Argonaute NRDE-3 and MBT domain
protein LIN-61 redundantly recruit an
H3K9me3 HMT to prevent embryonic
lethality and transposon expression
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The establishment and maintenance of chromatin domains shape the epigenetic memory of a cell, with the
methylation of histone H3 lysine 9 (H3K9me) defining transcriptionally silent heterochromatin. We show here that
the C. elegans SET-25 (SUV39/G9a) histone methyltransferase (HMT), which catalyzes H3K9mel, me2 and me3,
can establish repressed chromatin domains de novo, unlike the SETDB1 homolog MET-2. Thus, SET-25 is needed to
silence novel insertions of RNA or DNA transposons, and repress tissue-specific genes de novo during development.
We identify two partially redundant pathways that recruit SET-25 to its targets. One pathway requires LIN-61
(L3BMBTL2), which uses its four MBT domains to bind the H3K9me2 deposited by MET-2. The second pathway
functions independently of MET-2 and involves the somatic Argonaute NRDE-3 and small RNAs. This pathway
targets primarily highly conserved RNA and DNA transposons. These redundant SET-25 targeting pathways
(MET-2-LIN-61-SET-25 and NRDE-3-SET-25) ensure repression of intact transposons and de novo insertions, while
MET-2 can act alone to repress simple and satellite repeats. Removal of both pathways in the met-2;nrde-3 double
mutant leads to the loss of somatic H3K9me2 and me3 and the synergistic derepression of transposons in embryos,

strongly elevating embryonic lethality.
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About half of our genome consists of repetitive elements.
Both transposable elements (Bourque et al. 2018; Klein
and O'Neill 2018) and simple repeats are intrinsically un-
stable and represent a constant threat to genome integrity
(Horard et al. 2009; Padeken et al. 2015; Payer and Burns
2019; Khristich and Mirkin 2020) and development
(Jachowicz et al. 2017). To counteract the threat of un-
stable satellite repeats and to prevent the unchecked
amplification of transposons, cells must establish and
maintain a repressive chromatin structure that blocks
transcription of these elements (Slotkin and Martienssen
2007; Deniz et al. 2019). Histone H3 lysine 9 methylation
(H3K9me) is associated with constitutively repressed het-
erochromatin, and it is essential for the silencing of re-
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peats (Nakayama et al. 2001; Peters et al. 2001; Matsui
et al. 2010; Allshire and Madhani 2018). In C. elegans,
the loss of H3K9me, which is achieved by the ablation
of its two H3K9 HMTs, SET-25 and MET-2, results in an
inappropriate transcription of repetitive elements, which
drives genomic instability due to small insertions, dele-
tions, and transposition events (Zeller et al. 2016; Padeken
et al. 2019).

In mammals, the loss of H3K9me augments chromo-
some missegregation and is embryonic lethal (Peters
et al. 2001; Tachibana et al. 2002; Dodge et al. 2004). Re-
peat element transcription, as well as the derepression of
pluripotency genes, is commonly observed in a wide range
of epithelial cancers (Rodriguez-Paredes and Esteller 2011;
Avgustinova et al. 2018; Rowbotham et al. 2018; Ghandi
et al. 2019). Further, the inhibition of H3K9 HMTs
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facilitates dedifferentiation during the induction of plurip-
otent stem cells (Soufi et al. 2012; Sridharan et al. 2013;
Torrano et al. 2019), and correlates with the derepression
of H3K9me-marked tissue-specific genes (Becker et al.
2016).

Thus, from the simplest to the most complex multicel-
lular animal the appropriate establishment of H3K9me-
marked domains is critical both for cell identity and ge-
nome integrity. Unlike many epigenetic modifications,
the establishment of H3K9me2/me3-marked heterochro-
matin is sufficient to induce a feedback loop that main-
tains heterochromatic domains through mitotic division
once they have been established (Audergon et al. 2015;
Ragunathan et al. 2015b; Reinberg and Vales 2018). The
crucial question in the field, therefore, is how HMTs are
recruited to their target sites either for the establishment
or for the maintenance of transcriptional repression
(Yamada et al. 2005; Zhang et al. 2008; Fischer et al.
2009; Elgin and Reuter 2013).

Several pathways have already been proposed to recruit
HMTs to target sites. One means is to link the HMT cata-
lytic domain to a methyl-lysine “reader” motif. For exam-
ple, in fission yeast, flies, and mammals, the HMT Su(var)
3-9/SUV39 can bind its own product at pericentric hetero-
chromatin through an N-terminal chromodomain (All-
shire and Madhani 2018). In addition, Su(var)3-9/SUV39
interacts with heterochromatin protein 1 (HP1), which
itself harbors a chromodomain that binds H3K9me3
(Bannister et al. 2001; Lachner et al. 2001). A second mech-
anism observed in mammals depends on the sequence-
specific binding of KRAB-Zinc finger proteins, which
recruit the HMT SETDBI1 through TRIM28/KAP]I to si-
lence retrotransposons (Wolf and Goff 2009; Rowe et al.
2010). Other transcription factors have been reported to in-
teract with the G9a HMT in mammals (Shankar et al.
2013). Finally, in fission yeast, siRNAs derived from cen-
tromeric satellite repeats bound to an Argonaute can re-
cruit the Clr4 methyltransferase complex (CLRC) to
maintain and establish pericentric heterochromatin
(Zhang et al. 2008; Holoch and Moazed 2015; Ragunathan
etal. 2015a). This Argonaute-RNA pathway resembles the
piRNA pathway found in germlines of metazoans (Ozata
etal. 2019), in which gonad-specific Argonautes help to re-
press transposons during meiosis in order to stabilize the
germline (Lin and Spradling 1997; Cox et al. 1998; Kuramo-
chi-Miyagawa et al. 2001, 2004; Carmell et al. 2007;
Houwing et al. 2007; Téth et al. 2016; Luo and Lu 2017;
van den Beek et al. 2018).

In contrast to yeast, most animals have multiple H3K9
HMTs that show partial redundancy; e.g., SETDBI1 and
SUV3-9H1 and SUV39H2 at interspersed transposons in
mice (Peters et al. 2001; Bulut-Karslioglu et al. 2014) or
G9a and GLP for differentiation-specific genes (Collins
and Cheng 2010). However, due to chromosome mis-seg-
regation and the early embryonic lethality of HMT mu-
tants (Peters et al. 2001; Tachibana et al. 2002; Dodge
et al. 2004; Padeken et al. 2015), it has been difficult to
determine whether they have distinct mechanisms of re-
cruitment and whether their redundancy is biologically
relevant. C. elegans provides a fruitful system to address
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these questions for the segregation of the worm’s holocen-
tric chromosomes is not affected by the loss of H3K9me
(Zeller et al. 2016) and worms have only two somatic
H3K9 HMTs. Moreover, the met-2 set-25 double mutant
embryos that are devoid of somatic H3K9me can develop
into adults, although they show sterility at 25-26°C (Tow-
bin et al. 2012; Garrigues et al. 2015; Zeller et al. 2016).
Together with the fact that endogenous C. elegans repeat
elements are not in large arrays, allowed us to precisely
map histone modifications and repeat transcript abun-
dance in single and double H3K9 HMT mutants (Zeller
et al. 2016; McMurchy et al. 2017; Ahringer and Gasser
2018; Padeken et al. 2019). We found that both MET-2-
mediated H3K9me2 and SET-25-mediated H3K9me3 are
able to repress transcription, yet each HMT preferentially
silences a distinct class of repetitive elements. MET-2,
but not SET-25, is essential for the silencing of simple
and satellite repeats and aberrant transcription of those re-
peats is sufficient to drives the loss of fertility (Garrigues
et al. 2015; Zeller et al. 2016; McMurchy et al. 2017;
Padeken et al. 2019). The distinct phenotypes of H3K9
HMT single mutants (Padeken et al. 2019) suggested to
us that their pathways of recruitment might also be highly
divergent.

