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Abstract

In Caenorhabditis elegans, RNA interference (RNAI) responses can transmit
across generations via small RNAs. RNAI inheritance is associated with
Histone-3-Lysine-9 tri-methylation (H3K9me3) of the targeted genes. In other
organisms, maintenance of silencing requires a feed-forward loop between
H3K9me3 and small RNAs. Here we show that in C. elegans not only is
H3K9me3 unnecessary for inheritance, the modification’s function depends on
the identity of the RNAi-targeted gene. We found an asymmetry in the
requirement for H3K9me3 and the main worm H3K9me3 methyltransferases,
SET-25 and SET-32. Both methyltransferases promote heritable silencing of
the foreign gene gfp, but are dispensable for silencing of the endogenous gene
oma-1. Genome-wide examination of heritable endogenous small interfering
RNAs (endo-siRNAs) revealed that the SET-25-dependent heritable endo-
SsiRNAs target newly acquired and highly H3K9me3 marked genes. Thus,
‘repressive” chromatin marks could be important specifically for heritable
silencing of genes which are flagged as “foreign”, such as gfp.
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Introduction

RNA interference (RNAI) responses are inherited in Caenorhabditis
elegans nematodes across generations via heritable small RNAs (Rechavi &
Lev, 2017). In worms, exposure to a number of environmental challenges, such
as viral infection (Rechavi et al, 2011; Gammon et al, 2017), starvation (Rechavi
et al, 2014), and heat (Klosin et al, 2017) induces heritable physiological
responses that persist for multiple generations. Inheritance of such transmitted
information was linked to inheritance of small RNAs and chromatin
modifications, and hypothesized to protect and prepare the progeny for the

environmental challenges that the ancestors met.

By base-pairing with complementary mRNA sequences, small RNAS in
C. elegans control the expression of thousands of genes, and protect the
genome from foreign elements (Malone & Hannon, 2009; Luteijn & Ketting,
2013). Via recruitment of RNA-binding proteins, small interfering RNAs
(siRNAs) can induce gene silencing also by inhibiting transcription (Castel &
Martienssen, 2013).

Small RNA-mediated transcription inhibition involves modification of
histones, however the exact role that histone marks play in inheritance of RNAI
and small RNA synthesis is under debate (Rechavi & Lev, 2017). Worms small
RNAs that enter the nucleus were shown to inhibit the elongation phase of Pol
Il (Guang et al, 2010); In addition, nuclear small RNAs are thought to recruit
histone modifiers to the target's chromatin, resulting in deposition of histone
marks such as histone H3K9-tri methylation (H3K9me3) and H3K27me3 (Gu et
al, 2012; Mao et al, 2015; Lev et al, 2017).

The interaction between small RNAs and repressive chromatin marks
are reciprocal: in Arabidopsis thaliana (Molnar et al, 2010; Daniel Holoch et al,
2015) and Schizosaccharomyces pombe (Verdel et al, 2004; Moazed et al,
2006), small RNAs and repressive histone marks form a self-reinforcing feed-
forward loop, where nuclear small RNAs induce deposition of repressive
histone marks, and in turn the repressive chromatin marks recruit the small
RNA machinery to synthesize additional small RNAs. Whether a similar

feedback operates in worms and other organisms, is unclear. In Neurospora
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crassa, transgene-induced small RNAs work independently of H3K9me3
(Chicas et al, 2005). In C. elegans, it was previously suggested that H3K9me
is required for RNAI inheritance (Shirayama et al, 2012). However, studies from
different groups have shown that the situation is more complex, and that
H3K9me could be dispensable, and can even suppress heritable silencing of
some targets (Kalinava et al, 2017; Lev et al, 2017; Minkina & Hunter, 2017).

In C. elegans H3K9me is considered to depend mainly on the
methyltransferases MET-2, SET-25, and SET-32 (Towbin et al, 2012; Kalinava
et al, 2017; Spracklin et al, 2017). H3K9 methylation by MET-2 and SET-25
occurs in a step-wise fashion — after MET-2 deposits the first two methyl groups
(H3K9me1/2), SET-25 can add the third methyl group (me3) (Towbin et al,
2012). In the germline, however, SET-25 is capable of tri-methylating H3K9 in
a MET-2-independent manner (Bessler et al, 2010; Towbin et al, 2012). SET-
32-dependent H3K9me3 is at least in part independent of the activity of SET-
25 or MET-2 (Kalinava et al, 2017).

To study the roles of H3K9me3 in the maintenance of heritable small
RNAs we examined the inheritance of small RNAs in mutants defective in these
histone methyltransferases. Although H3K9me3 was thought to be required for
heritable RNAI (Ashe et al, 2012; Gu et al, 2012), we found the heritable RNAI-
responses are greatly potentiated in met-2 mutant background (Lev et al, 2017).
Our data indicated that the enhanced strength of the RNAI responses in met-2
mutants stems from a genome-wide massive loss of different endogenous small
RNA (endo-siRNAs) species. In normal circumstances, these endo-siRNAs
compete with exogenously derived siRNAs over shared biosynthesis
components required for small RNA production or inheritance (Lev et al, 2017).
In addition, we found that the accumulated sterility (or “Mortal Germline”, Mrt
phenotype) of met-2 mutants results from dysfunctional small RNA inheritance
(Lev et al, 2017).

However, our previous results regarding the role of H3K9mel/2
(deposited by MET-2) did not rule out the possibility that H3K9me3 is yet
required for efficient heritable silencing of gfp transgenes: We found that RNAI

responses in met-2 mutants nevertheless lead to marking of the target gene’s
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histones with a heritable H3K9me3 modification. Further, a comparison of the
H3K9me3 signal on the gfp locus in different mutants has shown that anti-gfp
RNAI responses were strongly inherited only in genetic backgrounds where
some H3K9me3 trace could be detected (i.e, in wild type, met-2, and met-2;set-
25 mutants). In set-25 single mutants, where no statistically significant
H3K9me3 footprint could be detected, anti-gfp RNAi was only weakly inherited.
Previously, set-25 mutants were reported to be deficient in heritable RNAI
responses targeting different fluorescent transgenes (Ashe et al, 2012; Lev et
al, 2017; Spracklin et al, 2017).

