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SUMMARY

Germline-expressed endogenous small interfering
RNAs (endo-siRNAs) transmit multigenerational
epigenetic information to ensure fertility in subse-
quent generations. In Caenorhabditis elegans,
nuclear RNAI ensures robust inheritance of endo-
siRNAs and deposition of repressive H3K9me3
marks at target loci. How target silencing is main-
tained in subsequent generations is poorly under-
stood. We discovered that morc-1 is essential for
transgenerational fertility and acts as an effector
of endo-siRNAs. Unexpectedly, morc-1 is dispens-
able for siRNA inheritance but is required for
target silencing and maintenance of siRNA-depen-
dent chromatin organization. A forward genetic
screen identified mutations in met-1, which en-
codes an H3K36 methyltransferase, as potent
suppressors of morc-1(—) and nuclear RNAI
mutant phenotypes. Further analysis of nuclear
RNAi and morc-1(—) mutants revealed a progres-
sive, met-1-dependent enrichment of H3K36me3,
suggesting that robust fertility requires repression
of MET-1 activity at nuclear RNAi targets. Without
MORC-1 and nuclear RNAi, MET-1-mediated
encroachment of euchromatin leads to detrimental
decondensation of germline chromatin and germ-
line mortality.
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INTRODUCTION

Germline proliferation and maintenance are key processes in
organismal development. The faithful transmission of genetic
and epigenetic information to the next generation is essential
to these processes, enabling the production of functional gam-
etes and the subsequent generation. The ability of germ cells
to undergo infinite cellular divisions makes the germline an
immortal cell lineage (Smelick and Ahmed, 2005). How this
immortality is achieved remains a central question in develop-
mental biology.

The rapid development and genetic tractability of the model
organism Caenorhabditis elegans makes it an ideal system in
which to study the molecular mechanisms of germline immor-
tality. Recent studies in C. elegans have identified epigenetic
regulators that are critical for transgenerational maintenance of
fertility, including regulators of DNA damage repair and telomere
maintenance, as well as histone-modifying enzymes (Ahmed and
Hodgkin, 2000; Andersen and Horvitz, 2007; Greer et al., 2014;
Katz et al., 2009; Meier et al., 2009; Zeller et al., 2016). Epigenetic
regulation, such as post-translational modification of histones
and DNA methylation, is a conserved mechanism for repression
of repetitive elements and germline maintenance in most meta-
zoans (Hajkova et al., 2002; Santos and Dean, 2004; Smelick
and Ahmed, 2005). For example, the highly conserved family of
Microrchidia (Morc) ATPases, first described in mice as a critical
regulator of spermatogenesis (Inoue et al., 1999), has recently
been found to repress transposons in mice and plants via regu-
lation of chromatin superstructure (Harris et al., 2016; Moissiard
et al., 2012, 2014; Pastor et al., 2014).
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Although repression of deleterious genomic elements, such
as transposons, is critical for germline immortality, how that
repression is targeted, maintained, and transmitted to the next
generation is unclear. In recent years, germline-enriched small
non-coding RNAs, such as endogenous small interfering RNAs
(endo-siRNAs) and Piwi-interacting RNAs (piRNAs), have been
implicated in transposon repression (Batista et al., 2008; Ketting
etal., 1999; Tabara et al., 2002). In C. elegans, endo-siRNAs and
piRNAs collectively regulate genome defense by targeting dele-
terious or foreign transcripts, such as transposons, pseudo-
genes, and transgenes, for repression (Ashe et al., 2012; Batista
et al., 2008; Das et al., 2008; de Albuquerque et al., 2015; Han
et al.,, 2009; Kim et al., 2005; Lee et al., 2012; Luteijn et al.,
2012; Phillips et al., 2015; Shirayama et al., 2012; Tabara et al.,
1999). Furthermore, these pathways are able to regulate gene
expression transgenerationally via germline nuclear RNAi (Ashe
et al,, 2012; Buckley et al., 2012; Grishok et al., 2000; Gu
et al., 2012; Luteijn et al., 2012; Shirayama et al., 2012) and,
thus, are thought to transmit a memory of genomic “self” and
“non-self” elements.