Using a reporter assay, we have found that only one of
the two C. elegans H3K9 HMTs, i.e., SET-25, is able to es-
tablish a repressive H3K9me domain de novo. A screen for
the recruitment of SET-25 to a repetitive reporter impli-
cates two redundant pathways that target SET-25 to chro-
matin. One pathway depends on the MET-2-mediated
H3K9me2 modification, while the second is detectable
only in its absence. In the former, we show that the malig-
nant brain tumor (MBT) domain protein LIN-61/
L3MBT?2L (Bonasio et al. 2010) mediates the recruitment
of SET-25 to sites of MET-2-mediated H3K9me2. In the
second, SET-25 is targeted to intact RNA and DNA trans-
posons independently of MET-2 through endogenous
small RNAs and the somatic Argonaute protein NRDE-
3. Loss of one or the other pathway has mild phenotypes
on somatic development, but the combined deletion of
met-2 and nrde-3 synergistically derepresses intact trans-
posons. This, when combined with the derepression of
simple repeats, strongly enhanced embryonic lethality.
Thus, we describe an essential interplay between two par-
allel pathways that establish and propagate H3K9me3-
mediated repression, and we show that these protect the
genome from toxic transposon activation.

Results

H3K9 HMT SET-25, but not MET-2, is sufficient
to establish heterochromatin de novo

Mass spectroscopy and immunostaining experiments
have shown that the HMT SET-25 is responsible for all
H3K9me3 in C. elegans somatic tissues, while MET-2
(SETDBI1) mediates H3K9mel and most H3K9me2 (Tow-
bin et al. 2012; Zeller et al. 2016; Padeken et al. 2019). Ei-
ther dimethylation or trimethylation on H3K9 is able to
repress transcription in worms, and thus MET-2 is able
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to compensate for the loss of SET-25, by replacing
H3K9me3 with H3K9me2 (Fig. 1A; Towbin et al. 2012;
Padeken et al. 2019). The opposite is not true. The met-2
set-25 double mutant lacks all H3K9me, and the met-2
single mutant loses all but 10%-15% of its H3K9me-
marked sequences (Towbin et al. 2012; Garrigues et al.
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Figure 1. SET-25 is required for de novo establishment of H3K9me2/me3. (A) Immunofluorescence and quantitation of H3K9me2,
H3K9me3 and H4 in wt, met-2(n4256), set-25(n5021) and met-2(n4256) set-25(n5021) embryos, hereafter referred to as met-2, set-25,
and met-2 set-25. Fluorescence intensity was normalized to H4. Signal quantified by automated image analysis. For H3K9me2, N=2;
wt n=1917, met-2 n=1088, set-25 n=1177, met-2 set-25 n=1021. For H3K9me3, N=3; wt n= 1467, met-2 n=851, set-25 n=1958,
met-2 set-25 n=1405. Scale bar, 5 nm. (B) Scheme of the heterochromatic reporter (gwls4) and de novo silencing assay. The reporter
gwlisd [baf-1p::GFP-lacl::let-858 3 UTR; myo-3p::RFP], is integrated in a single site as an array of ~280 tandem copies. Each copy carries
a single lacO site that allows visualization of the array (Meister et al. 2010). To assay maintenance of repression, wild-type hermaphrodites
bearing gwiIS4 were crossed with met-2 or set-25 mutants and for de novo silencing adult met-2 set-25 double mutants bearing gwiS4 were
crossed with either met-2 or set-25 single mutants. Embryos of the F2 generation homozygous for the gwis4 reporter and either the met-2
or set-25 deletion were scored for colocalization of H3K9me2, H3K9me3, and GFP. (C) Quantitation of the mean H3K9me2 and H3K9me3
signal colocalizing with the GFP signal in wild-type (wt), met-2, and set-25 embryos from B. Yellow shading monitors maintenance and
violet shading reflects de novo establishment of the marks on offspring from a met-2 set-25 double mutant. N=3, n=68. (****) P <0.00001
by two-sided Wilcoxon signed-rank test for H3K9me2 met-2 versus set-25 following crosses with the gwils4 met-2 set-25 parent.
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Two relevant characteristics might distinguish these
two HMTs: First, they could have distinct targeting mech-
anisms that restrict the sites they modify, and second,
they may have become specialized for either the establish-
ment or the maintenance of their mark. To address this
latter, we tested the capacity of SET-25 or MET-2 to estab-
lish H3K9me2/me3-marked domains de novo on a well-
characterized heterochromatic reporter (gwls4) (Fig. 1B).
In N2 worms (wild-type [wt]), this integrated reporter ar-
ray carries both H3K9me2 and H3K9me3, and contrary
to our initial model (Towbin et al. 2012), both HMTs re-
main bound to the repressed array (Towbin et al. 2012;
Delaney et al. 2019). Because the gwis4 reporter can be vi-
sualized by GFP-Lacl, we can monitor the methylation
state of the array on a single cell level using immunofluo-
rescence (Supplemental Fig. S1A). By mating reporter-
bearing hermaphrodites that are devoid of H3K9me
(met-2 set-25), with males carrying null alleles of either
met-2 or set-25, we could examine the offspring for de
novo establishment of H3K9 methylation on the array.
Offspring would express SET-25 or MET-2 only, but not
both (Fig. 1B).

We first performed a control cross in which the hetero-
chromatic reporter was carried by a silencing-competent
N2 hermaphrodite, and therefore had both H3K9me2
and H3K9me3 on the array. In this case, either MET-2 or
SET-25 was able to maintain H3K9 methylation over mul-
tiple generations (Fig. 1B,C, yellow shading; Supplemental
Fig. S1A). We note that in set-25 offspring H3K9me3 was
lost, but the array retained H3K9me2, while in the met-2
cross H3K9me3 was favored (Fig. 1C). We conclude that
either C. elegans H3K9 HMT can maintain a H3K9me2-
or me3-marked domain over three generations. However,
when the reporter array came from a met-2 set-25 back-
ground and thus started in a derepressed, unmethylated
state (Towbin et al. 2012), the cross with the set-25 mu-
tant was unable to generate an H3K9me-marked domain
(Fig. 1C, blue shading; Supplemental Fig. S1A), while the
met-2-deficient worms could. In other words, the estab-
lishment de novo of a repressive H3K9me domain re-
quired SET-25 (Fig. 1C). This result was surprising, given
the more robust role played by MET-2 in the maintenance
of repeat methylation (Padeken et al. 2019). Nonetheless,
these immunostaining results were verified by ChIP
qPCR for H3K9me2 and H3K9me3 using primers specific
for the gfp gene on the gwis4 reporter (Supplemental Fig.
S1B). In conclusion, even though SET-25 can be replaced
by MET-2 to repress many genomic loci where they
work sequentially, the H3K9me3 HMT SET-25 has a
unique ability to establish de novo H3K9me-mediated
repression.

SET-25 methylates H3K9 preferentially at intact,
nondegenerated transposable elements

To understand the relevance of SET-25 mediated repres-
sion at endogenous loci, we identified sites where SET-
25 confers H3K9me2/me3 in the absence of MET-2 using
genome-wide ChIP-seq (Fig. 2A; Padeken et al. 2019). In
early stage met-2 embryos H3K9me2 signal was lost,
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while ~13.2% of H3K9me3-marked sites were retained
in well-bounded peaks (mean domain size 3.8 kb in
met-2 vs. 9.7 kb in wt) (Fig. 2A,B). Intriguingly, the ab-
sence of H3K9me2 in met-2 worms argued that SET-25
is very processive, generating almost exclusively
H3K9me3, with neither mel nor me2 intermediates de-
tected (Fig. 2B; Towbin et al. 2012).

The majority of SET-25-dependent H3K9me3 loci
(54.4%) mapped to repetitive elements (REs) (Fig. 2C; for
wt, see Supplemental Fig. S2C). Among the RE families
that were selectively targeted by SET-25 in the absence
of MET-2, we found H3K9me3 most enriched on RNA
and DNA transposons (listed in Fig. 2D, RE annotation
was taken from DFAM.org). A low percentage of three
satellite repeats (RC123, RC35, and RC35S) was also de-
tected (Fig. 2D; Supplemental Fig. S2A). Of the MET-2-
independent SET-25 targets, 15.5% were silent genes,
and 26.4% mapped to intergenic regions, which in some
cases colocalize with enhancers (Fig. 2C; Daugherty
et al. 2017).

