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ABSTRACT

Complementary sequences in cellular transcripts base-pair to form double-stranded RNA (dsRNA) structures. Because
transposon-derived repeats often give rise to self-complementary sequences, dsRNA structures are prevalent in eukary-
otic genomes, typically occurring in gene introns and untranslated regions (UTRs). However, the regulatory impact of dou-
ble-stranded structures within genes is not fully understood. We used three independent methods to define loci in
Caenorhabditis elegans predicted to form dsRNA and correlated these structures with patterns of gene expression,
gene essentiality, and genome organization. As previously observed, dsRNA loci are enriched on distal arms of C. elegans
autosomes, where genes typically show less conservation and lower overall expression. In contrast, we find that dsRNAs
are associatedwith essential genes on autosome arms, and dsRNA-associated genes exhibit higher-than-expected expres-
sion and histone modification patterns associated with transcriptional elongation. Genes with significant repetitive se-
quence content are also highly expressed, and, thus, observed gene expression trends may relate either to dsRNA
structures or to repeat content. Our results raise the possibility that as-yet-undescribed mechanisms promote expression
of loci that produce dsRNAs, despite their well-characterized roles in gene silencing.
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INTRODUCTION

Interactions between long dsRNAs and dsRNA-binding
proteins (dsRBPs) mediate critical cellular processes. One
example is RNA interference (RNAi), which is initiated
when the dsRNA-specific endoribonuclease Dicer binds
and processes dsRNA into ∼20–30 nucleotide (nt) small in-
terfering RNAs (siRNAs) that silence target transcripts
(Carthew and Sontheimer 2009). dsRNAs are also bound
by the regulatory dsRBP Staufen (Heraud-Farlow and
Kiebler 2014) and adenosine deaminases that act on RNA
(ADARs), which edit adenosine to inosine in dsRNA
(Nishikura 2016). Interactions of dsRBPs are largely with
the phosphodiester backbone of A-form dsRNA, and thus
they bind their substrates regardless of sequence (Tian
et al. 2004). Complementary RNA sequences that form
dsRNA often arise from transposon-derived repetitive
sequences (Porath et al. 2014; Blango and Bass 2016;
Reich et al. 2018), which are abundant in metazoan ge-
nomes (Feschotte and Pritham 2007; Chuong et al. 2017).
Despite the ubiquity of dsRNAs and the essential roles of
many dsRBPs, the functions of most cellular dsRNA struc-
tures are poorly understood.

The majority of long cellular dsRNAs are within introns
and 3′ UTRs of protein-coding genes (Whipple et al.
2015; Blango and Bass 2016; Reich et al. 2018), and a
growing body of evidence indicates that dsRNAs impact
expression of their associated genes. In Caenorhabditis
elegans, ADARs edit dsRNAs to prevent their processing
by Dicer and silencing of associated genes by antiviral
RNAi (Reich et al. 2018). Duplex structures may also impact
translation efficiency, as C. elegans mRNAs containing
dsRNA structures in 3′ UTRs are associated with lighter
polysome fractions than mRNAs lacking such structures
(Hundley et al. 2008). In human cells, intermolecular inter-
actions between long noncoding RNAs and certain mRNA
3′-UTR sequences recruit Staufen and trigger mRNA decay
(Gong andMaquat 2011). Together, these studies indicate
that dsRNA structures regulate gene expression by multi-
ple mechanisms.

The organization of eukaryotic genomes into distinct
domains also influences gene expression. Genomic do-
mains differ widely by transcription levels, nucleosome
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organization, and post-translational histone modification
patterns (Dixon et al. 2016; Ahringer and Gasser 2018).
The C. elegans genome is comprised of the sex chromo-
some, Chromosome X, and five autosomal chromosomes
divided into distinct distal arm and central domains. Auto-
some center domains are dense with genes that exhibit
higher levels of expression and are more often essential
and conserved (C. elegans Sequencing Consortium
1998; Cutter et al. 2009), in part because of lowmeiotic re-
combination frequency in autosome centers. In contrast,
autosome distal arms are characterized by high recombi-
nation frequency, high density of genomic repeats (mostly
DNA transposons), and histone modifications associated
with gene repression, particularly trimethylation of histone
H3 at lysine 9 (H3K9me3) and lysine 27 (H3K27me3) (Liu et
al. 2011; Towbin et al. 2012; Ho et al. 2014). Chromatin im-
munoprecipitation (ChIP) experiments using the nuclear
lamina component LEM-2 show that autosome arms are
physically associated with the lamina, a characteristic of
repressive heterochromatin (Ikegami et al. 2010). Howev-
er, distal arms are not completely silent, as they contain
many essential genes and display subdomains with marks
of active chromatin that are not lamina-associated (Ikegami
et al. 2010; Liu et al. 2011). Although genomic domains
clearly exhibit distinct properties, the mechanisms that es-
tablish and regulate chromosomal domains are far from
understood.
Using three independent methods to identify dsRNAs,

we characterized the genomic distribution of C. elegans
dsRNA loci and report their association with essential
and highly expressed genes on the distal arms of auto-
somes. Correspondingly, histonemodifications associated
with active transcription are enriched over dsRNA loci. Our
observations identify a property common to many highly
expressed, essential genes on autosome arms, setting
the stage for insight into their regulation and the roles of
dsRNA.

RESULTS

Predicted dsRNA structures correlate
with editing-enriched regions

We previously reported that C. elegans editing-enriched
regions (EERs), dsRNAs containing clusteredA-to-I editing,
are strikingly enriched on the distal arms of autosomes
(Whipple et al. 2015; Reich et al. 2018). To determine
whether all C. elegans dsRNAs or only the edited dsRNAs
of earlier analyses exhibit this pattern, we compiled exper-
imental data sets of C. elegans dsRNAs by three indepen-
dent methods.
Our first data set comprised the 1523 EERs previously

determined from RNA-seq of C. elegans populations at
four developmental stages: embryos, L1–L2 larval stages,
L3–L4 larval stages, and young adults (Reich et al. 2018).

