formation in germ and somatic
cells.

The analysis of mouse phenotypes with deletions of dsRNA-
associated genes suggests an essential role of these genes and po-
tentially dsRNA formation in developmental processes. In testis,
knockouts affected disproportionally sperm morphology and
caused male germ cell apoptosis. These observations concur with
a model in which genic transcription followed by dsRNA forma-
tion and siRNA production enables a control mechanism to
mitigate DNA damage from recombination and transposon
mobilization (Werner et al. 2015).

Visual scrutiny of dsRNA-related peaks indicated that very of-
ten the genes were indeed transcribed in both directions, but the
reads did not necessarily map to the complementary parts of the
transcripts (Fig. 2). This was also observed with the spike-in reads
that mapped to single-stranded rather than complementary re-
gions, suggesting a bias against sequencing double-stranded struc-
tures. The sequencingbias against RNAhybridsmakes is impossible
to unambiguously match the interacting sense–antisense tran-
scripts. This also highlights a major experimental challenge when
investigating dsRNA structures. Experimental strategies and pro-
cedures such as RNA extraction and reverse transcription are gener-
ally optimized for single-stranded molecules, and dsRNA may
show a different behavior. For example, guanidinium salts as
used in TRIzol strongly promotes double-strand formation (Mölder
and Speek 2016), whereas standard reverse transcription and li-
brary synthesis as used here are inhibited by long dsRNA stretches.
These considerations suggest that occurrence of dsRNA-forming
sense–antisense transcript pairs may be underestimated here
because only one part of the complementary gene pair was used
for the intersections.

To conclude,wehave shown that the dsRNA transcriptome in
testis is fundamentally different from somatic liver cells.Moreover,
our evidence suggests that the dsRNA structures involve pairs of
natural sense–antisense transcripts. The RNAhybrids are processed
into endo-siRNAs, most likely by DICER1. These findings are in

line with the highly complex transcriptome and suggest a testis-
specific biological role of dsRNA in which the double-strand
structure is the key determinant rather than the protein-coding
potential of the particular genes.

Methods

Animals

The mice used in this study were three Dicer1 KO mice (18 d old)
(for details, see Korhonen et al. 2011), three age-matched wild-
type juvenile mice (18 d old), and two adult control mice (BALB/
c, ca. 4-6 mo old). Mice were housed under a controlled environ-
ment (12 h light cycle, temperature 22°C, humidity 55%±15%,
specific pathogen free) at the Central Animal Laboratory of the
University of Turku. Standard pellet chow and reverse osmosis wa-
ter were available ad libitum.Male germ cell–specificDicer1 knock-
out mice were generated as previously described by crossing mice
with floxed Dicer1 alleles with mice expressing transgenic Cre un-
der the neurogenin 3 (Neurog3) promoter (Korhonen et al. 2011).
Dicer1 ( fx/wt) littermates without Cre expression were used as con-
trols. The mice were of mixed genetic background (C57BL/6J and
SV129). All procedures were performed in accordance with
Finnish laws and the Guide for Care and Use of Laboratory Animals
(National Academy of Science, License number: 2009-1206-
Kotaja).

Spike-in probe

Plasmids encoding the natural sense–antisense transcript pair
(slc34a2a and slc34a2aas from zebrafish) (Nalbant et al. 1999)
were linearized with XbaI and transcribed in vitro using the
MEGAscript T7 Transcription Kit (Invitrogen). The transcripts are
2607 bases (sense, NM_131624) and 1371 bases (antisense,
NR_002876.2) long and share 563 bp of complementarity over
two exons. The resulting RNA was quantified and mixed in equi-
molar concentrations to a total concentration of 0.4 μg/μL. One
microliter was diluted 500× with 0.1 M NaCl, heated to 70°C,
and gradually cooled to hybridize the two strands. One microliter
of the spike-in probe was added (0.8 ng) to the testis homogenate
before J2 binding (see below).