The transposable elements (TE) modified by SET-25 in a
MET-2-independent manner did not define one subfam-
ily, but belonged to families that generally retain compe-
tence for transposition; that is, TC1-5, MARINCEI]
(CemaT1), Miragel, and Chapaev1-2 families (Bessereau
2006; Hubley et al. 2016; Zeller et al. 2016; Wallis et al.
2019). These are thought to be evolutionarily “young”
transposons, meaning that their sequences have not di-
verged sufficiently to inactivate transposition.

We used the DFAM alignment score, which compares
the alignment of a given TE with the repeat consensus se-
quence, to determine whether SET-25 indeed preferential-
ly targets repeats with a high level of conservation. We
plotted the enrichment of H3K9me2 and H3K9me3 on
all TEs sorted as high (>5000), medium (<5000 and
>1000), or low (<1000) conservation scores (Fig. 2E). TEs
with a high conservation score preferentially carried
H3K9me3 in both wt and met-2 mutant embryos, while
the MET-2-mediated H3K9me2 on repeats like MSAT]I,
showed little correlation with the degree of conservation
(Fig. 2E,F). The alignment of the copies of the potentially
active DNA transposon TC1 and the RNA transposon LI-
NE2A showed strong retention of H3K9me3 across the
full transposon even in met-2 mutants (Fig. 2F), as ob-
served for other intact transposons (Supplemental Fig.
S2A,B). This is in contrast to satellite repeats, which
lose their H3K9me2 mark upon met-2 ablation (Fig. 2E,
F; Supplemental Fig. S2A,B; Padeken et al. 2019). In con-
clusion, SET-25 specifically represses highly conserved
DNA/RNA transposons independently of MET-2.

Argonaute NRDE-3 and MBT domain protein LIN-61
are essential for SET-25 targeting

Given that SET-25 can establish H3K9me3-containing
heterochromatin independently of MET-2, but also tri-
methylate MET-2-dependent H3K9me?2 (Fig. 2A), we sus-
pected that more than one mechanism likely recruits
SET-25 to its targets. To identify these factors we again
made use of the GFP-tagged heterochromatic reporter,
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typical autosome, Chr V, is shown (N =2). (B) Scatter plot correlating the genome-wide mean log, fold change of H3K9me3 over input to
the mean log, fold change of H3K9me2 over input at 500-bp intervals in the met-2 mutant. (C) Percentage of H3K9me2- or me3-positive
loci (log2 IP over input >1) overlapping with pseudo genes, genes, repetitive elements, and intergenic regions in met-2 mutant embryos.
(D) Percentage of repetitive element copies per repeat subfamily (DFAM annotation) that retain H3K9me2/me3 in met-2(n4256) mutants
at minimum two copies per subfamily. Repeat classification (class.) is annotated by color code at the Ieft. (E) The mean enrichment of
H3K9me3 and H3K9me2 IP over input at repetitive elements with a high (>5000), medium (<5000 and >1000), or low (<1000) conservation
score (based on DFAM bit score) in wt, met-2, and set-25 mutants. (F) Metaplots of mean log, fold change H3K9me3 over input in the met-
2 mutant at TC1 (Tcl-Mariner-like DNA transposon), LINE2A (LINE [class IT] RNA transposon) and MSAT1 (satellite repeat) repetitive
elements with a high conservation score (dark blue) and medium/low conservation score (gray). H3K9me3 in met-2 mutant cells is en-
riched only on conserved elements. Standard deviation between individual regions is indicated as a semitransparent shading.
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and monitored colocalization with a mCherry-tagged
SET-25 (mCh::SET-25) in both wt and met-2 mutant em-
bryos (Fig. 3A,B; Towbin et al. 2012). Using RNAi, we
down-regulated the expression of 52 candidate factors,
all of which had been previously identified as essential
for the silencing of heterochromatic arrays and/or of a
TC1 reporter (Vastenhouw et al. 2003; Grishok et al.
2005; Towbin et al. 2012). Scoring for the nuclear disper-
sion of mCh::SET-25 following RNAi, we found four
genes, nrde-2, nrde-3, nrde-4, and lin-61, to be necessary
for the colocalization of mCh::SET-25 with the GFP-
marked foci (Fig. 3C-F; Supplemental Fig. S3A). RNAi
against Iin-61, a known H3K9me reader that binds all
three H3K9me states (Koester-Eiserfunke and Fischle
2011), triggered the release of SET-25 in both wt and
met-2 backgrounds. In contrast, knockdown of nrde-2,
nrde-3, and nrde-4 interfered with SET-25 localization
only in the absence of MET-2 (Fig. 3C,F). This suggests
that the NRDE pathway acts in parallel to a recruitment
pathway that depends on MET-2.

NRDE-3 is a somatic Argonaute that has been shown to
be essential for the silencing of targets of exogenous
dsRNA (Guang et al. 2008, 2010; Gent et al. 2010). The
conserved NRDE-2, as well as NRDE-4, are essential for
NRDE-3 mediated silencing (Guang et al. 2010; Burkhart
etal.2011; Burtonetal. 2011). ERGO-1, an Argonaute that
acts upstream of NRDE-3 and other small RNA pathways
(Gent et al. 2010; Montgomery et al. 2012; Almeida et al.
2019a), showed a partial loss of SET-25 localization (Fig.
3C-F), consistent with either a partial knockdown by
ergo-1 RNAi, or a maternal contribution of ergo-1 or
ERGO-1-dependent small RNAs (Almeida et al. 2019b).
Growing the worms on the RNAI (ergo-1) for two genera-
tions was impossible due to the high level of germline ste-
rility that stems from ergo-1 knockdown in the met-2
deficient background. In any case, NRDE-3 is the central
and best characterized Argonaute in this siRNA pathway
(Fig. 3D), and its down-regulation showed the most robust
loss of SET-25 localization to the heterochromatin array.
We therefore focused on the role of the NRDE-3 Argo-
naute in SET-25 targeting.

Importantly, we note that the loss of transcriptional si-
lencing alone is not sufficient to release SET-25 from the
array. RNAIi of the heterochromatin protein 1 (HP1) ho-
mologs hpl-1 and hpl-2 or the Polycomb proteins mes-2
(EZH2) and mes-6 (EED) homologs were similarly tested
in the RNAi screen, and all triggered transcriptional dere-
pression of the reporter without interfering in SET-25
colocalization to this array (Fig. 3C,F; Towbin et al.
2012; Mattout et al. 2020).

LIN-61 is required for SET-25 targeting, H3K9me3 levels,
and transcriptional repression

In set-25 mutants we detected robust levels of H3K9me2
at many sites that had carried H3K9me3 in wt embryos
(Fig. 2A; Padeken et al. 2019). In other words, MET-2-
deposited H3K9me2 can both replace SET-25’s mark,
and serve as the substrate for SET-25-mediated trimethy-
lation. In cases in which SET-25 is recruited to MET-2-de-

Dual pathways target SET-25 H3K9me3 to transposons

pendent H3K9me2, a molecular bridge is needed to link
the modified histone tail to SET-25, as this HMT has no
methyl-lysine binding capacity. Conveniently, the second
factor identified in our screen, LIN-61, is indeed required
for SET-25 targeting to the array (Fig. 3C-F), and appears
to serve this role as mediator thanks to its four MBT do-
mains that bind H3K9mel, me2, or me3 (Koester-Eiser-
funke and Fischle 2011). The lin-61 RNAIi in embryos
expressing fluorescent SET-25, led to a loss of endogenous
SET-25 foci (Fig. 4A,B), yet it did not alter the presence of
MET-2 foci (Delaney et al. 2019). This is consistent with
MET-2 being upstream of LIN-61, and independent of ei-
ther SET-25 or LIN-61 recruitment. It also predicts that
the loss of Iin-61 should compromise H3K9me3.