As detailed in our previous publication, EERs were defined
by identifying transcribed regions covered by five or more
reads that contained clustered A-to-G changes (Fig. 1A).
As a control data set, we randomly chose regions of the
transcriptome covered by greater than or equal to five
reads and representing the lengths found in the EER pop-
ulation (length-matched, expressed random regions).
Because the EER method excluded dsRNAs in lowly ex-
pressed regions, as described below, we also sought to
identify dsRNAs in an unbiased manner that did not
depend on gene expression.
Because most EERs occur in introns of protein-coding

genes (Whipple et al. 2015; Reich et al. 2018), as an inde-
pendent method for determining dsRNAs, we used

A
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FIGURE 1. Methods to identify dsRNA loci. (A) Clustered A-to-G
changes in RNA-seq reads defined EERs, transcribed regions that
form long dsRNA in vivo and are edited by ADARs. (B) Intronic duplex
structures were predicted using UNAFold (Markham and Zuker 2008)
to determine the folding free energy of intronic sequences of >40 and
<9000 nt (example structure not to scale). To compare the stability of
introns with different lengths, we normalized each intron’s folding free
energy to the number of nucleotides (ΔG/nt). (C ) Inverted (green ar-
rows) and tandem repeat (TR) (purple arrows) sequences were deter-
mined computationally from the C. elegans genome sequence using
previously published tools (Materials and Methods) (Benson 1999;
Warburton et al. 2004). Each defined repeat was ≥20 nt; arrows not
to scale.
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UNAFold to predict folding free energies of C. elegans in-
trons at 20°C (Fig. 1B; Supplemental File S1; Markham and
Zuker 2008). Introns of >9000 nt, the maximum length for
folding with UNAFold, were excluded from analysis, as
well as introns of <40 nt, the minimum length needed to
accommodate consensus splicing sequences and an intra-
molecular duplex long enough to bind ADAR (∼15 bp)
(Herbert and Rich 2001). This data set comprised 96.2%
of all C. elegans introns annotated by the UCSC Genome
Browser (https://genome.ucsc.edu/; ce10/WS220). To
control for differences in intron length, we normalized
the predicted folding free energy of each intron to its
length, giving a total of 109,982 introns with ΔG/nt values
that ranged from 0.03 to −1.01 kcal/mol × nt (where more
negative values equate to more stable structures). Using
ΔG/nt values, we also determined the most structured in-
tron (i.e., most thermodynamically stable per base) for
each of 20,735 intron-containing genes (Supplemental
File S2).

For the vast majority of intron-containing genes (75.6%),
the most structured intron had ΔG/nt values between −0.2
and −0.4 kcal/mol × nt. However, 7.3% of intron-contain-
ing genes carried at least one exceptionally structured
intron (ΔG/nt <−0.5 kcal/mol × nt). The latter highly struc-
tured introns overlapped a large fraction of EERs (710/
1523 EERs) suggesting many structured introns are edit-
ed and thus form dsRNA. In contrast, only 105 length-
matched random regions overlapped a structured intron.
Our results demonstrate that intron folding free energy is
an accurate and specific predictor of dsRNA formation.

Most EERs form dsRNA through intramolecular interac-
tions of inverted repeat (IR) sequences (Whipple et al.
2015; Blango and Bass 2016; Reich et al. 2018), so for the
third data set we used the publicly available Inverted
Repeats Finder tool (Warburton et al. 2004) to pre-
dict IRs of ≥20 bp in the C. elegans genome (Fig. 1C;
Supplemental File S3). IRs were only defined where the
two repeats were separated by no more than 2 kilobases
(kb). Unlike our data sets for EERs and structured introns,
the list of IRs only included regions predicted to form
dsRNA, and predicted intervening loop sequences were
excluded. As a control data set for IRs, we used the
Tandem Repeats Finder (Benson 1999) to predict TRs in
the C. elegans genome, which are less likely to fold into
stable intramolecular structures (Supplemental File S3).
To avoid low complexity sequences (e.g., dinucleotide
tracts, telomeric repeats), we only considered TRs com-
prised of repeated units of a unique sequence of ≥20 nt
long. We reasoned that TR sequences might also form
dsRNA if they occurred nearby an inverted copy of the
TR sequence, and thus we removed TR sequences predict-
ed to overlap IRs. Emphasizing that these methods effec-
tively predicted dsRNAs, we found that 1476 EERs
(96.9%) overlapped IRs, whereas only 159 EERs (10.4%)
overlapped TRs.

Gene-associated dsRNA structures cluster
on autosome distal arms

To characterize the genomic distribution of dsRNAs, we
first compared the relative position of EERs on C. elegans
chromosomes to the control set of length-matched ex-
pressed random regions (Reich et al. 2018). We divided
each chromosome into 10 equal segments and deter-
mined the number of EERs and control random regions
in each chromosomal segment (Fig. 2A). Although 89.5%
of EERs occurred outside the central four segments of
any chromosome, only 59.8% of control regions were
found in distal arm segments, a significantly different distri-
bution (P<0.0001, Kolmogorov–Smirnov test). EERs were
also more prevalent on the five C. elegans autosomes, as
only 50 EERs (3.3%) occurred on Chromosome X, com-
pared to 100 random regions (6.6%). These results confirm
previous findings that EERs are enriched on distal arms of
C. elegans autosomes (Whipple et al. 2015).

To determine if EER locations reflected the distribution
of dsRNA loci regardless of editing, we next plotted intron
ΔG/nt values along each chromosome (Fig. 2B). Resem-
bling EER distribution patterns, intron ΔG/nt decreased
in the distal arms of all five C. elegans autosomes, but
not Chromosome X. The differences in intronic ΔG/nt be-
tween arm and center domains were remarkably clear in
some cases (e.g., on Chromosomes I and III) allowing us
to refine boundaries of “arm” and “center” domains for
each chromosome (dotted vertical lines in Fig. 2B; Supple-
mental Table S1; see Materials and Methods), which we
used in all subsequent analyses, except where noted.

To determine if dsRNA clustering on autosome arms was
conserved, we evaluated a related nematode species, C.
briggsae, which also exhibits chromosome arm and center
domains with respect to recombination rates, gene densi-
ty, and repeat density (Hillier et al. 2007). Although neither
ADAR editing sites nor EERs have been mapped for C.
briggsae,we predicted intron ΔG/nt values for C. briggsae
(Supplemental File S1) as we did for C. elegans. When we
plotted intron ΔG/nt values relative to chromosome posi-
tion, we found that, like in C. elegans, introns on C. brigg-
sae distal autosome arms formed more stable dsRNA
structures than those in the central autosome regions or
on Chromosome X (Fig. 2B).