Double-stranded RNA immunopurification

The protocol published by Dhir and coworkers was followed with
slight modifications (Dhir et al. 2018). Both testes of the juvenile
mice and half of a testis of adult mice were homogenized in 220
µL of NP-40 lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5
mM EDTA, 1% NP-40, 0.5% Na-deoxycholine, 220 units RNasin)
using a disposable pestle followed by DNA shearing with a 25G
needle. Cell debris was removed by centrifugation, and the volume
was increased to 1 mL per sample with NET2+DOC buffer (50 mM
Tris pH 7.5, 150 mM NaCl, 1 mM MgCl2, 0.5% Na-deoxycholine,
0.2 units/µL DNase I) plus 5 µg of J2 antibody (Scicons 10010500).
At this point, the spike-in probe was added. Samples were rotated
for 3 h at 4°C, then 100 µL of µMACS Protein G MicroBeads
(Miltenyi Biotec) per sample was added followed by a 1-h incuba-
tion. The samples were then loaded onto µMACS columns equili-
bratedwithNP-40 buffer (50mMTris pH 7.5, 150mMNaCl, 5mM
EDTA, 1% NP-40), and the flowthrough (FLOW) was collected.
Columns were washed with 300 µL of NP-40 and 3× 250 µL of
wash buffer (50 mM Tris pH 7.5, 1 M NaCl, 1 mM EDTA, 1% NP-
40, 0.5% Na-deoxycholine, and 0.1% SDS). The columns were re-
moved, and beads with dsRNA were washed off the column with
water. Beads and dsRNA were mixed with TRIzol and purified
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according to established protocols. In parallel, the RNA from 200
µL of the FLOW were purified with TRIzol and used as a
background.

Sequencing

RNA samples were quantified, and the integrity was tested using a
Bioanalyzer (Agilent). Strand-specific RNA-seq libraries were pre-
pared using the NuGEN Ovation SoLo kit (Ovation SoLo RNA-
seq System, Human, Tecan) without size selection or fragmenta-
tion of RNA. The supplier’s guidelines were closely followed with
the exception that the antibody-bound samples were excluded
from rRNA depletion, whereas the flowthrough samples were
rRNA depleted. The stranded library contained inserts of 300–
350 bp. Paired-end sequencing was performed on an Ilumina
HiSeq 2500 platform at the Kinghorn Centre for Clinical
Genomics, Garvan Institute of Medical Research (Darlinghurst,
Australia) (sequencing read length 42–117 bases).

Data analysis

The quality of reads was assessed using FastQC (https://www
.bioinformatics.babraham.ac.uk/projects/fastqc/), and adaptors
were trimmed using Trimmomatic (version was 0.3.6) (Bolger
et al. 2014). The spike probe reads in the different samples were
aligned to a fragment of zebrafish Chromosome 1 (Chr 1:
14,432,434–14,454,662) that contains the slc34a2a gene and the
related natural antisense transcript (slc34a2aas) originating from
the bidirectional Rbpja promoter using STAR version 2.5.2b
(Dobin et al. 2013). All data sets were then quantified using
Salmon (Patro et al. 2017), and expression differences between
KO mice, juvenile wild-type mice, and adult controls were estab-
lished using DESeq2 (Love et al. 2014).

To establish the dsRNA transcriptome, reads from all samples
were mapped to the reference genome (GRCm38.p5) using STAR.
Then, dsRNA-derived reads were assessed in two different ways,
one focusing on read peaks, the other using the RNA-seq quantita-
tion pipeline in SeqMonk (https://www.bioinformatics.babraham
.ac.uk/projects/seqmonk/). Peaks and coverage were established
with BEDTools genomecov (-bg -ibam) andmulticov (BEDTools suite
version 2.28.0) (Supplemental Fig. S1; Quinlan andHall 2010). Re-
gions with a coverage greater than or equal to five timesmore than
background were annotated using ChIPpeakAnno (version 3.19.4)
(Zhu et al. 2010). Conversely, a gene was considered expressed
when at least eight times more than background and positive in
six out of eight samples as established using the RNA-seq quantita-
tion pipeline in SeqMonk. If the data sets contained fewer samples,
the proportions were adjusted to four of six data samples, three of
four samples, one of two samples, or one of one sample as appro-
priate. The list for dsRNA-forming genes was then intersected with
the expressed genes in different tissues and male germ cells that
were aligned and quantitated using the STAR/SeqMonk pipeline.
Pearson’s χ2 tests with Yates’ continuity correction and two-sam-
ple tests for equality proportions with continuity correction were
performed in R (version3.4.3) (R Core 2020). For all data, a P-val-
ue≤0.05was determined to be statistically significant. To quantify
regions that expressed both dsRNA and endo-siRNAs, genome cov-
erage (BEDTools, genomecov and multiconv) was determined and
replicates were merged (BEDTools, unionbedg with default set-
tings). BED files representing the coverage of combined samples
were intersected using the BEDTools intersect (intersect –wb –a)
(Quinlan and Hall 2010). The resulting peak list was then used
to retrieve gene annotations (GENCODE.vM20.annotation.gff3)
and a minimal overlap of 0.5 times peak width with the feature
was set. The primary BAM files were then used to quantify the