In contrast to anti-gfp heritable RNAI responses, for which H3K9me3 is
important, we detected an enhancement in the inheritance potency of anti-oma-
1 RNAI in set-25 mutants (Lev et al, 2017). However, in that study we did not
examine whether an H3K9me3 footprint was deposited on the endogenous
gene oma-1 in the set-25 background (Lev et al, 2017). The publication of a
recent paper (Kalinava et al, 2017) which described strong anti-oma-1 RNAI
inheritance in met-2;set-25;set-32 triple mutants, despite the absence of a
detectable H3K9me3 footprint, prompted us to re-examine the inheritance of
anti-gfp RNAI in this triple mutants. We hypothesized that gene-specific
characteristics lead to contrasting requirements for H3K9me3 and specific
methyltransferases. In this manuscript we describe an asymmetry in the
requirement for H3K9me3 and specific methyltransferases for heritable RNAI
responses aimed against the endogenous gene oma-1 and the foreign gene
ofp. These differences led us to perform a genome-wide analysis of SET-25-
dependent small RNAs, which revealed that the endo-siRNAs which depend on
H3K9me3 target newly acquired C. elegans genes that might be considered

“foreign”, similarly to gfp.


https://doi.org/10.1101/338582
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/338582; this version posted August 19, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Results

Recently Kalinava et al. examined the heritable RNAi responses against
oma-1 also in a triple mutant, lacking the three main C. elegans H3K9
methyltransferases, SET-25, SET-32 and MET-2 (Kalinava et al, 2017). The
authors reported that silencing of oma-1 was independent of H3K9me3, as in
these mutants RNAI responses raised against the oma-1 gene were heritable

despite the lack of an H3K9me3 trace (Kalinava et al, 2017).

We successfully replicated the results of Kalinava et al., and came to the
same conclusion, that the met-2;set-25;set-32 triple mutant worms inherit RNAI
responses against the oma-1 gene, also when we used a different assay for
inheritance (Figure 1A and Figure 1B, upper panel). Unlike Kalinava et al.,
which used gPCR to score for downregulation of oma-1 expression, we
targeted a redundant, temperature-sensitive oma-1 allele, that in the restrictive
temperatures does not allow the development of embryos unless silenced (as
previously described (Alcazar et al, 2008)). Upon shifting to 20 degrees, only

worms that silence the oma-1 gene in a heritable manner survive.

In parallel we discovered, surprisingly, that in contrast to anti-oma-1
inheritance, heritable silencing of a gfp transgene was defective in the same
triple mutants (Figure 1C, upper panel, p=0.0014, 2-way ANOVA). In addition,
we also confirmed (Spracklin et al, 2017) that while set-32 single mutants are
deficient in inheriting RNAI responses raised against the gfp transgene (Figure
1C, lower panel, p=0.0026, 2-way ANOVA), they are capable (Kalinava et al,
2017) of inheriting responses raised against oma-1 (Figure 1B, lower panel,
p=0.8487, 2-way ANOVA). Previously we have shown that while set-25 mutants
are defective in inheritance of anti-gfp RNAI, weak inheritance responses can
still be observed (Lev et al, 2017). Similarly, we were able to detect weak
inheritance responses that last at least until the F3 generation also in met-2;set-
25;set-32 and set-32 mutants (Figure 1D, p-value < 0.0001 for met-2;set-
25;set-32 and set-32 in the F3 generation, Two-way ANOVA). Together with
our previous data, which showed that set-25 is required for inheriting anti-gfp
RNAI, but not anti-oma-1 RNAI (Lev et al, 2017), these results suggested that

heritable RNAI requires H3K9 methyltransferases in a gene-specific manner.
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The levels of RNAi-induced H3K9me3 do not explain the gene-specific

requirements of methyltransferases for heritable RNAI

Histone methyltransferase mutants may affect RNAi-induced H3K9me3
levels in a gene-specific manner, thus leading to different inheritance dynamics
for each gene. To test this possibility, we performed anti-H3K9me3 Chromatin
Immunoprecipitation (ChlP) on F1 met-2;set-25;set-32 triple mutant progeny,
that were derived from parents exposed to anti-oma-1 RNAI, anti-gfp RNAI, or
untreated controls. Using gPCR we found, as expected (Kalinava et al, 2017)
that in met-2;set-25;set-32 triple mutants the RNAi-induced H3K9me3 signal
was significantly reduced (p-value = 0.0007 and 0.0009, Two-way ANOVA, for
gfp and oma-1, respectively). Importantly, this was true for both the oma-1 and
ofp loci (Figure 2A). Interestingly, in naive wild-type animals, that were not
treated with RNAI, the levels of H3K9me3 on gfp were significantly higher than
on oma-1 (Figure 2B, p-value = 0.0039). Regardless, as no differences can be
found in the RNAIi-induced fold changes in H3K9me3 levels between gfp and
oma-1 (Figure 2A), the levels of RNAIi-induced H3K9me3 cannot explain the

gene-specific requirements of methyltransferases for heritable RNA..