When we mapped predicted IR and TR regions to chro-
mosomal segments shown in Figure 2A, we found that
77.6% of IRs and 75.3% of TRs occurred in autosome distal
arm regions (Fig. 2C), which comprise only 49.4% of total
genomic sequence. To determine if IRs and TRs were asso-
ciated with protein-coding genes, we determined the frac-
tion of IR and TR sequences that mapped to annotated
exons, introns, UTRs, and noncoding RNAs (ncRNAs), as
well as the fraction that mapped to intergenic sequences
either proximal (<1 kb) or distal (>1 kb) to genes (Fig.
2D). Similar to EERs (Whipple et al. 2015; Reich et al.
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2018), the majority of IR (56.3%) sequences mapped to
intronic sequences, which comprise just 34.7% of total ge-
nomic sequence. Intronic sequences also made up the
largest fraction of TRs (47.6%), although a higher fraction
of TR sequences occurred outside annotated genes com-
pared to IRs. Our observations suggest that IR and TR
sequences are enriched on distal autosome arms and
largely occur in noncoding regions of protein-coding
genes, similar to EERs. Thus, from our three different anal-
yses, we conclude that gene-associated dsRNAs cluster on
distal autosome arms in two Caenorhabditis species.

RNA structures are enriched in essential genes

In adr-1;adr-2 mutant worms, EERs associated with
protein-coding genes are cleaved by Dicer to generate
siRNAs, which induce gene silencing by RNAi (Reich
et al. 2018). However, the function of EERs in wild-type an-
imals is unknown, and we wondered whether dsRNAs
show signatures of functional importance. Mammalian
EER sequences are not conserved betweenmouse and hu-

man, butmouse EER-associated genes (EAGs) have orthol-
ogous human genes containing EERs at a greater fraction
than expected by chance (Blango and Bass 2016). To as-
sess if similar sets of orthologous Caenorhabditis genes
were associated with dsRNAs, we compared C. elegans
genes containing structured introns (ΔG/nt <−0.5 kcal/
mol × nt) to genes whoseC. briggsae ortholog had a struc-
tured intron (Supplemental File S4). We found that 147 of
1521 C. elegans genes (9.6%) containing structured in-
trons had an orthologous gene in C. briggsae that con-
tained a structured intron, more than double the number
expected by chance (expected 62 genes; P<0.0001, χ2

test). This suggested that dsRNA-associated genes main-
tain association with duplex structures over many millions
of years. However, as observed for mouse and human
EAGs (Blango and Bass 2016), structured introns did not
always occur in the same intron in orthologous genes
(Supplemental Fig. S1). Additionally, when we compared
minimum intron ΔG/nt values of orthologous C. elegans
and C. briggsae genes containing structured introns, we
found no correlation (Pearson correlation coefficient =

A
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FIGURE 2. dsRNAs cluster on the distal arms of two Caenorhabditis species. (A) The distribution of EERs (black) and random expressed regions
(gray) over the six major C. elegans chromosomes divided into 10 equal segments. The center of each chromosome is defined as position 0, the
end of the left arm is −0.5 and the end of the right arm is position 0.5. (B) Smoothed distributions of average intron ΔG/nt acrossC. elegans (blue)
and Caenorhabditis briggsae (red) chromosomes. More structured introns have lower (more negative) ΔG/nt values. Vertical dotted lines depict
chromosome arm and center domains, determinedby intron ΔG/nt (Materials andMethods). (Adapted fromReich andBass 2019, with permission
fromCold Spring Harbor Laboratory Press.) (C ) The distribution of inverted repeats (IRs; black) and tandem repeats (TRs; gray) across relative chro-
mosomal segments. (D) The percentages of the entire C. elegans genome, IR regions, and TR regions that overlap annotated gene features.
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−0.03), consistent with a lack of direct sequence conserva-
tion. Thus, the exact structures do not appear conserved
between species, but common sets of genes associate
with dsRNA, possibly for some functional purpose.

If dsRNAs serve a function in their associated genes, we
hypothesized that they would be enriched among physio-
logically important, essential genes. To test this, wemined
WormBase (www.wormbase.org) for genes that induced
lethal or sterile phenotypes when disrupted by RNAi or ge-
netic mutation, a total of 1906 genes that we defined as es-
sential (Supplemental File S2). When we overlapped this
list of essential genes with the complete list of 955 EAGs
defined previously (Reich et al. 2018), we observed 213 es-
sential EAGs, more than double the number expected by
chance (Fig. 3A). Further, essential genes were signifi-
cantly enriched among EAGs expressed and edited in indi-
vidual developmental stages, except young adults, where
only 128 EERs were defined. Our results were surpris-
ing because EERs and EAGs cluster on autosome distal
arms, whereas conserved and essential genes are more
abundant in chromosome centers (Cutter et al. 2009; Liu

et al. 2011). Strikingly, we found that a large subset of es-
sential genes on autosome arms contained EERs (Fig. 3B).
More than 30% of the essential genes on the arms of
Chromosomes I and V were EER-associated. In contrast,
essential genes in autosome centers or on Chromosome
X did not show enriched association with EERs. Further, a
much lower fraction of nonessential (NE) genes on auto-
some arms contained EERs than essential genes. These re-
sults indicate that EERs occur within functionally important
genes on distal autosome arms.

We wondered if the observed enrichment of EERs in es-
sential geneswas due to differences in expression. If essen-
tial genes hadhigher read coverage thanNEgenes in RNA-
seq data sets used to define EERs, EERs might appear as
enriched in essential genes because editing in NE genes
was missed as a result of low coverage. In intersecting
EAGs and essential genes (Fig. 3A), we limited compari-
sons to genes with the read coverage depth we used to
define anEER (greater thanorequal to five reads); however,
we still worried that gene expression differencesmight cre-
ate bias. To avoid complications from differences in gene

expression, we analyzed ΔG/nt of the
most structured intron for all intron-
containing genes, essential and NE,
on chromosome arms and centers
(Fig. 3C). Compared to genes in chro-
mosome centers, both essential and
NE genes on distal arms had introns
with more stable predicted structures
(i.e., lower ΔG/nt). However, on auto-
some arms, but not Chromosome X,
introns of essential genes had more
stable predicted structures than NE
genes. Thus, independent of gene ex-
pression, we observed an association
between essential genes and the pre-
dicted thermodynamic stability of
dsRNA structures.
We next determined if IRs or TRs

were enriched within essential genes.
We determined the number of IR and
TR nucleotides in noncoding regions
(i.e., introns and UTRs) of each gene
on autosome arms (Supplemental
File S2). Then, we separated genes
into four categories of increasing IR
or TR content and determined the
fraction of essential and NE genes in
each category (Fig. 3D). Consistent
with earlier observations, we found
that IRs were associated with essential
genes, because 18.2% of essential
genes on autosome arms contained
>1000 nt of IR sequence, compared
to only 6.2% of NE genes. TRs were