chromosome coverage and distribution for the individual samples.
Flowcharts summarizing the different pipelines are provided in
Supplemental Figure S1. Murine tissue expression data from Per-
vouchine et al. (2015) was accessed from the NCBI Gene Expres-
sion Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) under
accession number GSE36025 (deposited under NCBI BioProject
[https://www.ncbi.nlm.nih.gov/bioproject/] study PRJNA66167).
Sequencing data from isolated, staged male germ cells were
accessed from the NCBI BioProject study PRJNA317251 (da
Cruz et al. 2016) and the NCBI Sequence Read Archive (SRA;
https://www.ncbi.nlm.nih.gov/sra) under accession number
SRP078798 (Zuo et al. 2016). Short RNA reads from mouse testis
were accessed from GEO accession number GSE83264 (Hilz et al.
2017). Gene Ontology and Mouse Phenotype Single KO analysis
were performed using GREAT (McLean et al. 2010). A minimal en-
richment of twofold was set with a cutoff of 20 terms. As back-
ground for enrichment the 21,395 protein-coding mouse genes
(NCBI build 38; UCSCmm10, December 2011) were used for testis
and liver samples. Alternatively, the testis sample was also tested
for enrichment against the protein-coding genes expressed in tes-
tis as determined using the SeqMonk pipeline (11,622). False dis-
covery rates as well as P-values were determined.

RT-qPCR

For each gene, four primer pairs were designed to analyze the ex-
pression of (1) the sense gene with at least one exon overlap
with the antisense gene, (2) the sense gene with no exon overlap
with the antisense gene, (3) the antisense gene with at least one
exon overlap with the sense gene, and (4) the antisense gene
with no exon overlap with the sense gene (Supplemental Fig. S2;
Supplemental Table S5). Actin, beta (Actb) was used as a reference
gene. First, a DNA digestion step was implemented (DNase I,
Promega) followed by SigmaSpin Sequencing Reaction Clean-Up
(Sigma-Aldrich). RT-qPCR was performed using the Luna
Universal One-Step RT-qPCR Kit (NEB) according to the manufac-
turer’s instructions, in a LightCycler 480 System (Roche) with the
following parameters: Reverse transcription for 10 min at 55°C;
initial denaturation for 1 min at 95°C; denaturation for 10 sec at
95°C and an extension for 30 sec at 60°C for 45 cycles; melting
curve at 95°C. The RNA used was for RT-qPCR was from an 18-d-
old mouse testis sample.

Immunofluorescence

For immunohistochemistry, 5-µm sections of adult mouse testis
fixed in 4% paraformaldehyde/tris-buffered saline (TBS) were per-
meabilized with either 100% ice cold methanol (10 min) or 0.1%
Triton X-100 in 5% normal serum in TBS (30 min). Unspecific
binding was blocked with 5% bovine serum in TBS (30 min). The
primary J2 antibody (Scicons 10010500) was diluted 1:200 (1 µg/
µL stock), the secondary antibody, Alexa Fluor 488 (A-21131) or
Alexa Fluor 594-coupled goat anti-mouse IgG2a (Thermo Fisher
Scientific A-11032), was used at 1:1000. The cell nuclei were coun-
terstained using DAPI (4′,6-diamidino-2-phenylindole). Sections
were washed with TBS, mounted using VECTASHIELD (Vector
Laboratories) and imaged using a Unit Zeiss AxioImager1 fluores-
cence microscope.

Immunohistochemistry was performed to test the specificity
of the J2 antibody and to examine the expression of dsRNA-bind-
ing proteins. CCD1106 keratinocytes or A375 cells were treated
with poly I:C (0.5 µg/mL) or azacytidine (500 nM) for 24 h. Cells
were washed with PBS and fixed with 4% paraformaldehyde in
PBS (Affymetrix) for 10 min. Cells were permeabilized in 0.25%
Triton X-100 followed by blocking with 3% BSA in PBS
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(Albumin fraction V, USB) for 1 h. The antibodies used were J2
(Sicons 10010500, 1:200), PKR (Abcam ab32052, 1:1000), IFIH1
(Abcam ab126630, 1:1000) and RIG-1 (Abcam EPR18629,
1:1000), incubation was for 1 h at room temperature. Cells were
washed with PBS-Tween and then incubated with the secondary
antibodies Alexa Fluor 488 goat anti-mouse IgG2a (Thermo
Fisher Scientific A-21131) or Alexa Fluor 594 goat anti-rabbit IgG
H+L (Thermo Fisher Scientific A-11032) and analyzed as above.

Data access

Raw and processed sequencing data generated in this study have
been submitted to the NCBI BioProject database (https://www
.ncbi.nlm.nih.gov/bioproject/) under accession number PRJNA
630221. Codes generated for this work are available as Supplemen-
tal Code and at GitHub (https://github.com/James-E-Clark/
Masters-dsRNA-Project and https://github.com/jwcasement/
dsRNA-seq-project).
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