To confirm this, we characterized changes in H3K9me2
or H3K9me3 in a lin-61-null allele (Fig. 4C-D). Absolute
values for H3K9me2 and H3K9me3 immunofluorescence
in the Ilin-61 mutant revealed a strong reduction in
H3K9me3 to roughly the same level found in met-2-null
strains [mean fold reduction (lin-61)=2.4 vs. (met-2)=
2.5] (Fig. 4D). Moreover, in compensation, we note a
mean 1.4-fold increase in H3K9me2 (P<2x10'°) in the
lin-61 mutant (Fig. 4D). Interestingly, the lin-61;met-2
double mutant showed an additional drop in H3K9me3
[mean fold reduction (lin-61;met-2) = 4.8] (Fig. 4D), arguing
that LIN-61 promotes SET-25 activity even on the NRDE-
3 pathway, which is independent of MET-2. The overall
level of histones does not drop significantly in any of the
mutants tested in this assay (Supplemental Fig. S1C,D).
Thus, we envision that LIN-61 could be an allosteric en-
hancer of SET-25 catalytic activity, as well as a bridge
from H3K9me2 to the enzyme. Whether it acts alone or
in a complex is unclear.

To identify the sites at which LIN-61 mediates SET-25
activity, we compared H3K9me3 ChIP-seq in wt, lin-61,
and met-2 embryos (Fig. 4E-G). Comparing the distribu-
tion and intensity of the H3K9me3 mark, we found that
in all combinations (wt vs. lin-61, or met-2 vs. lin-61;
met-2 double), the loss of Iin-61 led to a general reduction
at all H3K9me3-marked sites, affecting the signal level
across the entire methylated gene or domain (Fig. 4E,F;
Supplemental Fig. S3B). We note that neither the efficien-
cy of spreading nor the boundaries of H3K9me3 domains
changed upon loss of LIN-61, but rather the trimethyl
abundance or “intensity” was reduced (Fig. 4G; Supple-
mental Fig. S3B). This was true for sites that are MET-2-
dependent, as well as those that are MET-2-independent
targets.

We next correlated the reduction of H3K9me3 levels ob-
served in the lin-61 mutant with the efficiency of tran-
scriptional silencing. We performed total RNA-seq in
early embryos isolated from lin-61, met-2, and set-25 sin-
gle mutants, followed by studies of double alleles. Loss of
lin-61 led to the up-regulation of 332 genes (FDR <0.01
and log, FC>2) (Fig. 5A) and 104 individual copies of re-
petitive elements (FDR <0.05 and FC>2) (Fig. 5A). We
ruled out that set-25 expression itself was reduced upon
loss of Iin-61 and showed that histone levels also do not
change significantly (Supplemental Fig. S4B). We found
that the loci derepressed in Iin-61 are indeed among those
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Figure 3. RNAIi screen identifies Argonaut NRDE-3 and MBT domain protein LIN-61 as essential for SET-25 targeting to heterochroma-
tin. (A) Scheme describing the RNAi screen for factors essential for SET-25 targeting to the heterochromatic reporter (gwls4). Wild-type
(wt) and met-2 mutant worms expressing gfp::lacl from the heterochromatic reporter (gwils4) were treated with RNAi against candidate
genes, or empty vector (L4440). F1 embryos were screened for loss of colocalization of the mCherry::SET-25 and GFP::Lacl. (B) Live-cell
fluorescent images of wt and met-2(n4256) embryos, ectopically expressing mcherry::set-25 and gfp::laci from the gwls4 heterochromatic
reporter (Towbin et al. 2012) showing colocalization. Scale bar, 5 um. (C) Table summarizing the 52 RNAi candidate screen. Effect of
knockdown on mCherry::SET-25 foci in wt and met-2 mutants are indicated next to the gene name. (+) Foci present, (+/—) foci absent
in a subset of embryos, (—) no foci present. Hits that showed no foci are highlighted in a darker gray. Candidates are grouped according
to biological function (source http://www.wormbase.org). N=3, nuclei scored per RNAi event=25. (D) Scheme of siRNA pathway
from ERGO-1, NRDE-2/-3/-4, to transcriptional (trx.) silencing and H3K9me3 in the somatic small RNA pathway. Dotted lines indicate
genetic links, solid lines reflect molecular evidence, and “?” indicates putative mechanisms. (E) Live-cell images of embryos expressing
mcherry::set-25 and gfp::lacl from the gwils4 heterochromatic reporter in wt and met-2 embryos treated with RNAi against lin-61 and
nrde-3 or the vector control. Scale bar, 5pm. (F) Quantitation of mean fluorescence signal intensity from mCherry::SET-25 at the
GFP::Lacl foci normalized to mean mCherry::SET-25 signal in the nucleoplasm, from selected RNAi knockdowns in wt and met-2 em-
bryos, ruling out roles for Polycomb (mes-2 and mes-6) and HP1 homologs (hpl-1 and hpl-2). RNAi targets resulting in a significant reduc-
tion of the mCherry::SET-25 enrichment on the gwis4 array are shaded in gray. P-values were calculated using one-sided Anova and are
indicated above box plots. (****) P<0.00001; (***) P<0.0001; (**) P<0.001. N=3, n=25.
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Figure 4. RNAI or deletion of lin-61 results in a loss of SET-25 targeting and a reduction in H3K9me3. (A) Live cell imaging of foci of
endogenously tagged SET-25::FLAG::mCherry (SET-25::mCherry) upon RNAi of the HP1 homologs hpl-1 and hpl-2 and the MBT domain
protein lin-61. Synchronized L1 were exposed to RNAi and embryos of the F1 generation were imaged. A typical nucleus for each is en-
larged. Scale bar, 5 pm. (B) Quantitation of SET-25::mCherry foci number per nucleus in the embryos shown in panel A using automated
image analysis. N=2, n(vector):236, n(hpl-1):445, n(hpl-2):288, n(lin-61):308. P-values were calculated using two-sided ANOVA and are
indicated above violin plots. (****) P-value<0.00001; (n.s.) not significant). (C) H3K9me2 and H3K9me3 immunostaining of embryos iso-
lated from wild-type (wt), met-2, lin-61(tm2649) (hereafter labeled lin-61), and lin-61(tm2649);met-2 mutants. Scale bar, 5 pm. (D) Mean
immunofluorescence signal of H3K9me2 and H3K9me3 normalized to H4 using automated image analysis. For H3K9me2, N=2; wt n=
1917, met-2 n=1088, lin-61 n=1147, lin-61;met-2 n=1027. For H3K9me3, N=3; wt n= 1467, met-2 n=_851, lin-61 n = 2455, lin-61;met-2
n =1813. P-values were calculated using a two sided ANOVA; H3K9me3: P(wt vs. 1in-61) <0.00001, P(met-2 vs. lin-61;met-2) <0.00001.
(E) H3K9me3 ChIP-seq was performed on early embryos at 20°C in wild-type (wt), met-2, Iin-61, and lin-61;met-2 strains. The mean log,
enrichment over input along a typical autosome, Chr III, is shown (N = 3). Asterisks mark regions that show H3K9me3 in met-2 and a re-
duction in lin-61;met-2. (F) Scatter plot showing the correlation of the genome-wide H3K9me3 enrichment over input (log, ) counted >500-
bp bins in wt and lin-61, as well as met-2 and lin-61;met-2 mutants. r = Pearson correlation coefficients for both correlations. (G) Metaplots
compare mean enrichment of H3K9me3 over input in domains retained in either met-2 single (red) or lin-61;met-2 double (blue) mutants.
Plots are anchored at the start (right panel) or the center (left panel) of the domains. See Supplemental Figure S4A for H3K9me3 signal at
individual domains.
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Figure 5. Loss of lin-61 is epistatic with set-25 for the derepression of genes and repetitive elements. (A) Scatter plot of transcripts from
genes as log, fold change over wt in early embryos of lin-61 mutants (two replicas shown, N = 3) at genes (left column) and from repetitive
elements (right column). Loci significantly changed are in cyan (genes: FDR 0.01 and log, fold change >2 or <—2; repetitive elements: FDR
0.05 and fold change >2 or <—2). (B) Venn diagrams showing the overlap between genes and repetitive elements derepressed in lin-61, met-
2, and set-25 single mutants (genes: FDR 0.01 and log, fold change >2 or <—2; repetitive elements: FDR 0.05; and fold change >2 or <-2). (C)
Correlation between the fold change (log,) over wt for gene and repetitive element transcripts between met-2 or set-25 single and lin-61;
met-2 and lin-61;set-25 double mutants. Loci significantly changed compared with wt (genes: FDR 0.01 and log, fold change >2 or <-2;
repetitive elements: FDR 0.05; and fold change >2 or <—2) are colored according to the genotype and loci significantly changed in both of
the two compared genotypes are colored in dark purple. Pearson correlation coefficients (r) are in figures. (D) Percentage of derepressed
copies per repeat subfamily of the 50 most derepressed repeat subfamilies from set-25, analyzed in met-2, set-25, lin-61, lin-61;set-25,
and lin-61;met-2 mutants, as indicated. Repeat name and classification according to DFAM are indicated next to heat map. (TIR) Termi-
nally inverted repeat, (Har.) harbinger TIR DNA transposon, (Tc1-M.) Tcl-Mariner-like DNA transposon, (R.C.) rolling circle DNA trans-
poson, (SINE) short interspersed nuclear elements, (Gypsy) Gypsy endogenous retrovirus, (LINE) long interspersed nuclear elements (class
1I), (Bel-Pao) Bel-Pao endogenous retrovirus, (Sat.) satellite repeat.
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derepressed in the single HMT mutants, that is, those af-
fected by the loss of either met-2 or set-25 (Fig. 5B; Supple-
mental Fig. S4A,C). Importantly, basically all genes
derepressed by loss of lin-61 were derepressed by the loss
of set-25 (98.8%) (Fig. 5B; Supplemental Fig. S4C). Since
MET-2 is necessary for SET-25 targeting to most genes
(Zeller et al. 2016; Padeken et al. 2019), we also scored
an extensive overlap between met-2- and lin-61-sensitive
loci. Nonetheless, we note that not all set-25-sensitive
genes are derepressed by the loss of lin-61, suggesting
that at some loci the partial drop in H3K9me3 observed
in the lin-61 mutant still can repress transcription (e.g.,
Fig. 4G).