BA
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FIGURE 3. dsRNA structures are enriched in essential genes. (A) The number of essential
genes expected by chance to overlap genes associated with EERs from all stages combined
(All) or individual development stages compared to the actual observed number of essential
genes that overlapped EAGs. (∗∗∗) P<0.001; χ2 test. (B) The percentage of essential (left)
and nonessential (NE; right) genes associated with an EER on the distal arm and center do-
mains of each chromosome. (C ) Tukey box plots of ΔG/nt of the most structured intron in es-
sential (Ess.) and NE genes in center and arm domains of C. elegans autosomes and
Chromosome X. (∗∗) P<0.01; (∗∗∗∗) P<0.0001; Mann–Whitney test. (D) Relative fractions of es-
sential and NE genes on autosome arms, separated by the amount of IR (left) or TR (right) se-
quence in each gene’s noncoding elements (i.e., introns, UTRs).
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also associated with essential genes,
although to a lesser extent than
IRs, as 15.5% of essential genes car-
ried >1000 nt of TR sequence, com-
pared to 5.6% of NE genes.

Genes with dsRNA structures
are highly expressed

Genes on distal autosome arms typi-
cally exhibit lower gene expression
and elevated levels of H3K9me3 and
H3K27me3 relative to genes in chro-
mosome centers (Liu et al. 2011).
Given their enrichment on distal auto-
some arms, we wondered if EAGs
would follow these trends. We sepa-
rated genes by their position on chro-
mosome arms or centers, and plotted
embryo-stage expression of EAGs
and all expressed genes (Fig. 4A). As
expected, when considering all ex-
pressed intron-containing genes,
those on autosome arms exhibited
lower overall expression than genes
in autosome centers. However, EAGs
showed theopposite trend,with those
on autosome arms showing higher
expression than those in autosome
centers. Furthermore, EAGs on auto-
some arms displayed significantly
higherexpression than the setof all au-
tosome arm genes. On Chromosome
X, we observed no significant relation-
ship between gene expression and
EER association. Using gene expres-
sion data from four different develop-
mental stages, we found that arm
EAGs had higher expression than all
autosome arm genes at each stage
(Fig. 4B).
To confirm that our observations

were not biased by the minimum
read coverage required to identify
EERs, we also parsed genes into those
with and without a structured intron
(ΔG/nt <−0.5 kcal/mol × nt), which
would be unrelated to read coverage. We plotted expres-
sion of these structured genes and all genes in each chro-
mosomal domain (Fig. 4C). As observed with EAGs, genes
with structured introns exhibited significantly higher ex-
pression than the set of all genes on autosome distal
arms, but not in autosome centers or on Chromosome
X. We conclude that dsRNA structures are associated
with highly expressed genes on autosome arms.

In considering the correlation between dsRNA structure
and elevated expression, we noted that many genes con-
tained multiple dsRNA structures. Specifically, we identi-
fied 125 genes, all located on autosome distal arms,
where EERs overlapped three or more distinct introns,
UTRs (5′ or 3′), or proximal (<1 kb) upstream or down-
stream regions, which often include unannotated UTRs
(Whipple et al. 2015). Included among these highly

BA

DC

E

FIGURE 4. dsRNAs are associated with highly expressed genes and marks of transcriptional
elongation. (A) Tukey box plots show the distributions of embryo-stage gene expression
(FPKM: fragments per kilobase-million reads) for all genes or EAGs on distal arm or center do-
mains of autosomes or Chromosome X. (∗) P<0.05; (∗∗) P<0.01; (∗∗∗∗) P<0.0001; Mann–
Whitney test. (B) Tukey box plots as in A showing expression in each developmental stage
of all genes or EAGs on autosome distal arms. (∗∗∗∗) P<0.0001; Mann–Whitney test.
(C ) Tukey box plots as in A showing embryo-stage expression of all genes or genes containing
a structured intron (Struct.; intron ΔG/nt <−0.5 kcal/mol ×nt), separated by chromosomal
domain. (∗) P<0.05; (∗∗∗∗) P<0.0001; Mann–Whitney test. (D) Tukey box plot as in A showing
embryo-stage expression of all genes, EAGs, or genes containing three or more distinct EER-
associated introns and/or UTRs (3+ EER) present on autosome arms. (∗∗∗) P<0.001; (∗∗∗∗) P<
0.0001; Mann–Whitney test. (E) Heatmap displays the relative ChIP-chip signal for 19 histone
modifications over EERs, random regions, structured (ΔG/nt <−0.5 kcal/mol× nt) or unstruc-
tured introns, IR loci, and TR loci present on autosome distal arms.
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structured genes were examples such as daf-2 and ssl-1,
which contained seven and 12 edited introns/UTRs, re-
spectively. Of these 125 genes, 43 were essential, more
than three times the number expected by chance (expect-
ed 14 genes, P<0.0001, χ2 test). Strikingly, the 125 EAGs
with three or more EER-associated introns/UTRs displayed
significantly higher gene expression than the set of all
autosome arm genes (Fig. 4D). Indeed, when we ranked
autosome arm genes by their expression in embryos, 83
of the 125 highly structured genes (66.4%) were in the
top expression quartile, suggesting that these genes are
among the most highly expressed on autosome arms.
Together, our observations provide a compelling correla-
tion between gene-associated dsRNA structures and ele-
vated gene expression on distal autosome arms.

Histone modifications linked to transcriptional
elongation are enriched over dsRNA loci

Gene expression correlates with histone modification pat-
terns, which have beenmapped in detail for theC. elegans
genome (Liu et al. 2011; Towbin et al. 2012; Ho et al. 2014;
Evans et al. 2016). Modifications like H3K4me3 and acety-
lated H3K27 (H3K27ac) typically mark active promoters,
whereas H3K36me marks (mono-, di-, and trimethylation)
often correlate with transcriptional elongation (Venkatesh
and Workman 2013; Evans et al. 2016; Ahringer and
Gasser 2018). In contrast, H3K9me3 and H3K27me3 are
enriched over transcriptionally silent regions (Liu et al.
2011; Towbin et al. 2012; Ho et al. 2014) and deposited
on targets of nuclear RNAi (Gu et al. 2012; Mao et al.
2015). Because cellular dsRNAs can be targets of RNAi
(Reich et al. 2018), but are also associated with higher-
than-normal expression on autosome arms, we wondered
if they would exhibit chromatin modification patterns asso-
ciated with either silencing or transcription.