SET-32 acts upstream to MET-2 and SET-25 to support RNAI inheritance

We previously found that in contrast to set-25 single mutants, which are
deficient in RNAi-induced heritable H3K9me3 methylation (Mao et al, 2015; Lev
et al, 2017), met-2;set-25 double mutants display a modest but robust
H3K9me3 footprint following RNAI (Lev et al, 2017; Kalinava et al, 2017). We
therefore hypothesized that in the met-2 background, an additional, perhaps
otherwise inactive H3K9 methyltransferase, is expressed or activated,
compensating for the absence of SET-25, to allow efficient heritable RNAI
responses. To test this hypothesis, we first examined whether met-2;set-32
double mutants can inherit RNAI responses raised against gfp. If SET-32 and
SET-25 compensate for each other and are redundant, then met-2;set-32
double mutants are expected to strongly inherit RNAi responses, similar to met-
2;set-25 double mutants (Lev et al, 2017). Our results show, that in contrast to
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met-2;set-25 double mutants, met-2;set-32 double mutants are defective in
RNAI inheritance raised against gfp, since only a very weak response can be
detected (Figure 3). The potency of RNAI inheritance in met-2;set-32 double
mutants is comparable to that of set-25 (Lev et al, 2017) and set-32 single
mutants, or met-25;set-25;set-32 triple mutants (Figure 1C). These results
suggest that SET-32 has a distinct role, and that it probably acts upstream to
MET-2 and SET-25, in promoting RNAI inheritance. This conclusion is also
consistent with the recent observation that SET-32, in contrast to MET-2 and
SET-25 has an essential role in establishment of RNAi-mediated nuclear

silencing (preprint: (Kalinava et al, 2018)).

SET-25is required for the maintenance of a specific class of endo-siRNAs

Certain germline small RNAs have evolved to confer immunity against
foreign genetic elements, while sparing endogenous genes (Malone & Hannon,
2009). The different requirements for particular methyltransferase and
H3K9me3 for heritable silencing of gfp and oma-1 may be connected to the fact
that gfp is a “foreign” gene, while oma-1 is an endogenous gene. We found that
exogenous siRNAs that target gfp are lost in set-25 mutants, and hypothesized
that endo-siRNAs that target other “foreign” genes would be likewise affected.
Therefore, we re-analyzed our previously published small RNA sequencing
data, obtained from set-25 mutants (Lev et al, 2017). However, among the
targets of these differentially expressed endo-siRNAs, we could not detect
striking changes (fold change >1.2) in endo-siRNAs that target transposons and
repetitive elements in set-25 mutants (Figure 4A, left panel). In contrast, a
subset of endo-siRNAs that target 279 different protein-coding genes was found
to exhibit significant changes in set-25 mutants (Figure 4A, right panel). To
understand why these small RNAs are uniquely affected by SET-25, we
characterized this group of target genes and the endo-siRNAs that target them.

Since in set-25 the loss of exogenous siRNAs coincided with the loss of
heritable RNAi-induced H3K9me3 (Lev et al, 2017), we first tested whether
genes that were differentially targeted by endo-siRNAs in set-25 mutants were

also marked by H3K9me3. By examining publicly available H3K9me3 data
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(McMurchy et al, 2017), we found that the 151 genes that lost the endo-siRNAs
that target them in set-25 mutants were robustly marked by H3K9me3 in wild
type animals (Figure 4B). In contrast, the 128 genes that had increased endo-
siRNA levels that target them in set-25 mutants were not significantly marked
by H3K9me3 (Figure S1A). These results support the hypothesis that when it
comes to the 151 genes targeted by SET-25 dependent endo-siRNAs, SET-25
affects endo-siRNA biogenesis by tri-methylating H3K9.

Next we examined whether genes that display altered endo-siRNAs
levels in set-25 mutants are expressed in specific tissues. Genes that had
significantly reduced levels of endo-siRNAs targeting them in set-25 mutants,
exhibited significant, but modest, enrichment for expression in the germline,
specifically in oocytes (fold enrichment = 1.24, p-value = 0.0111, Figure 4C
and Figure S1B). No significant enrichment was found for other tissues (Figure
4C).

To identify the small RNA pathways which are affected by set-25, we
tested whether the differentially expressed endo-siRNAs depend on particular
argonautes, or associate with specific biosynthesis or functional pathways
(Figure 4C). It was previously suggested that the CSR-1 argonaute carries
heritable endo-siRNAs that mark endogenous genes (Claycomb et al, 2009),
while the HRDE-1 argonaute carries heritable endo-siRNAs that silence
foreign, dangerous, or aberrant elements, whose expression could be
deleterious, such as transposons (Luteijn et al, 2012; Shirayama et al, 2012;
Rechavi, 2014). A strong and significant enrichment (Figure 4C) was found for
endo-siRNAs which are carried in the germline by the argonautes HRDE-1 and
WAGO-1 (Gu et al, 2009). These argonautes were found to be involved in gene
silencing (Buckley et al, 2012; Gu et al, 2009), and HRDE-1 is required for
inheritance of exogenous siRNAs (Buckley et al, 2012). A significant
enrichment was also found for Mutator pathway small RNAs (Zhang et al,
2011), and putative piRNA targeted genes (fold change = 9.34, p-value <
0.0001(Bagijn et al, 2012)). On the contrary, a significant depletion was found
for genes known to be targeted by CSR-1-carried small RNAs, a pathway that
was suggested to support the expression of targeted genes (Claycomb et al,
2009; Shen et al, 2018). The helicase EMB-4 (Akay et al, 2017; Tyc et al, 2017)
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was shown to preferably bind introns of genes targeted by CSR-1; We could
not detect a significant enrichment or depletion for genes whose introns are
bound by EMB-4. All together, these results suggest that SET-25 is required for
the maintenance of a specific sub-class of HRDE-1 and WAGO-1 small RNAs,
associated with the Mutator and piRNA pathways, which target protein-coding
(Figure S2).