The repeat elements that one might expect LIN-61 to
control are those that bear H3K9me3, which defines a sub-
set of RNA and DNA transposons (Padeken et al. 2019).
Indeed, the top 50 repeat subfamilies derepressed in the
set-25 mutant are DNA and RNA transposons (Fig. 5D),
and those derepressed by lin-61 ablation are indeed a sub-
set of the H3K9me3-marked transposons up-regulated in
the set-25 mutant (Fig. 5C; Supplemental Fig. S4D).
Thus, LIN-61 affects a subset of SET-25-regulated REs
and genes, and set-25 has a stronger impact than lin-61
on repression.

To confirm the epistatic relationship of LIN-61 and the
two HMTs, we analyzed double mutants. We found al-
most complete correlation among genes derepressed in
the set-25 single and the Iin-61;set-25 double mutant
(genes: Pearson r=0.97) (Fig. 5C) and only slightly less cor-
relation for REs (Pearson r = 0.8). The correlation between
the met-2 single and lin-61;met-2 double was only slightly
weaker (genes: Pearson r = 0.93; REs: Pearson r=0.74) (Fig.
5C). In other words, lin-61 effects are indeed epistatic with
respect to SET-25 targets: LIN-61 enhances the SET-25 ac-
tivity both at MET-2-independent sites and at MET-2-sen-
sitive sites, where LIN-61 appears to enhance SET-25
recruitment to H3K9me?2.

The Argonaute NRDE-3 and 22G RNAs are required for
MET-2-independent SET-25 localization

In contrast to the loss of LIN-61, which impaired SET-25
recruitment both in the presence or absence of MET-2,
we only scored SET-25 mislocalization after nrde-3
RNAI in the absence of MET-2 (Fig. 3). This suggests
that the role played by NRDE-3 in targeting of SET-25 is
likely to be masked, or substituted for, by the presence
of MET-2. NRDE-3 has been shown to bind and silence
through small RNAs and H3K9 methylation (Guang
et al. 2008). To confirm that nrde-3 targets SET-25 to en-
dogenous sites of action in the absence of MET-2, we an-
alyzed endogenous SET-25:mCherry foci in wt, met-2,
nrde-3 worms, and the met-2;nrde-3 double mutant (Fig.
6A). While loss of met-2 resulted in a partial delocaliza-
tion of SET-25::mCherry foci, the nrde-3 single mutant
led to no pronounced change in SET-25 localization, just
as we had observed with the gwls4 array. However, met-
2;nrde-3 double mutant led to the complete dispersal of
SET-25 signal (Fig. 6A). Moreover, as expected, nrde-3
loss had no effect on endogenous MET-2 foci (Supplemen-
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tal Fig. S5B). This shows clearly that NRDE-3 is responsi-
ble for targeting SET-25 to heterochromatic foci in the
absence of MET-2.

The Argonaute NRDE-3 preferentially binds small
RNAs that are 22 nucleotides long (22 nt called 22G
here) in somatic cells (Gu et al. 2009). If NRDE-3 recruits
SET-25 to sites of repression through its RNA binding
ability, then one might expect to detect small RNAs map-
ping to the regions that retain H3K9me3 in met-2 mutants
(Batista et al. 2008; Bonasio et al. 2010). Indeed, small
RNA sequencing showed that 22G RNAs were enriched
at sites that retain H3K9me3 in met-2 mutants (met-2-in-
dependent domains) (Fig. 6B), but were not enriched at
sites where H3K9me3 was dependent on MET-2 (met-2-
dependent domains) (Fig. 6B). In addition, we mapped
22.G RNAs to the gwls4 heterochromatic reporter (Supple-
mental Fig. S5A). Interestingly, while loss of met-2 induc-
es the transcriptional up-regulation of the reporter
(Towbin et al. 2012), we only saw a minor up-regulation
of its 22G RNAs in met-2 mutants (Supplemental Fig.
S5A), arguing that transcription is not sufficient for the
production of small RNAs. Interestingly, while 22G
RNAs map only to the negative strand of the gwis4 report-
er, as expected (Pak and Fire 2007; Sijen et al. 2007; Gu
et al. 2012), the transposon-enriched met-2-independent
H3K9me3 regions showed 22G RNA enrichment on
both DNA strands. We can explain their presence on
both positive and negative strands because most of these
full-length transposons have RNA Pol II promoters driv-
ing transcription on both strands (Feuchter and Mager
1990; Domansky et al. 2000; Dunn et al. 2006; Yang and
Kazazian 2006). Indeed, we found 22G RNAs on both
strands of the TC1 transposable element as well (Supple-
mental Fig. S5D; Raizada et al. 2001; Palazzo et al.
2019). The 22G RNA levels did not change in the absence
of met-2, but dropped over target genes in the nrde-3 mu-
tant (Fig. 6B; Supplemental Fig. S5C), mimicking the
behavior of 21U RNAs at target sequences of the Piwi
Argonaute in prg-1 mutants (Batista et al. 2008). The
fact that the 22G RNAs are independent of MET-2 shows
clearly that this HMT is not important for the Argonaute-
SET25 targeting pathway. Indeed, the nrde-3-dependent
accumulation of 22G RNAs occurs on TC1 transposons
that retain H3K9me3 in met-2 mutants (Fig. 2F; Supple-
mental Fig. S5D). We confirmed that no small RNAs arise
from transposons that do not retain H3K9me3 in met-2
mutants. Moreover, by RIP-qPCR (UV-crosslinked RNA
immunoprecipitation) NRDE-3 is shown to bind RNA
originating from transposable elements, but not from sat-
ellite sequences or single-copy genes (Supplemental Fig.
S5E). Taken together, our findings indicate that NRDE-3
recruits SET-25 independently of MET-2, through an asso-
ciation with small RNAs generated from the bidirectional
transcripts of transposable elements.