We analyzed modENCODE ChIP and microarray (ChIP-
chip) data to determine the frequency of 19 histone
modifications at dsRNA or control
loci on autosome arms (Fig. 4E). Com-
pared to the control set of random re-
gions, EERs showed enrichment for
H3K36me1, me2, and me3, as well
as H3K9me1 and me2, but not
H3K9me3. Additionally, EERs exhibit-
ed very low levels of H3K27me3, a
mark of transcriptional repression.
Whenwe compared histonemodifica-
tion patterns over structured introns
(ΔG/nt <−0.5 kcal/mol × nt) and all
other autosome arm introns, we ob-
served that chromatin marks over
structured introns closely resembled
those over EERs. IRs displayed more
subtle enrichment of H3K36me marks

and H3K9me1 and me2, but, like EERs and structured in-
trons, did not exhibit high levels of the silencing marks
H3K9me3 and H3K27me3. Overall, modification patterns
over IRs were similar to those at TR loci. A large fraction
of IRs and TRs are not in genes (Fig. 2D), and we observed
histonemodification patterns more similar in magnitude to
those at EERs and structured introns if we restricted our IR/
TR analyses to regions associated with genes (Supplemen-
tal Fig. S2). Our analyses indicate that gene-associated
dsRNAs are associated with marks of transcriptional elon-
gation rather than those of gene silencing.

High repeat content is associated with highly
expressed distal arm genes

Most ADAR editing in C. elegans occurs in repetitive se-
quences, primarily those derived from DNA transposons
(Zhao et al. 2015; Reich et al. 2018). Thus, we wondered
if the observed association between dsRNAs and highly
expressed genes could be explained by a correlation
between repeat content and gene expression. To test if
this was the case, we examined embryo-stage expression
of autosome arm genes stratified by the amount of
IR and TR sequences in introns and UTRs (Fig. 5A,B;
Supplemental File S2). We hypothesized that if gene ex-
pression correlated with dsRNA structure, rather than re-
peat content, we would observe higher expression of
genes with greater IR content, but not TR content.
However, although we observed higher gene expression
of genes with greater IR content, we observed the same
trend in genes stratified by TR content. To test if
expression correlated with repeat content generally, we
determined the overlap between RepeatMasker-annotat-
ed DNA transposons and introns/UTRs of each gene.
When we stratified genes by DNA transposon content
and plotted expression (Fig. 5C), again we observed that
higher repeat content correlated with higher expression.
We cannot rule out that repeat content correlates with

B CA

FIGURE 5. Expression of autosome arm genes by repeat content. Tukey box plots show em-
bryo-stage expression of all autosome arm genes (leftmost box in each plot) and genes segre-
gated by the amount of noncoding sequence in each gene that overlaps (A) IRs, (B) TRs, or (C )
annotated RepeatMasker transposon repeats.
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expression because of increased prevalence of dsRNA
structures. However, because of the close relation-
ship between duplex structure and repetitive sequences,
we cannot definitively conclude that associations we
describe relate explicitly to RNA structure.
To understand if specific types of transposonswere asso-

ciated with elevated gene expression, we determined if
essential genes and highly expressed genes (>50 FPKM)
on autosome arms had specific transposons that were sig-
nificantly enriched or depleted (P<0.05, binomial test;
Supplemental File S5; Supplemental Methods; Kapusta
et al. 2013). Interestingly, four out of five significantly en-
riched transposons in essential autosome arm genes
(PAL5A_CE, IR3_CE, CELE1, and PALTTAA3_CE) were an-
notated in Repbase as “palindromic” repeats, suggesting
that they comprise long IRs and likely form dsRNA; indeed
all four were commonly found within EERs (Reich et al.
2018). These same four palindromic repeats, as well as CE-
LE46B, another commonelement in EERs, were among the
eight transposons significantly enriched in highly ex-
pressed genes. In contrast, when considering transposons
significantly depleted from essential and highly expressed
(>50 FPKM) autosome arm genes (Supplemental File S5),
palindromic repeats comprised only 12% (3/25) and 14%
(4/29), respectively. Althoughwe cannot rule out that trans-
poson-derived sequencesmight contribute to elevated ex-
pression of dsRNA-associated genes, the disproportionate
enrichment of transposons that form dsRNA in highly ex-
pressed autosome arm genes hints at a functional role for
dsRNA structure.
If repeat-associated dsRNA structures promote gene ex-

pression, in theory, expression differences should be
observed in identical genes with and without dsRNA ele-
ments. Twowell-studiedandgenetically diverseC.elegans
strains, Bristol N2 and the Hawaiian strain CB4856, ex-
hibit distinct transposon insertion and deletion patterns
(Vergara et al. 2014; Laricchia et al. 2017) that result in
some genes containing dsRNA elements in one strain but
not the other. We used mRNA expression data from each
strain (Kamkina et al. 2016) to compare strain-specific
expression of genes in which a palindromic transposon
in N2 was deleted in CB4856 (Supplemental Fig. S3A;
SupplementalMethods).Of 10 suchgenes, threeexhibited
significantly reduced expression in CB4856, whereas one
gene was significantly up-regulated and six were un-
changed. When we looked at genes where a palindromic
transposon had inserted in CB4856, but not N2, most
genes (17/22) were not significantly different, whereas
two genes were higher in N2 and three significantly lower
in CB4856 (Supplemental Fig. S3B). These observations
do not provide obvious support for our hypothesis, al-
though the small number of genes containing strain-specif-
ic palindromic transposons may have been insufficient to
observe modest trends that would be more apparent in a
larger gene set. Further, additional genetic changes might

underlie the expression differences of the genes studied in
this analysis. We hope tomore conclusively test the impact
of dsRNA loci on gene expression in future studies.

DISCUSSION

Here we used three methods to identify C. elegans loci
expressing long dsRNA and evaluated these loci for essen-
tial genes and expression. We find that dsRNAs are en-
riched on autosome distal arms, in essential and highly
expressed genes. Although we cannot determine if these
associations are driven by a functional effect of dsRNA or
a related property, like transposable element content,
our results suggest dsRNAs positively correlate with
gene expression in C. elegans.