SET-25-dependent endo-siRNAs target a unique subset of newly evolved

genes

What distinguishes the target genes of these SET-25-dependent endo-
siRNAs? It was recently found that periodic A/T (PATC) sequences can shield
germline genes from piRNA-induced silencing and allow germline expression
of genes in H3K9me3-rich genomic regions (Frgkjeer-Jensen et al, 2016; Zhang
et al, 2018). Fittingly, we found that SET-25-dependent endo-siRNAs target
genes that had significantly lower PATC density (Figure 5A). However, this
feature is unlikely to distinguish between oma-1 and gfp, since the oma-1 gene

has a very low PATC density (Figure S3).

The list of genes which are targeted by SET-25-dependnt endo-siRNAs
was enriched for genes targeted by ERGO-1-dependent endo-siRNAs (fold
change = 14.06, p-value < 0.0001, Figure 4C). Many of the genes which are
targeted by ERGO-1-bound endo-siRNAs are duplicated genes (Vasale et al,
2010; Fischer et al, 2011). Still, only a modest (yet significant) enrichment was
found for duplicated genes amongst the genes that had reduced endo-siRNA
levels targeting them in set-25 mutants (fold change = 1.12, p-value = 0.012
Figure 5B). An additional characteristic of the set of genes targeted by ERGO-
1 endo-siRNAs is an enrichment for poorly conserved genes, that have fewer
introns, and possess splicing site sequences that diverge from the consensus
sequence (Newman et al, 2018; Fischer et al, 2011). It was recently suggested
that these poorly conserved genes are targeted for silencing because their
aberrant or ”"non-self-like” splicing signals are detected by the splicing
machinery (Newman et al, 2018). Therefore, we examined whether SET-25-

dependent endo-siRNA targets can be distinguished by their splicing signals.
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The changes in the endo-siRNA pool in mutants of small nuclear
ribonucleoprotein-associated protein RNP-2/U1A (rnp-2) mirrored the endo-
siRNA changes found in set-25 mutants (Figure 5C). We also found that genes
targeted by SET-25-dependent endo-siRNAs bear fewer introns (Figure 5D, p
= 0.0053), and were enriched with genes in which the introns are targeted by
endo-siRNAs (Figure S4A, In most cases endo-siRNAs target only exons).
Importantly, no significant differences in the length of the coding sequences
were found, hence, the difference in intron number does not simply derive from
differences in gene lengths (Figure S4B, p = 0.8673). We did not however, find
significant differences in the splicing motif divergence score (obtained from
(Newman et al, 2018)). Since splicing also directly affects the RNAi machinery
untangling its role in endogenous RNAI is challenging (Newman et al, 2018).
Thus, splicing may contribute to distinguishing genes targeted by SET-25
dependent endo-siRNAs.

Intriguingly, a significant enrichment for newly evolved genes, defined
here as genes which had no orthologs outside C. elegans, was found among
the SET-25-dependent endo-siRNA target genes (fold change = 2.57, 35/151
genes, p-value < 0.0001, Figure 5B and Table S1). Concordantly, in the same
set we also found a significant depletion for nematode-conserved genes (fold
change = 0.73, p-value < 0.0001, Figure 5B). In general, we find that certain
endo-siRNA sub-classes, such as ERGO-1 and HRDE-1 bound small RNAs,
exhibit a general enrichment for newly evolved genes (Figure S5). The
significant enrichment for newly evolved genes among SET-25-dependent
endo-siRNAs is maintained, however, even after excluding SET-25-endo-
siRNA target genes that are also targeted by HRDE-1, ERGO-1, or WAGO-1
or Mutator endo-siRNAs (59 out of 151 genes are not shared, fold enrichment
= 2.97, p-value = 0.0001). Further, we find that newly evolved genes have
higher levels of H3K9me3 (Figure S6), Likewise, in the absence of RNAI, in
wild-type animals, gfp, the newly evolved gene that we investigated, has higher
levels of H3K9me3, in comparison to the well-conserved oma-1 gene (Figure
2B). The fact that across the genome SET-25-dependent endo-siRNAs target
newly evolved and H3K9me3 methylated genes (Figure 4B and Figure 5B),
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may explain why inheritance of RNAI responses raised against gfp, but not
oma-1, depends on SET-25 (Figure 1).

In summary, our experiments reveal a specific role for histone
modifications in small RNA inheritance. While in S. pombe and A. thaliana a
feedback between H3K9me3 and small RNAs was suggested to be required
for silencing, the worm’s RNAI inheritance machinery may use H3K9me3 as a
mark that distinguishes genes identified as “new”. Since newly evolved genes
can be disruptive, small RNAs survey these H3K9me3-flagged elements

transgenerationally,

Discussion

Our study began from an investigation of a perplexing asymmetry in the
requirement of specific H3K9 methyltransferases for heritable silencing of the
endogenous gene oma-1 and the foreign gene gfp. Single mutants of set-25
and set-32 and the met-2;set-25;set-32 triple mutant displayed different
heritable dynamics when either the gfp or the oma-1 gene were targeted by
RNAI. These results are not unique to the specific gfp transgene that was
tested, since similar observations have been made with other transgenes
(Shirayama et al, 2012; Klosin et al, 2017; Spracklin et al, 2017; Lev et al, 2017).