We next asked whether the loss of nrde-3 alters
H3K9me2/me3 levels either globally or at specific loci.
This is particularly important to establish, because the
lin-61 mutant had a global or general effect on all SET-
25 targets. First, by comparing total H3K9me2/me3 levels
by immunostaining of embryos of wt versus nrde-3 or
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met-2 versus met-2;nrde-3 mutants, we found no global
change in H3K9me2/me3 levels upon loss of NRDE-3
(Supplemental Fig. S6A). Because this was surprising, we
used ChIP-seq to map the genome-wide distributions of
H3K9me3 in wt, nrde-3, met-2, and met-2;nrde-3 mu-
tants. Whereas H3K9me3 levels on genes and REs did
not change between nrde-3 and wt strains (Fig. 6C; Sup-
plemental Fig. S6B), we found a strong effect in the met-
2;nrde-3 double mutant versus met-2 alone. This revealed
the strong redundancy between MET-2-dependent and
MET-2-independent pathways: The nrde-3 effect on
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Figure 6. NRDE-3 targets SET-25 to conserved
DNA and RNA transposons in a manner that is par-
allel to and independent of MET-2. (A) Live-cell im-
aging and quantitation of endogenous set-25 fused
to flag:mcherry (set-25::mcherry) in wt, nrde-3
(tm1116) (hereafter nrde-3), met-2, and met-2;
nrde-3(tm1116) mutant embryos. Scale bar, 5 um.
Quantitation of SET-25::mCherry foci per nucleus
using automated image analysis. N=3, n(wt):540,
n(met-2):769, n(nrde-3):590, n(met-2;nrde-3):1020 ;
P-values were calculated using two-sided ANOVA
and are indicated above violin plots. (****) P-value
<0.00001, (n.s.) not significant. (B). Mean counts
of 22-nt RNA in counts per million (cpm) in wt
and met-2 (for nrde-3 and met-2;nrde-3) (see Sup-
plemental Fig. S6C) early embryos over domains
that either retain H3K9me3 in met-2 mutants
(met-2-independent), or lose H3K9me3 in a met-2
mutant, but retain/gain H3K9me2 in set-25 (met-
2-dependent), split byDNA strand. Solid lines indi-
cate the mean signal and shaded regions the stan-
dard deviation. (C) H3K9me3 ChIP-seq performed
on early embryos at 20°C in wt, nrde-3, met-2,
and met-2;nrde-3 strains. Mean log, enrichment
over input along a typical autosome, Chr III, is
shown (N=2). (D) Scatter plot correlating the
H3K9me3 signal over input (log,) in met-2;nrde-3
met-double mutants with met-2 single mutants at
repetitive elements and genes. Red indicates loci
enriched for H3K9me3 in met-2, but not in met-2;
nrde-3 (log, fold change >1 in met-2 and <1 in
met-2;nrde-3). These are marked with a red rectan-
gle. Colored in dark purple are loci common to both
genotypes (log, fold change >1 in met-2 and >1 in
met-2;nrde-3 and genes exclusively H3K9 trime-
thylated in met-met-2;nrde-3 are colored in brown.
(E) ChIP qPCR of H3K9me2 and H3K9me3 in wt,
met-2, set-25(n5021) (hereafter set-25), nrde-3,
met-2;nrde-3, met-2 set-25, and set-25;nrde-3 mu-
tant embryos using primers spanning a domain on
Chr I that retains H3K9me3 in met-2 mutants
(N'=3; bars indicate mean, error bars indicate SD)
(for control loci, see Supplemental Figs. S2A, SGE).

H3K9me3 was only visible in the absence of MET-2. Re-
markably, however, ~67% of all repetitive elements that
had retained H3K9me3 in the met-2 single mutant, lost
H3K9me3 in the met-2;nrde-3 double mutant (Fig. 6D, la-
beled red, boxed). It is also noteworthy that this was true
for REs, but not for genes that were targeted independent-
ly of MET-2; genes retained H3K9me3 in the met-2;nrde-3
double mutant (Fig. 6D, dotted box).

To confirm that the loss of H3K9me3 from SET-25-tar-
geted REs occurred specifically in the met-2;nrde-3 double
mutant, we performed H3K9me2 and H3K9me3 ChIP-
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qPCR for two regions at which SET-25 acts independently
of MET-2 (Fig. 6E; Supplemental Figs. S2A, S6C). Whereas
both H3K9me?2 (Fig. 6E, red) and H3K9me3 (Fig. 6E, blue)
remained detectable in met-2 and nrde-3 single mutants,
both marks were completely lost in the met-2;nrde-3 dou-
ble mutant (Fig. 6E; Supplemental Fig. S6C). Control
genes with no H3K9me remained unmethylated in all cas-
es (Supplemental Fig. S6D). Taken together, our data ar-
gue that NRDE-3 targets SET-25 to a subset of
transposable elements in a manner that is independent
of MET-2 and can only be appreciated in the absence of
met-2. In other words, NRDE-3-mediated SET-25 target-
ing is masked by MET-2-dependent H3K9 methylation.

In S. pombe, stable siRNA-induced silencing of hetero-
chromatin is reinforced by a feedback loop between the
RNA-induced transcriptional silencing complex (RITS;
consisting of Agol, Chpl, and Tas3) and H3K9me2/me3
(Motamedi et al. 2004; Sugiyama et al. 2005). To test
whether loss of SET-25, or H3K9me3 impacts the function
of NRDE-3 we quantified its nuclear and cytoplasmic
abundance by live cell microscopy. Cytoplasmic accumu-
lation of NRDE-3 can be used as a proxy for its function,
because its nuclear localization was previously shown to
depend on either the abundance of small RNAs or its abil-
ity to bind small RNAs through its PAZ domain (Guang
et al. 2008). Upon RNAI of set-25, but not met-2 or the
empty vector control, we observed only a 10.3% increase
in cytoplasmic NRDE-3 (Supplemental Fig. S6E), arguing
that the vast majority of NRDE-3 remains functional
and nuclear without H3K9me3.

Loss of nrde-3 and met-2 results in the synergistic
derepression of transposons

Once again, it was important to test whether the effects
we observed on H3K9 methylation also result in the loss
of transcriptional silencing. We performed genome-wide
RNA-seq on wt, met-2, set-25, and nrde-3 single mutants,
as well as the double mutants met-2;nrde-3 and set-25;
nrde-3, to see whether NRDE-3 and MET-2 indeed redun-
dantly silence repeats or genes (Fig. 7A,B; Supplemental
Fig. S4A). When correlating replicates of transcriptional
changes in single mutants over wt, we saw that met-2
loss has the strongest effect, with 1389 genes and 2211 in-
dividual RE copies up-regulated (genes: FDR <0.01, log,
fold change >2; RE: FDR <0.05, fold change >2) (Supple-
mental Fig. S4A). The set-25 deletion also resulted in the
up-regulation of 504 genes and 404 repeats (genes: FDR <
0.01, log, fold change >2; RE: FDR <0.05, fold change >2)
(Supplemental Fig. S4A), while the loss of nrde-3 alone al-
tered the expression of only 23 genes (16 up, and seven
down; FDR <0.01; log, fold change >2 or <-2) (Fig. 7A)
and 66 REs (FDR <0.05; fold change >2 or <-2] (Fig. 7A,
gold spots), including the up-regulation of DNA and RNA
transposons (Supplemental Fig. S7A,C E).

Again, the examination of the transcriptomes in dou-
ble mutants allowed us to determine the epistatic rela-
tionships of these factors. Comparison of the set-25;
nrde-3 double mutant with the set-25 single mutant
showed a very high correlation [Pearson r(genes)=0.94;
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Pearson r(RE)=0.78] (Fig. 7B), although 29 genes and 52
RE were additionally up-regulated in the set-25;nrde-3
double versus the set-25 single mutant (confirmed by
RT-qPCR) (Supplemental Fig. S7B). This largely epistatic
relationship is in contrast to the synergistic derepression
observed when we compared the met-2;nrde-3 double
mutant versus met-2 alone (Fig. 7B). Three-thousand-for-
ty repetitive elements were derepressed (boxed) in the
met-2;nrde-3 animals, with an average up-regulation of
threefold (compared with mean fold change of 1.8 in
the met-2 single mutant). Notably, 1299 REs were dere-
pressed by ablation of both nrde-3 and met-2, that were
not affected by met-2 or nrde-3 alone, confirming redun-
dancy between these silencing pathways (Fig. 7B; Supple-
mental Fig. STA-C,E).