How well do the three methods identify dsRNAs?

Previous work establishedC. elegans EERs as long dsRNAs
that are edited by ADARs (Whipple et al. 2015; Reich et al.
2018), and these EERs served as one data set. Structured
introns and predicted IRs comprised two additional data
sets that, importantly, predicted dsRNAs from genomic se-
quence alone, regardless of expression; both data sets
overlapped with EERs, lending confidence that they in-
cluded dsRNAs. Overlap with other data sets of pre-
sumptive dsRNAs reiterates that EERs include regions of
dsRNA structure. For example, prior analyses ofC. elegans
dsRNAs showed 18% of EERs overlapped transcribed re-
gions resistant to ssRNA-specific nucleases (Li et al.
2012; Whipple et al. 2015). In the current analysis, we
found that 57%of EAGs overlapped genes enriched by im-
munoprecipitation with the J2 dsRNA-specific antibody
(545/955 EAGs, expected 154, P<0.0001, χ2 test) (Saldi
et al. 2014).
However, 63.1% (1248/1979) of structured introns (ΔG/

nt <−0.5 kcal/mol × nt) and 89.5% (28762/32128) of
IRs did not overlap EERs (Supplemental Files S1, S3).
Possibly these transcripts escape editing by ADARs, for ex-
ample, because of competitive binding by other dsRBPs.
However, the read coverage parameters used to define
EERs better explain why many predicted dsRNAs do not
overlap EERs. Specifically, 55.9% of structured introns
and 78.1% of IRs that did not overlap EERs also failed to
overlap any region covered by five or more reads in our
original RNA-seq data sets (Supplemental Files S1, S3,
S6). Of the fiveC. elegans introns with the most stable pre-
dicted structures, only two overlapped EERs. The remain-
ing three structured introns failed to meet the five-read
coverage depth threshold needed to define EERs, but all
exhibited aligned reads containing A-to-G mismatches in-
dicative of ADAR editing (Supplemental Fig. S4). Addition-
ally, 53.4% of EERs did not overlap a structured intron,
perhaps because our stability cutoff of −0.5 kcal/mol × nt
was too stringent. Because EERs sometimes comprise
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only a portion of an intron, introns containing duplex struc-
tures may also have additional unstructured sequences
that cause ΔG/nt values to exceed the −0.5 kcal/mol × nt
threshold.

Unlike structured introns, nearly every EER (96.9%) over-
lapped a predicted IR. Because IRs form dsRNA through
intramolecular base-pairing, this finding suggests nearly
all EERs can form intramolecular duplexes. The prevalence
of IRs within EERs further indicates that edited intermolec-
ular dsRNAs may be rare in C. elegans. If complementary
RNAs interact to form intermolecular dsRNAs, perhaps
this occurs primarily in the cytoplasm where they cannot
be readily edited by ADR-2, which is mainly nuclear
(Ohta et al. 2008). Alternatively, intermolecular dsRNA
formation may be limited by mechanisms that prevent
both sense and antisense transcription in the same cell,
as has been observed at loci in yeast and Arabidopsis
(Castelnuovo et al. 2013; Rosa et al. 2016).

What is the important property of dsRNA loci?

Weobserved a correlation between dsRNA-producing loci
and highly expressed and essential genes, but as yet wedo
not know if this correlation depends on transcription of loci
into dsRNAs. In fact, dsRNA loci have other characteristics
that could underlie the associations we describe.

For one, most dsRNA loci are repetitive, with 62.9% of
EER sequences (Reich et al. 2018), 27.9% of structured
introns, and 25.9% of IRs mapping to RepeatMasker-anno-
tated DNA transposons, which comprise ∼12% of the total
genome. If particular transposon sequences in dsRNA loci
promote gene expression at the DNA or RNA level, this
might explain the observed association between dsRNA
loci and highly expressed genes. Transposons are known
to provide gene regulatory sequences that act as transcrip-
tion factor binding sites, splicing regulatory elements, and
noncoding RNAs (Lev-Maor et al. 2007; Chuong et al.
2017), so it is conceivable that transposon sequences
might promote gene expression (Supplemental Fig.
S5A). Indeed, we observed a positive correlation between
the amount of noncoding RepeatMasker transposon se-
quence in a gene and its relative expression (Fig. 5C). If
transposons provide sequences that promote gene ex-
pression, we would expect to find specific transposons or
transposon families enriched within highly expressed
genes. Although we did observe several significantly en-
riched transposons, most of these derive from different
families and have long, IR (i.e., palindromic) sequences
(Supplemental File S5), suggesting that the propensity to
form dsRNAmay be a relevant property of transposons as-
sociated with elevated gene expression.

Alternatively, the association between highly expressed
genes and transposon-deriveddsRNAs couldbeexplained
by a propensity for transposons to insert into actively tran-
scribedgenes or geneswith open chromatin.Observations

in mouse embryonic stem cells provide mixed support for
thismodel, asmurine leukemia virus andPiggyBac transpo-
sons preferentially insert within highly expressed genes,
whereas insertion profiles of mouse mammary tumor virus
and Tol2 and Sleeping Beauty transposons exhibit a weak
preference or no preference at all for highly expressed
genes (de Jong et al. 2014; Yoshida et al. 2017). If transpo-
son insertion preferences underlie the associationbetween
C. elegans dsRNA loci and highly expressed genes, herita-
ble dsRNA loci should specifically associate with genes
highly expressed in germline tissues, but not necessarily
somatic tissues. To assess this, we examined gene expres-
sion data from oogenic, spermatogenic, neuronal, intesti-
nal, and pharyngeal tissues (Ortiz et al. 2014; Spencer
et al. 2014; Blazie et al. 2015), binning genes into catego-
ries of low to high expression in each tissue and measuring
the fraction of genes with EERs or structured introns (Sup-
plemental Fig S6). In oogenic and spermatogenic tissues,
EERs and structured intronsweremore prevalent inmoder-
ately-to-highly expressed genes, and this trend was absent
in intestine and pharyngeal tissues. However, dsRNA loci
were also prevalent in genes highly expressed in NSMneu-
rons, a somatic tissue where transposon insertions would
not be heritable. Further, in no tissue were dsRNA loci
most prevalent in the most highly expressed genes (>100
FPKM), an observation inconsistent with the model that
dsRNA-forming transposons preferentially insert in highly
expressed regions. Thus, transposon insertion preferences
mayonlypartly explain the associationbetweendsRNA loci
and highly expressed genes.