Unlike mutations in these histone methyltransferases, which negatively
affect heritable silencing of gfp, but not oma-1, mutations in genes required for
small RNA inheritance negatively affect heritable silencing of both oma-1 and
gfp. For example, the argonaute HRDE-1 is required for inheritance of RNAI
responses against both targets (Buckley et al, 2012; Weiser et al, 2017; Ashe
et al, 2012; Shirayama et al, 2012; Kalinava et al, 2017). The fact that heritable
RNAI responses aimed at different genes are affected by different proteins
should be taken into account when studying transgenerational inheritance.
Specifically, when screening for genes that affect such inheritance, one must
acknowledge that heritable silencing of different targets requires different

chromatin modifiers.
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Future studies will hopefully reveal why some recently evolved genes,
but not others, display high levels of H3K9me3 (in the absence of RNAI), and
are targeted by endo-siRNAs. Recent studies examined why transgenes are
sensitive to silencing by synthetic piRNAs, while endogenous germline
expressed genes, including oma-1, are not. This protection was suggested to
be conferred at least in part by PATC sequences, and to be independent of the
genomic location of the gene (Zhang et al, 2018). PATC sequences were
previously shown to allow expression of transgenes in the germline in
heterochromatic areas (Frgkjeer-Jensen et al, 2016). Similarly, our analysis
revealed that the gene targets of SET-25-dependent endo-siRNAs have lower
levels of PATC density (Figure 5A). However, the oma-1 gene does not
possess many PATC sequences (Figure S3). An additional theory suggested
that an intrinsic unknown coding-sequence feature confers resistance to
silencing by piRNAs. Seth et al. have studied why a fusion between oma-1 and
ofp can trans-activate silenced gfp transgenes (an effect known as
“‘RNAa”,(Seth et al, 2013)). While unique “protecting” sequence features were
not described in that work, the authors showed that an unknown coding-
sequence feature, not related to the codon usage or the translation of the
protein, grants the oma-1 gene with its ability to activate silenced transgenes
(Seth et al, 2018). It is possible that the gene targets of SET-25-dependent
small RNAs that we describe here have unique intrinsic sequences that
distinguish them as well. The different requirement of methyltransferases for
heritable silencing of some genes but not others may be related to such intrinsic
sequence features. Alternatively, it is possible, as was suggested in the past,
that new genes are silenced because they are not licensed transgenerationally
by heritable small RNAs for expression (Claycomb et al, 2009; Shen et al,
2018). If this is the case, future studies will hopefully reveal how such license
is granted (See Figure 6 for Scheme).
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Materials and Methods:
Cultivation of the Worms

Standard culture technigues were used to maintain the nematodes on
nematode growth medium (NGM) plates seeded with OP50 bacteria. Extreme
care was taken to avoid contamination or starvation, and contaminated plates

were discarded from the analysis.

Strains used in this study:
BFF24 [set-32(0k1457) I.; SX1263 mjls134 Il. [pmex-5::gfp::h2b::tbb-2 11.]
BFF25 [set-32(0k1457) I.; oma-1(zu405) IV.]

BFF26 [met-2(n4256) IlI. ; set-25(n5021) Ill. ; set-32(0k1457) I.; SX1263
mjls134 II. [pmex-5::gfp::h2b::tbb-2 11.]

BFF27 [met-2(n4256) 1ll. ; set-25(n5021) lll. ; set-32(0k1457) I. ; oma-
1(zu405) IV.]]

BFF28 [met-2(n4256) Ill. ; set-32(0k1457) I. ; SX1263 mjls134 Il. [pmex-
5::gfp::h2b::tbb-2 I1.]]

RNAI bacteria:

HT115 Escherichia coli strains expressing dsRNAs were used: anti-
oma-1 RNAI bacteria were obtained from the Ahringer RNAI library (Kamath &
Ahringer, 2003). For the sequence of the anti-gfp RNAI see supplemental data.

RNAIi experiments

RNAI HT115 E.coli bacteria were incubated in Lysogeny broth (LB)
containing Carbenicillin (25 pg/mL) at 37°C overnight with shaking. Bacterial
cultures were seeded onto NGM plates containing isopropyl [-D-1-
thiogalactopyranoside (IPTG; 1 mM) and Carbenicillin (25 pg/mL) and grown

overnight in the dark at room temperature. Five L4 animals were placed on
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RNAI bacteria plates and control empty-vector bearing HT115 bacteria plates
and maintained at 20°C for 2 days and then removed. The progeny hatching on
these plates was termed the PO generation. In the next generations the worms
were grown on E.coli OP50 bacteria. For anti-gfp RNAIi experiments, four L4
animals were placed on plates for two days to lay the next generation. In every
generation approximately 60 one day adult worms were collected and
photographed per condition (see below). For anti-oma-1 RNAIi experiments, in
each generation twelve individual L4 staged worms were placed in individual
wells of a twelve well plate. Four days later the number of fertile worms was
assessed (at least one progeny) and twelve individual L4 progeny worms were

chosen from the most fertile well to continue to the next generation.

Germline GFP expression analysis

Percentage silencing analysis: for each condition, around 60 animals
were mounted on 2% agarose slides and paralyzed in a drop of M9 with
0.01% levamisole/0.1% tricaine. The worms were photographed with 10x
objective using a BX63 Olympus microscope (Exposure time of 200 ms, and
gain of 2). The images were analyzed with ImageJ2 software, and the
percentage of worms lacking any germline GFP signal was calculated.

GFP expression level analysis: for each condition, the GFP fluorescence level
of the background and of oocyte nuclei of at least 30 worms was calculated

using ImageJ2.

CTCF value was calculated as follows: CTCF = Integrated density of
selected object X — (area of selected object X * mean fluorescence of
background readings). The obtained CTCF value was normalized to the
average CTCF value obtained from photographs of control animals of the
same genotype, generation and age which were fed on control plates.
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Chromatin immunoprecipitation

Chromatin immunoprecipitation experiments were conducted as
described in (Lev et al, 2017). For anti-H3K9me3 ChIP experiments the abcam,

ab8898 antibodies were used.

gPCR reactions

All Real time PCR reactions were performed using the KAPA SYBR Fast
gPCR and run in the Applied Biosystems 7300 Real Time PCR System.