An analysis of the top 50 derepressed repeat subfamilies
in the met-2;nrde-3 double mutant identified mostly Gyp-
sy and Bel-Pao endogenous retrotransposons (ERVs) and
LINE elements (group II) (Supplemental Fig. S7A), but syn-
ergistic derepression spanned all types of transposons and
affected 40%-80% of the copies within a single repeat
class (Supplemental Fig. S7A,E). We confirmed the selec-
tivity and specificity of this met-2;nrde-3 synergy by
qPCR for specific DNA and RNA transposons in single
and double mutant backgrounds (Supplemental Fig.
S7C). Again, the level of derepression in the met-2; nrde-
3 mutant exceeded that of the met-2, set-25, and set-25;
nrde-2 doubles, and identified sites that were not dere-
pressed at all in met-2 or nrde-3 single mutants.

To see whether NRDE-3 has a preference among trans-
posons, we measured the conservation score of transpo-
sons up-regulated by the loss of either set-25, met-2 or
nrde-3. Elements with a high conservation score that re-
tain transposition capacity were modestly derepressed in
set-25 (mean log, fold change=0.6) (Supplemental Fig.
S7D) and unaffected by met-2 or nrde-3 single mutants
(Fig. 7C). Interestingly, in the met-2; nrde-3 double there
was an even stronger bias for young TEs among the dere-
pressed repeats (mean log, fold change=1.2) (Fig. 7C).
This argues that met-2 and nrde-3 cooperate on in-
dependent pathways to ensure efficient silencing of non-
degenerated transposable elements. MET-2 mediates
this in parallel to its role in repressing simple or tandem
repeats.

Up-regulation of TEs in met-2;nrde-3 correlates
with embryonic lethality

In earlier studies, we were surprised to see that met-2- and
met-2 set-25-deficient embryos efficiently grew to adult-
hood, although they displayed severely compromised
germline viability (Ahringer and Gasser 2018). While all
met-2 deficient strains showed significant sterility, organ-
ismal development of single and double met-2 set-25 mu-
tants was remarkably intact, with 88% of the double
mutant embryos reaching adulthood (Zeller et al. 2016;
Fig. 7E). Given the synergistic effects of met-2 and nrde-
3 on transposon derepression, we were curious to see
how the met-2;nrde-3 double mutant would influence
embryonic survival and development.
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embryonic lethality

When wt embryos are synchronized and plated, 99%
progress through development without difficulty, hatch-
ing and producing fertile adults during standard laboratory
growth at 20°C. In single mutants of met-2, set-25, nrde-3,
or lin-61, around 5% of embryos were either dead or had a
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terminally disrupted development at an embryonic stage
(Fig. 7D-E). Terminally disrupted development means
that embryos became cellularized, but failed to develop
into larvae, sometimes resembling balls of twitching mus-
cle (see asterisks in Fig. 7D). Surprisingly, whereas the



met-2 set-25 double mutants showed ~10% lethality, in
the met-2;nrde-3 double mutant ~25% of embryos were
either dead or had terminally disrupted development
(Fig. 7D,E). This is the most lethal combination of
H3K9me-modifying alleles that we have detected to
date. As expected, the lin-61;set-25 double mutant was ep-
istatic with the set-25 single mutant, while the lin-61;met-
2 double mutant was more lethal than set-25, yet the num-
ber of nonviable embryos laid did not increase. While the
phenotypes in embryonic death are not highly revealing
about the case of death, this result may indicate a more im-
portant role for LIN-61 in the soma, rather than in germ-
line development.

Discussion

H3K9me is one of the few histone modifications that has
been shown to promote self-propagation through the cell
cycle, fulfilling an essential requirement for mitotic epi-
genetic inheritance (Audergon et al. 2015; Ragunathan
et al. 2015b). We note, however, that de novo establish-
ment of H3K9me2/me3 is necessary both to silence tis-
sue-specific genes (Allshire and Madhani 2018; Nicetto
et al. 2019) and to repress novel insertions of transposons
in the genome (Leung et al. 2011). In this study we found
two distinct pathways that distinguish the maintenance
of somatic H3K9me3 from its nucleation (Fig. 7F). The
H3K9me3 HMT SET-25, in contrast to MET-2, was
able to silence a heterochromatic reporter de novo,
which it did in a MET-2-independent manner. Intrigu-
ingly, MET-2-independent SET-25-modified loci account
for only 13% of H3K9me3 loci in worms. The other 87%
of the H3K9me3-loci stem from the sequential action of
MET-2 and SET-25. Our studies show that the MET-2-in-
dependent targets of SET-25 are strongly enriched for in-
tact DNA and RNA transposons, and exactly these
conserved transposons are silenced by NRDE-3-depen-
dent targeting of SET-25. In other words, the somatic
Argonaute pathway that processes and binds RNA stem-
ming from the locus represses the MET-2-independent
SET-25 targets.

We note that in worms the majority of H3K9me3
marked loci show a stepwise mechanism of modification
based on cooperation between the two HMTs (Towbin
et al. 2012; Padeken et al. 2019). This is reminiscent of
HMTs in mammals that maintain H3K9me3 at pericen-
tric heterochromatin and at interspersed repetitive ele-
ments. SUV39hl is essential for H3K9me3 at pericentric
heterochromatin and a subset of nondegenerated LINE1
transposons (Peters et al. 2001; Bulut-Karslioglu et al.
2014). However, in SUV3%h1/h2 double null mutants
these sites retain H3K9mel (Peters et al. 2003; Loyola
et al. 2006), suggesting that monomethylation precedes
the action of SUV39h. Exactly which enzyme generates
the H3K9mel mark in mammals remains unclear (Loyola
et al. 2009; Pinheiro et al. 2012). In C. elegans, both SET-
25 and MET-2 are able to place H3K9mel.

Unlike Su(var)3-9 in flies, SUV39h1/h2 in mammals or
Clr4 in fission yeast (Allshire and Madhani 2018), C. ele-
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gans SET-25 does not possess a chromodomain that
directly recognizes an existing H3K9me mark. Instead,
the MBT domain protein LIN-61 appears to be the primary
link between existing H3K9me and SET-25. The four
MBT domains of LIN-61 have been shown to recognize
all three methylation states of H3K9 (Koester-Eiserfunke
and Fischle 2011), which makes it unique among the
MBT domain proteins described in other species (Bonasio
et al. 2010). This might explain why LIN-61 is equally im-
portant in the presence and absence of MET-2 to reinforce
SET-25 targeting.

Precisely how LIN-61 reinforces SET-25 activity re-
mains open, yet three mechanisms are consistent with
our findings. First, LIN-61 could act indirectly. For in-
stance, LIN-61 might recruit factors that remove active
chromatin marks that could prevent SET-25 recruitment.
These could be deacetylases, H3K4 demethylases, or chro-
matin remodelers. Second, SET-25 might simply bind
LIN-61, serving as a bridge to the H3K9me1/me2 modified
locus. Finally, the multiple me-binding domains within
LIN-61 could cluster heterochromatin domains together
to create a critical concentration of substrate in a small
nuclear volume. This too might stimulate HMT activity
(Bonasio et al. 2010). Although LIN-61 might have facili-
tated the spreading of H3K9me3, we saw no retraction
of the borders of repressed chromatin domains in the Iin-
61 mutant (Fig. 4G; Supplemental Fig. S3B), rendering
this last option less likely. Although we were unable to
show direct interaction between LIN-61 and SET-25 by
pull-down, we do not exclude that they interact in vivo.

We note that the mammalian homolog of LIN-61,
L3MBT2L (73% sequence similarity), interacts with the
H3K9 HMT G9a, with HPly and with a noncanonical
Polycomb repressive complex PRC1.6 (Ogawa et al.
2002; Trojer et al. 2011; Qin et al. 2012; Stielow et al.
2018). Given the similarity with SET-25, we suggest that
the mammalian LIN-61 also serves to recruit H3K9
HMTs. This interaction is consistent with the defective
developmental phenotypes that correlate with the loss
of LIN-61 homologs in flies and mammals (Arai and Miya-
zaki 2005; Klymenko et al. 2006; Takada et al. 2007). In
worms, the lin-61;met-2 double mutant shows a higher
rate of aberrant development than either single mutant
or the met-2 set-25 double mutant. Given that LIN-61
and L3MBTL2 have both been described as important
for the repair of DNA damage (Johnson et al. 2013; Nows-
heen et al. 2018). It is possible that the increased embryon-
ic lethality in lin-61;met-2 double mutants also reflects a
failure to repair DNA damage induced by the promiscu-
ous transcription of simple repeats in met-2 mutants (Zel-
ler et al. 2016; Padeken et al. 2019).