Differences in chromatin modifications at dsRNA
loci, like enrichment of transcription-associated H3K36me
marks (Fig. 4E), may shed light on our observations.
However, the relevance of enrichment of certain modified
histones (e.g., H3K9me1/2 compared to H3K9me3) is
not yet clear. H3K9me1/2 and H3K9me3 exhibit dis-
tinct genome-wide patterns in C. elegans, with greater
H3K9me3 enrichment over retroelements and transcrip-
tionally silent genes (Zeller et al. 2016; Ahringer and
Gasser 2018), consistent with a role in nuclear RNAi (Gu
et al. 2012; Billi et al. 2014). H3K9me1/2 deposition also
occurs over repetitive DNA, but these marks are not
excluded from expressed regions (Liu et al. 2011; Gar-
rigues et al. 2015; Zeller et al. 2016). In Schizosaccharomy-
ces pombe, RNAi-dependent deposition of H3K9me2 or
H3K9me3 leads to different transcriptional states, with
H3K9me3 domains silent and H3K9me2 domains remain-
ing transcriptionally active (Jih et al. 2017). We speculate
that enriched H3K9me1/2 over dsRNA loci indicates a sim-
ilar transcriptionally permissive state, although perhaps
one poised for silencing in particular tissues or conditions.

Structured and edited sequences share other properties
that might relate to their association with highly expressed
genes. For instance, we observed that intron structure
was moderately correlated with both intron length and
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with the occurrence of periodic An/Tn clusters (PATCs)
(Supplemental Fig. S7A,B; Supplemental Methods), re-
peated intronic DNA elements that promote germline
gene expression in C. elegans (Frøkjær-Jensen et al.
2016). Because structured introns also tend to be long
and have more PATC sequences, these properties could
underlie the association observed between intron struc-
ture and elevated gene expression. However, among
genes with long introns (>500 nt) and high PATC content,
genes with structured introns (ΔG/nt <−0.5 kcal/mol × nt)
still exhibited higher gene expression than those without
intronic structures (Supplemental Fig. S7C,D), suggesting
intron length and PATC content may not entirely explain
the association between dsRNA structure and elevated
expression. Evolutionary pressure might contribute to
the association, as essential genes silenced because of
transposon insertions could accumulate transcription-
promoting elements over time to counteract silencing,
leading to heightened expression of genes with transpo-
son-associated dsRNA loci. Finally, we cannot rule out
the possibility that structures formed by DNA sequences,
rather than RNA, underlie the association between
dsRNAs and highly expressed genes.

How might dsRNA promote gene expression?

Although we cannot rule out repetitive sequences, trans-
poson insertion preferences, or DNA structures as the
reason for the correlation between dsRNA and highly ex-
pressed genes, we are intrigued by the possibility that
dsRNA might promote gene expression. However, we
can only speculate on the mechanism at this stage.
Although it is possible that dsRNA structures confer slower
rates of mRNA decay, we do not favor this model because
most dsRNAs are intronic (Whipple et al. 2015; Reich et al.
2018) and would be unlikely to affect mRNA stability after
removal by splicing. Possibly intronic dsRNA structures
promote efficient splicing by folding to bring 5′ and 3′

splice sites in close proximity, thus promoting mRNA
expression (Supplemental Fig. S5B). Alternatively, nascent
dsRNA structures might bind nuclear dsRBPs that in turn
recruit transcription machinery to promote expression
(Supplemental Fig. S5C).
If dsRNAs promote gene expression through interac-

tions with dsRBPs, which proteins might mediate this phe-
nomenon? Although Dicer primarily acts on dsRNA to
silence genes (Carthew and Sontheimer 2009; Billi et al.
2014), the dsRBPs ADAR, Staufen, andNF90 are candidate
factorsbecauseofwell-established roles in gene regulation
(Bass et al. 1994; Heraud-FarlowandKiebler 2014; Castella
et al. 2015; Nishikura 2016). Expression of ADAR-edited
dsRNAs positively correlates with ADAR expression in hu-
man brain tissue (Liscovitch et al. 2014), suggesting that
ADARs could promote dsRNA expression in humans.
In C. elegans, we showed that ADARs promote EAG ex-

pression by antagonizing RNAi silencing (Reich et al.
2018). However, analysis of RNA-seq data sets of the latter
studies showed that EAGs exhibit significantly higher ex-
pression than the set of all autosome arm genes even in
ADAR null strains, with or without additional mutations in
RNAi factors (Supplemental Fig. S8). Thus, neither ADARs
nor the RNAi machinery are required to maintain the asso-
ciation between dsRNAs and highly expressed genes.
Besides ADARs, other dsRBPs might promote expres-

sion of their substrates. In addition to characterized func-
tions in RNA transport (Heraud-Farlow and Kiebler 2014)
and mRNA decay (Park and Maquat 2013), the dsRBP
Staufen has pleiotropic effects that are not well under-
stood. There is significant overlap between EAGs and tran-
scripts bound by the C. elegans Staufen ortholog, STAU-1
(72 of 415 STAU-1 target genes, expected 29, P<0.0001,
χ2 test) (LeGendre et al. 2013), raising the possibility that
STAU-1 regulates some of the highly expressed, dsRNA-
associated genes we identified. In mammals, the dsRBP
NF90 regulates gene expression through effects on tran-
scription, mRNA stability, and translation (Castella et al.
2015). Although C. elegans lacks an ortholog of NF90,
it encodes an NF90-related gene orthologous to mam-
malian ZFR, which contains zinc finger domains predicted
to bind dsRNA (Finerty and Bass 1999; Wolkowicz and
Cook 2012). Thus, the C. elegans ZFR ortholog,
Y95B8A.8, could also underlie the correlation between
dsRNAs and highly expressed genes on autosome arms.