The primer sequences used in gRT-PCR:

ofp set #1 FOR: ACACAACATTGAAGATGGAAGC
ofp set #1 REV: GACAGGTAATGGTTGTCTGG

ofp set #2 FOR: GTGAGAGTAGTGACAAGTGTTG
ofp set #2 REV: CTGGAAAACTACCTGTTCCATG
oma-1 set#l FOR: AACTTTGCCCGTTTCACC

oma-1 set#l REV: TCAAGTTAGCAGTTTGAGTAACC
oma-1 set#2 FOR: TTGTTAAGCATTCCCTGCAC
oma-1 set#2 REV: TCGATCTTCTCGTTGTTTTCA
(The above primer set was adapted from (Spracklin et al, 2017))
dpy-28 FOR: CTGATGGATCCAGAGTTGG

dpy-28 REV: CTGCTATACGCATCCTGTTC

eft-3 FOR: CCAACATGATTAGTCAGATGACC

eft-3 REV: CTAGGAGTTAGATGTGCAGG.
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Bioinformatic genome-wide endo-siRNAs analysis

Small RNA analysis were conducted as previously described (Lev et al,
2017). Briefly, Adapters were cut from the reads using Cutadapt (Martin, 2011).
Reads that were not cut or were less than 19bp long, were removed. The quality

of the libraries was assessed by FastQC (http://www.bioinformatics

.babraham.ac.uk/projects/fastqc/). Reads were mapped to the C. elegans
genome (WS235) using Bowtie2 (Langmead & Salzberg, 2012). The mapped
reads were then counted using the python script HTseq_count (Langmead &
Salzberg, 2012) using. gff feature file from wormbase.org (version WBcel235).
Differential expression was analyzed using DESeq2 (Love et al, 2014). p-
adjusted value < 0.1 was regarded as statistically significant. GEO accession
GSE94798.

Bioinformatic gene enrichment analysis

The enrichment values denote the ratio between (A) the observed
representations of a specific gene set within a defined differentially expressed
genes group, to (B) the expected one, i.e., the representation of the examined
gene set among all protein-coding genes in C. elegans. The analysis was
done for 8 gene sets: (1) 7727 genes enriched in oocytes gonads (Ortiz et al,
2014) and 9012 genes enriched in spermatogenic gonads (Ortiz et al, 2014);
we excluded genes with expression lower than 1 (2) 11427 genes expressed
in isolated neurons (Kaletsky et al, 2015). (3) 7176 genes expressed in
intestine (Gerstein et al, 2010) (4) 2957 genes expressed in pharynx
(Gerstein et al, 2010) (5) 2526 genes expressed in body muscle (Gerstein et
al, 2010) (6) 4146 targets of CSR-1 (Claycomb et al, 2009) (7) 1478 targets of
HRDE-1 (Buckley et al, 2012) (8) 87 targets of WAGO-1 (Gu et al, 2009) (9)
399 targets of ALG-3/4 class small RNAs (Conine et al, 2010) (10) 1823
targets of mutator class small RNAs (11) 721 EGO-1 dependent small RNA
gene targets (Maniar & Fire, 2011), (12) 23 gene targets of small RNAs up-
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regulated in ego-1 mutants (Maniar & Fire, 2011), (13) 49 genes targeted by
26G-RNAs enriched in ERGO-IP (Vasale et al, 2010) (14) 77 genes depleted
of 22G-RNAs in ergo-1 mutants (Vasale et al. 2010), and (15) 348 putative
piRNA gene targets (Bagijn et al, 2012). The putative piRNA gene targets
were defined as genes for which, in at least one transcript, the ratio of the #
22G-RNA reads at piRNA target sites between wild type to prg-1 is at least 2
(linear scale). Note that the indicated number above achieved after
intersection between the various published data sources and the records

appears in the *.gff file used by us.

The enrichment value of a given gene set i in differentially expressed gene

targeting small RNAs was calculated using the following formula:

Enrich g Observed | fraction of genes belong to the i —th set among differentially expressed STGs |
wnrichment = =\ = - = =

Expected | Sfraction of genes belong to the i — th set among all the genes

Obtaining the observed-to-expected ratios, we then calculated the
corresponding p-values using 10,000 random gene groups identical in size to

that of the examined group of differentially expressed genes.

Bioinformatic H3K9me3 signal analysis

H3K9me3 signals are based on (McMurchy et al, 2017), the shown
signal represents the averaged H3K9me3 signal in two replicates of young
adults (GEO accession GSE87524).

Gene sets by conservation

The classification of gene sets by conservation was done by mining the
“‘Homology” field of all the C. elegans protein-coding genes in WormBase

(www.wormbase.com). We defined the following three gene sets (Figure 5B):

(1) Unique to C. elegans — C. elegans genes which have no orthologues gene

in any of the following species: B. malayi, C. brenneri, C. briggsae, C.
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japonica, C. remanei, O. volvulus, P. pacificus and S. ratti.

(2) Caenorhabditis only - C. elegans genes which have at least one
orthologues gene in one of the C. brenneri, C. briggsae, C. remanei and C.
japonica species, and have no orthologues gene in any of the B. malayi, O.
volvulus, P. pacificus and S. ratti species.

(3) Conserved among nematodes - C. elegans genes which have at least one
orthologues gene in one of the C. brenneri, C. briggsae, C. remanei and C.
japonica species, and in addition have at least one orthologues gene in one

of the B. malayi, O. volvulus, P. pacificus and S. ratti species.