In contrast to LIN-61, we found that the somatic
Argonaute NRDE-3 acts on a pathway that is entirely
independent of MET-2 to specifically repress intact, non-
degenerated transposons and, to a minor extent, genes.
Remarkably, nrde-3 deletion is highly synergistic with
the loss of met-2, compromising the repression of its tar-
get REs (Fig. 7) and disrupting development (Fig. 7D-E).
NRDE-3 is a somatic nuclear Argonaute that is essential
for the shuttling of 22G RNAs from the cytoplasm to
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the nucleus, facilitating their function in transcriptional
silencing (Guang et al. 2008, 2010). Consistently, we ob-
serve enrichment of 22G RNAs arising from loci that re-
tain SET-25 mediated H3K9me3 in met-2 mutants. The
enzyme that triggers the production of these specific
22G RNAs is not yet identified, although we also detected
a partial loss of SET-25 targeting after knockdown of ergo-
1, an Agol homolog. ERGO-1 acts upstream of NRDE-3
and is required for 22G RNA accumulation (Gent et al.
2010; Montgomery et al. 2012; Almeida et al. 2019a), sug-
gesting that the ERGO-1 provides at least one of the trig-
gers that results in transposon silencing.

We found an enrichment of small RNAs from
H3K9me3 marked TEs both in wt and met-2 mutant em-
bryos, suggesting that silencing of nondegenerated trans-
posons through H3K9me2/me3 is incomplete, and that
residual transcripts are processed and bound by NRDE-
3, even in wt cells. NRDE-3 in turn recruits SET-25,
directly or indirectly, to impose transcriptional repres-
sion. This reinforcement pathway functions in wt as
well as in met-2 mutants, and the majority of transposons
that retained H3K9me3 in met-2 embryos lost H3K9me3
in the met-2;nrde-3 double mutants.

We note that there is a small population of transposons
that still carry H3K9me3 in the met-2;nrde-3 double mu-
tant, despite the complete dispersal of SET-25 foci. Given
that NRDE-3 is a somatic Argonaute and that several dis-
tinct Argonautes act with the piRNA pathway in the C.
elegans germline (Batista et al. 2008; Ashe et al. 2012;
Lee et al. 2012; Shirayama et al. 2012), we do not exclude
that a germline-specific Argonaute may enable SET-25 tar-
geting prior to embryogenesis. Indeed, the met-2 set-25
embryos show lower rates of death due to aberrant devel-
opment than nrde-3;met-2 embryos (Fig. 7D,E). One expla-
nation may be that fewer fertilized embryos are generated
in the met-2 set-25 double mutant, which could mask “in-
viability” of laid embryos. Alternatively, NRDE-3 may
have yet another role, for instance, contributing to tran-
script turnover during development independent of
H3K9me3 deposition.

Taken together, we have shown that MET-2 catalyzed
H3K9mel-2 and its MBT domain reader LIN-61 are cru-
cial to maintain heterochromatin integrity, yet worms
have layered additional pathways on top of this to ensure
the repression of intact RNA and DNA transposons.
Alongside the MET-2 pathway, NRDE-3 silences and nu-
cleates heterochromatin at intact TEs “de novo” by re-
cruiting SET-25 to sites of transposon expression.
Whether this redundancy is more critical for existing ge-
netic elements, or for novel inserts, is unclear. It would
make sense that this small RNA pathway has evolved pri-
marily to detect newly inserted transposons and recruit
the enzymes necessary to silence them. This could ex-
plain why its loss is additive with that of the MET-2 re-
pression pathway.

It remains controversial whether small RNAs contrib-
ute to silencing of repetitive elements in somatic cells
in mammals (Czech et al. 2008; Kawamura et al. 2008), al-
though they are shown to repress transposons in Droso-
phila (Ghildiyal et al. 2008). How that repression was
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achieved was not described. Interestingly it was recently
shown that early establishment of heterochromatin in
the two-cell stage mouse embryo is dependent on RNA
from pericentromeric repeats and SUV39h2, although at
that stage H3K9me3 is not correlated with repression,
which is established later by SUV39hl (Burton et al.
2020). These observations elevate the importance of the
data presented here, as we show that a somatic Argonaute
and its small RNA ligands establish and maintain
H3K9me3, which indeed correlates with the transcrip-
tional repression of intact TEs during somatic develop-
ment in nematodes. This pathway escaped detection in
the past because its loss is compensated for by MET-2/
SETDBI silencing mechanisms. In mammals such path-
ways may be further masked by DNA methylation (Esteve
et al. 2006; Du et al. 2015). By screening with the
C. elegans met-2 mutant we could reveal the important
role played by Argonaute-mediated targeting of the
H3K9me3 HMT, SET-25, in somatic cells, where it re-
presses nondegenerated transposons and stabilizes the ge-
nome. The loss of these redundant pathways of repression
lead to significant death during embryonic development.

Materials and methods

Strains, transgenics, and RNAi

Caenorhabditis elegans strains were obtained from the Caeno-
rhabditis Genome Center or were generated during this study
(full description in Supplemental Table S1). Worms were grown
on OP50 at 20°C if not otherwise stated.

Immunofluorescence (IF), antibodies, and live microscopy

IF was carried out as previously described (Zeller et al. 2016).
Staining was performed in PBS + 0.1 % Triton X-100. Primary an-
tibodies were incubated in PBS +0.1% TritonX-100 and 4% milk
powder overnight at 4°C. Anti-pan-acetyl-H4 was included as a
positive staining control (06-866, Merck Millipore, 1:500). For
live cell imaging larvae were mounted on slides coated with 2%
agarose. Microscopy was carried out on a spinning disc confocal
microscope (Yokogawa X1 and a Yokogawa W1 scan head mount-
ed on an Olympus and a Zeiss microscope respectively, Visitron,
Puchheim). Stacks of images were analyzed using the KNIME an-
alytics platform (Dietz and Berthold 2016). In summary, nuclei
were detected using a seeded watershed segmentation, and foci
detected using a Laplacian of Gaussian (LoG) detector from
TrackMate (Tinevez et al. 2017; fmi-ij2-plugins-0.2.5 https://doi
.0rg/10.5281/zenodo.1173536). Foci outside of a nucleus were ig-
nored in the analysis.

Phenotypic characterization of embryonic lethality

Embryos were isolated from synchronized 1-d-old adult worms,
cultured at 20°C and transferred onto microscope slides contain-
ing M9 buffer. Slides were scanned using a Olympus IX70 with
bright-field illumination and phenotypes categorized according
to morphology.
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Chromatin IP (ChIP), RNA expression (RNA-seq and qPCR),
and small RNA-seq

ChIP and RNA-seq were performed as previously described (Zel-
ler et al. 2016). Libraries were prepared from chromatin IP and ge-
nomic DNA samples as described previously (Zeller et al. 2016).
Read density along the genome was calculated by tiling the ge-
nome into 500-bp windows (nonoverlapping) and counting the
number of sequence fragments within each window, using the
qCount function of the QuasR package. To compensate for differ-
ences in the read depths, libraries were normalized to the total
number of reads per library. ChIP-seq signals are displayed as av-
erage enrichment of IP — input (log2). For RNA-seq, total RNA
was isolated and expression levels determined as previously de-
scribed (Zeller et al. 2016). For small RNA-seq total small RNA
was isolated using the Norgen single-cell RNA purification kit
(51800). Purified small RNA was treated with 1 mITAP (Lucigen)
for 1 h at 37°C and libraries were prepared using QiaSeq miRNA
library kit. See Supplemental Material for detailed description.

UV-RNA immunoprecipitation

Cells from synchronized embryos were dissociated into single
cells by chitinase and mechanical shearing using syringe and
26G needle. RNA protein complexes were fixed with 0.15 J/cm?
of UV and complexes precipitated using GFP-Trap Dynabeads
(chromotek) overnight at 4°C. After purification and digestion
by Proteinase K RNA abundance was quantified by RT-qPCR.

Data access

All data sets from this study have been uploaded to the Gene Ex-
pression Omnibus (GEO) under accession number GSE156551
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