MATERIALS AND METHODS

Published data sets

The coordinates of 1523 C. elegans EERs are reported in
Supplemental File S1 of Reich et al. (2018). RNA-seq data sets
used to define these EERs and subsequently used for expression
analyses in this report are available from Gene Expression
Omnibus (GEO), accession GSE79375. RNA-seq data sets used
in Supplemental Figure S8 are deposited at GEO, accession
GSE106647. Alignment and read filtering parameters are de-
scribed in Reich et al. (2018).
We downloaded modENCODE ChIP-chip data from data.mod

encode.org. Data were downloaded as log2 ratios of signal over
input, which we normalized, converted to Z-scores, and averaged
over replicates.
All tissue-specific expression data sets were downloaded as av-

erage FPKM values. Oogenic and spermatogenic data were ob-
tained from Ortiz et al. (2014), neuronal data were from Spencer
et al. (2014), and intestinal and pharyngeal muscle data were
from Blazie et al. (2015).

Intron stability analysis

A .bed file of annotated C. elegans introns (ce10/WS220) was
downloaded from the UCSC Genome Browser (https://genome.
ucsc. edu/). To compile a list of unique, nonoverlapping introns,
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we first removed entries containing the same chromosome, start,
and stop coordinates as another. Then, if remaining introns over-
lapped, we removed the largest intron in each overlap until no
overlapping introns remained. For C. briggsae introns, we down-
loaded a file of annotated C. briggsae genomic features (cb4/
WS248) from WormBase (ftp://ftp.wormbase.org), extracted
intron coordinates, and converted them to .bed format.Wedeter-
mined unique C. briggsae introns as for C. elegans. For both sets
of introns, we removed those of <40 nt and >9000 nt.

To predict folding free energies of intronic sequences, we used
the bedtools2 (https://github.com/arq5x/bedtools2) application
fastaFromBed to extract genomic sequences of each intron. The
ΔG of each sequence was determined with UNAFold (Markham
and Zuker 2008), using the parameters “-X 1 ‐‐mode bases -t
20”. For each intron, ΔG was divided by intron length to calculate
ΔG/nt.

IR and TR prediction

Inverted repeats were predicted using the Inverted Repeats
Finder (http://tandem.bu.edu/irf/irf.download.html) (Warburton
et al. 2004) using the following parameters: Match= 2, Mis-
match= 5, Delta =5, PM=80, PI = 10, Minscore=40, Max-
Length= 20000, MaxLoop=1000. Repeats comprised of 100%
A-T or G-C base pairs were discarded. Overlapping IRs were
merged using the bedtools application mergeBed. Loop se-
quences were not included.

Tandem repeats were predicted with the Tandem Repeats
Finder (http://tandem.bu.edu/trf/trf.html) (Benson 1999) using
the following parameters: Match=2, Mismatch= 5, Delta =5,
PM=80, PI = 10, Minscore=40, MaxPeriod=2000. Repeats
with a period of <20 or sequence entropy of ≤1 were discarded.
Overlapping TRs were merged using the bedtools application
mergeBed and sequences overlapping IRs were removed with
the bedtools application subtractBed.

To calculate the number of IR and TR nucleotides in each
gene’s introns and UTRs, we first determined the coordinates
for noncoding regions of each gene. We downloaded a table of
annotated gene transcription start and stop sites and a table of
coding exons from UCSC. We used the bedtools2 application
subtractBed to subtract coding regions from annotated tran-
scribed regions to determine each gene’s noncoding regions.
We then used the bedtools2 application to calculate the number
of IR and TR nucleotides that overlapped the table of gene non-
coding regions. Finally, for each gene, we summed IR/TR nucleo-
tides in all noncoding regions to determine the total number of IR
and TR nucleotides in each gene.

Defining chromosome arm and center boundaries

To define chromosome domain boundaries by intron ΔG/nt, we
first determined the ΔG/nt of each gene’s most structured intron.
Then, we separated each chromosome into 100-kb segments,
counted the number of genes in each segment, and determined
the fraction of genes with an intron ΔG/nt <−0.5 kcal/mol × nt (%
structured genes). Starting at the centermost segment of each
chromosome, we moved outward toward each arm until we en-
countered three consecutive 100-kb segments, each with ≥20%
structured genes. Of the three consecutive segments, we took

the margin closest to the chromosome center as the boundary
of the distal arm.

Essential gene analysis

Lists of genetic alleles and RNAi experiments causing lethality
and sterility were downloaded from WormBase (http://www.
wormbase.org/). We removed all mutant alleles and RNAi exper-
iments that ambiguously targeted more than one gene. We fur-
ther removed those causing male sterile phenotypes that were
not also lethal or sterile in hermaphrodites. From the remaining
alleles and RNAi experiments, we extracted Ensembl gene IDs
of targeted genes and removed duplicates to generate a full list
of essential genes.

For eachdevelopmental stage, we filtered out all genes that did
not contain a region covered by five ormore reads in our RNA-seq
data from that stage.We thenoverlapped the lists of expressedes-
sential genes andEAGs todetermine the numberof genes in com-
mon. The USeq application IntersectLists was used to determine
overlapping genes and determine the significance of overlapping
sets by χ2 approximation with 10,000 randomized iterations.

Expression and chromatin analyses

A RefFlat table of C. elegans genes was downloaded from the
UCSC Genome Browser (https://genome.ucsc.edu/). Expression
data, calculated as FPKM values, were determined for exonic re-
gions of C. elegans genes using DefinedRegionDifferentialSeq, a
USeq (http://useq.sourceforge.net/) application shell for the R
package DESeq2. Expression analyses in Figures 4 and 5 and
Supplemental Figures S7 and S8 excluded genes with 0 FPKM.

For ChIP-chip analyses, we created .bed files of EERs, introns,
IRs, and TRs present on autosome arm domains. A control file
of length-matched random regions was made for EERs on auto-
some arms using the bedtools2 application shuffleBed, restricting
possible locations to autosome arm regions covered by greater
than or equal to five reads in developmental RNA-seq data
from Reich et al. (2018) and using parameter “-f 0.5”. Using the
bedtools2 application intersectBed, we overlapped our regions
of interest with .bed files reporting average ChIP-chip Z-scores
of >50 nt genomic windows for each histone modification. We
then calculated the average Z-score value over all regions in
each group (i.e., EERs, random regions, structured introns, etc.)
for each modification, and plotted a heatmap of the results in R.

RepeatMasker analysis

We downloaded a file of C. elegans repeats (ce10) from
RepeatMasker (http://www.repeatmasker.org/), removed all low
complexity and simple repeats, and converted the resulting file
to .bed format. Using the bedtools2 application annotateBed,
we calculated the number of repeat bases that overlapped non-
coding regions of each gene, and then added these values to
determine each gene’s total noncoding repeat content.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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