Statistical analysis

For RNAI experiments, Two-way ANOVA tests were used to compare
the percentages of the RNAi-affected worms (GFP silencing or fertility for the
oma-1 assay) between the tested genotypes. In cases of multiple
comparisons between genotypes and across generations, Sidak multiple
comparison tests were applied. For GFP fluorescence experiments, Two-way
ANOVA tests were used to compare the normalized GFP expression levels
between the genotypes and across the biological repeats. For H3K9me3
gPCR-ChIP experiments Two-way ANOVA tests were used to compare the
delta-delta-Ct (or delta-Ct) values between the gfp and the oma-1 loci
obtained using two different primer sets. In cases of comparisons between
genotypes and loci the Sidak multiple comparison tests were applied.
Biological replicates were performed using separate populations of animals.
Statistical tests were performed using GraphPad Prism software (Graphpad
Prism) version 6. The statistical analysis used for each of the bioinformatics

analyses is listed under the corresponding bioinformatics methods.
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Figure legends:

Figure 1. Heritable RNAI responses against the oma-1 and gfp genes have
different requirements for H3K9me3 methyltransferases. (A) Scheme
depicting the different requirements for H3K9 methyltransferases in RNAI
inheritance responses aimed at different genes. (left) Only worms that inherit
small RNAs that silence the temperature-sensitive dominant allele of oma-
1 can hatch. Heritable RNAI responses aimed against the endogenous oma-1
gene do not require H3K9me3 methyltransferases. (right) Inheritance of anti-
gfp small RNAs lead to heritable silencing of the gfp transgene. Heritable RNAI
responses aimed against the foreign gfp gene strongly depends on H3K9me3
methyltransferases. (B) Inheritance of anti-oma-1 RNAi response in H3K9me3
methyltransferase mutants. The percentage of fertile worms per replicate and
generation is presented (N = 12, three biological replicates). (upper panel) RNAI
inheritance dynamics in met-2;set-25;set-32;o0ma-1 mutants compared to oma-
1 mutants. (lower panel) RNAI inheritance dynamics in set-32 single mutants
compared to wild type. (C) Inheritance of anti-gfp RNAIi response in H3K9me3
methyltransferase mutants. In each generation the percentage of worms
silencing a germline expressed GFP transgene is presented (N >60, three
replicates). (upper panel) RNAI inheritance dynamics in met-2;set-25;set-
32 triple mutants. (lower panel) RNAi inheritance dynamics in set-32 single
mutants. Error bars represent standard error of mean. *p-value < 0.05, **p-
value < 0.005, ***p-value < 0.001, ****p-value < 0.0001, Two-way ANOVA,
Sidak's multiple comparisons test. (D) Quantification of the germline GFP
expression levels in RNAI treated animals normalized to untreated animals.
(upper panel) GFP silencing Inheritance dynamics in met-2;set-25;set-32 triple
mutants (Red) and wild type animals (Blue, In total, the germlines of 1350
worms were quantified). (lower panel) GFP silencing Inheritance dynamics
in set-32 mutants (Red) and wild type animals (Blue, in total, the germlines of

1480 worms were quantified). Error bars represent standard deviation.

Figure 2. The change in RNAi-induced H3K9me3 on oma-1 and gfp is
comparable. (A) The RNAIi-induced H3K9me3 footprint on the RNAi-targeted
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genes. The fold change in H3K9me3 levels in F1 progeny of animals exposed
to RNAI versus untreated control animals. The H3K9me3 footprint levels were
assessed using a gPCR quantification of ChIP experiments conducted with
both wild type (left) and met-2;set-25;set-32 mutants (right). (B) H3K9me3
levels on the gfp and oma-1 genes in naive untreated wild type animals. The
H3K9me3 signal on each of the investigated loci was measured using two
different primer sets presented as filled circles (primer set #1) and empty circles
(primer set #2). The deltaCt numbers used to obtain the fold change values
were calculated using the eft-3 gene as an endogenous control. The presented
data was obtained from three biological replicates. The levels of gfp H3K9me3
signal in wild type animals are adapted from our previous publication (Lev et al,
2017). Two-way ANOVA, Sidak's multiple comparisons test. *p-value<0.05,
**p-value<0.005, **p-value<0.001, ****p-value<0.0001. Error bars represent

standard deviations.

Figure 3. SET-32 is required for strong heritable RNAi-induced silencing
of gfp in met-2 mutants. Inheritance of anti-gfp RNAI response in set-32;met-
2 double mutants and wild type is shown. In each generation, the percentage
of worms silencing a germline expressed GFP transgene is presented (N > 60,
three biological replicates). *p-value<0.05, **p-value<0.005, ***p-value<0.001,
Two-way ANOVA, Sidak's multiple comparisons test. Error bars represent

standard error of mean.

Figure 4. Genome-wide analyses of SET-25-dependent endo-siRNAs. (A)
An expression analysis of endo-siRNAs targeting transposons and repetitive
elements classes (left panel) or protein-coding genes (right panel). Shown are
the expression values (log2 of RPM) in set-25 mutants (y-axis) compared to
wild type worms (x-axis). endo-siRNAs which display significant differential
expression (analyzed with Deseq2, adjusted p-value < 0.1) are marked in red
(B) An analysis of H3K9me3 signals (based on published data from (McMurchy
et al, 2017)) on highly expressed genes (top 10%, Blue), lowly expressed genes
(top 10%, Yellow) and gene targets of SET-25 dependent endo-siRNAs (based
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on (Levetal, 2017), Red). All genes are aligned according to their Transcription
Start Sites (TSS), and the regions of 1000 base pairs upstream and
downstream of the TSS are shown on the x axis. The y axis shows the averaged
signal of the H3K9me3 modification as a function of distance from the TSS.
(C) An enrichment analysis of genes with significantly lowered levels of endo-
siRNAs targeting them in set-25 mutants compared to wild type. The
enrichment values for expression in specific tissues (left panel) and the
enrichment values for different small RNA pathways (right panel) are presented.
Fold enrichment values are color coded. The p-values were calculated using
10,000 random gene sets identical in their size to the set of SET-25-dependent
endo-siRNAs. Asterisk denotes statistically significant enrichment values (p-
value < 0.05).

Figure 5. SET-25 dependent endo-siRNAs target newly evolved genes. (A)
A PATC density analysis for SET-25 dependent endo-siRNAs gene targets.
The PATC density values (obtained from (Frgkjeer-Jensen et al, 2016)) for all
protein- coding genes and SET-25 dependent endo-siRNAs gene targets are
presented. p < 0.01, Wilcoxon rank sum test. For clarity of display, values are
shown in log2 scale (after addition of 1). (B) An enrichment analysis of genes
conserved at different levels, and duplicated genes amongst gene targets of
SET-25 dependent endo-siRNAs. The gene sets were generated based on the
homology field in WormBase that details the orthologs and paralogs of each
nematode gene. We defined a duplicated gene as a gene that has a paralog in
C. elegans. An enrichment value was calculated for each given gene set and
control enrichment values were obtained from random gene sets with a
comparable size. * p-value < 0.05 for duplicated gene set analysis, * p-value <
0.0001 for gene conservation enrichment analysis. (C) An analysis of endo-
siRNAs fold changes in rnp-2 mutants for genes targets of endo-siRNAs
downregulated or upregulated in set-25 mutants or all genes. All p-values <
0.001, Wilcoxon rank sum test. (D) An analysis of intron numbers of gene
targets of SET-25 dependent endo-siRNAs (obtained from (Lev et al, 2017))
compared to all protein-coding genes. In cases of genes that have more than

one transcript, the average intron value is used.* p-value = 0.0053, Wilcoxon
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rank sum test. (E) An analysis of splicing motif divergence score (obtained from
(Newman et al, 2018)) of gene targets of SET-25 dependent endo-siRNAs and

all protein-coding genes. p-value > 0.05, Wilcoxon rank sum test..

Figure 6. Scheme characterizing SET-25 dependent endo-siRNAs and
their targets. SET-25 dependent endo-siRNAs are enriched with small RNAs
known to be carried by the argonautes HRDE-1, WAGO-1 and ERGO-1 but not
CSR-1. SET-25 dependent endo-siRNAs targets are enriched with newly
evolved genes, genes bearing fewer introns, fewer PATC sequences, and are
marked with higher levels of H3K9me3.

Supplemental Figure Legends:

Figure S1. Analysis of protein-coding genes with significantly increased
endo-siRNAs levels targeting them in set-25 mutants compared to wild
type. (A) An analysis of H3K9me3 signals (based on published data from
(McMurchy et al, 2017)) on gene targets of endo-siRNAs up-regulated in set-
25 mutants (based on (Lev et al, 2017), Blue). All genes are aligned according
to their Transcription Start Sites (TSS), and the regions of 1000 base pairs
upstream and downstream of the TSS are shown on the x axis. The y axis
shows the averaged signal of the H3K9me3 modification as a function of
distance from the TSS (B) An enrichment analysis for expression in specific
tissues (left) and an enrichment analysis for different small RNA pathways
(right) are presented. Fold enrichment values are color coded. p-values were
calculated using 10,000 random gene sets identical in their size to the
examined gene set. Asterisk denotes statistically significant enrichment values

(p-value < 0.05).

Figure S2. Unique and shared genes targets of SET-25 dependent endo-
siRNAs. A Venn diagram analysis of shared gene targets of HRDE-1 (Buckley
et al, 2012), Mutator pathway (Phillips et al, 2014), ERGO-1 dependent small
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RNA targets (Vasale et al, 2010) and SET-25 (Lev et al, 2017) dependent small
RNAs.

Figure S3. The oma-1 gene bears low density of PATC. A histogram of
PATC density of all of C. elegans genes (Blue) and the PATC density of the
oma-1 gene (Red). The median PATC density of all genes=11.00 (marked with
black vertical line), 243 points counted in the rightmost bin have values greater
than 178.47.

Figure S4. Genes targeted by SET-25 dependent endo-siRNAs gene
targets are more targeted by small RNAs on introns compared to other
genes. (A) The proportion of genes with different ratios of small RNAs aligned
to Intron-Exon-junction / Exon-Exon junction (obtained from (Newman et al,
2018)) are presented. The control proportion values obtained from 10,000
random gene sets with an identical size to SET-25 dependent end-siRNA gene
targets set are shown in grey. The proportion value of SET-25 dependent endo-
siRNA gene targets is shown in red. (B) The lower intron nhumbers found in
genes targeted by SET-25 dependent endo-siRNAs are not explained by
smaller coding sequence sizes. An analysis of coding sequence length of genes
targeted by SET-25 dependent endo-siRNAs and all protein-coding genes. p-

value = 0.8673, , Wilcoxon rank sum test. This figure relates to Figure 5D.

Figure S5. An enrichment analysis of newly acquired genes amongst
genes targeted by known endo-siRNA pathways. An enrichment analysis
for newly acquired genes, bearing no orthologues among other nematodes
amongst different endo-siRNAs pathways (the newly acquired gene set was
generated based on the “Homology” field of the C. elegans genes in
WormBase). Fold enrichment values are color coded. Asterisk denotes
statistically significant enrichment values (p-value < 0.001). P-values were
calculated using 10,000 random gene sets identical in their size to the

examined gene set.
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Figure S6. Newly acquired genes exhibit enhanced levels of H3K9me3.
Analysis of H3K9me3 levels (based on published data from (McMurchy et al,
2017)) of newly acquired genes in C. elegans. As a control, shown are the
H3K9me3 signature of 500 random gene sets identical in size to the gene set

of interest.

Supplemental Table 1 - list of SET-25-dependent endo-siRNAs targets
and their conservation. The table includes all the C. elegans genes we
examined (20,447 genes). Each gene is marked for being: A. a target of SET-
25 dependent endo-siRNAs, B. Conserved among nematodes, C. Conserved

only in Caenorhabditis, D. Unique to C. elegans.

Supplemental File 1 — Sequence of anti-gfp RNAI targeting dsRNA used
in this study.
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