Recent genetic screens for nuclear RNAi-defective (Nrde) and
heritable RNAi-defective (Hrde) mutants have identified the core
factors that transmit this memory (Ashe et al., 2012; Buckley
et al., 2012; Burkhart et al., 2011; Gu et al., 2012; Guang et al.,
2008, 2010; Luteijn et al., 2012; Shirayama et al., 2012). These
factors (HRDE-1/WAGO-9, NRDE-1, -2, and -4) comprise the
germline nuclear RNA-induced silencing complex (RISC), which
maintains transgenerational gene silencing through heritable,
siRNA-mediated mechanisms (Ashe et al., 2012; Buckley et al.,
2012; Gu et al., 2012; Ni et al., 2016; Shirayama et al., 2012).
The germline nuclear RISC is guided by endo-siRNAs to nascent
pre-mRNA transcripts to mediate RNA polymerase |l stalling and
deposition of H3K9 methylation at corresponding genomic loci
(Buckley et al., 2012; Burkhart et al., 2011; Gu et al., 2012; Guang
et al., 2010). Loss of the germline nuclear RNAi pathway by mu-
tation of hrde-1 or nrde-1, -2, or -4 leads to defective inheritance
of silencing by nuclear RNAi, germline mortality, and a progres-
sive depletion of H3K9me3 marks at endogenous target sites
(Buckley et al., 2012). Although previous studies have implicated
the histone methyltransferases SET-25 and MET-2 in siRNA-
directed H3K9 methylation (Ashe et al., 2012; Mao et al., 2015),
the mechanisms by which siRNAs regulate heterochromatin
deposition and maintenance remain unclear.

Here, we uncover morc-1, the single C. elegans homolog of
the Morc family, as an effector of the nuclear RNAi pathway
that acts downstream of the canonical NRDE factors to regu-
late transgenerational chromatin organization. Like hrde-1(—),
nrde-1(-), -2(-), and -4(—) mutants, morc-1(—) mutants display
a germline mortal phenotype. Through a forward genetic screen,
we discovered that mutations in met-1, which encodes an
H3K36 histone methyltransferase (Andersen and Horvitz,
2007), suppress germline mortality of morc-1(—) and nuclear
RNAi mutants. Our data support a model in which loss of nuclear
RNAIi or morc-1 triggers met-1-dependent spread of H3K36
trimethylation and chromatin decondensation, compromising
germline maintenance. We show that the integration of endo-
siRNAs with germline chromatin organization via MORC-1 and
the subsequent antagonism of MET-1 activity are critical for
transgenerational germline maintenance.

RESULTS

morc-1 Is Required for Nuclear RNAi

We previously demonstrated that MORC-1 is required for trans-
gene silencing in worms (Moissiard et al., 2012). Given that trans-
gene silencing depends on many RNAi pathway genes (Dern-
burg et al., 2000; Ketting and Plasterk, 2000), we hypothesized
that MORC-1 may also play a role in the germline nuclear RNAI
pathway and multigenerational epigenetic inheritance. First, we
investigated MORC-1 localization by introducing a 3xFLAG tag
at the C terminus of MORC-1 using the CRISPR/Cas9 system
(Paix et al., 2015). Immunofluorescence confirmed that MORC-
1::3xFLAG is expressed in the nuclei of germline and somatic
cells (Figures 1A and S1A), consistent with a possible germline
function for MORC-1. Indeed, we found that morc-1(—) mutants
exhibit a temperature-sensitive germline mortality phenotype
with a progressive decline in fertility with each generation at
25°C until they become completely sterile after five to six gener-
ations (Figure 1B, left). This defect is shared by mutants of the
germline nuclear RISC complex, such as hrde-1(—) (Figure 1B)
(Buckley et al., 2012).

To determine whether MORC-1 participates in nuclear RNAI,
we tested whether morc-1(—) mutant worms recapitulate other
key phenotypes of canonical nuclear RNAi mutants, including
resistance to nuclear RNAi and defective RNAI inheritance
(Buckley et al., 2012; Burton et al., 2011; Guang et al., 2008).
We evaluated nuclear RNAi function using siRNAs that target
polycistronic pre-mRNAs. For instance, the non-essential gene
lir-1 is transcribed within a polycistronic pre-mRNA that includes
the essential gene lin-26. siRNAs targeting lir-1 silence the lir-1/
lin-26 polycistronic pre-mRNA via nuclear RNAI, triggering larval
arrest and lethality due to loss of lin-26 (Guang et al., 2008). We
found that morc-1(—) mutants were highly resistant to lir-1 nu-
clear RNAI, phenocopying nrde-2(—) mutants. This resistance
was rescued with a morc-1::gfp transgene (Figure 1C). Further-
more, the genes lin-15a and lin-15b are expressed together
within a polycistronic pre-mRNA, and loss of both genes is
required to produce a multivulva (Muv) phenotype. RNAi against
lin-15b is sufficient to cause Muv with almost complete pene-
trance in the enhanced RNAI mutant eri-1(—); this phenotype
is fully suppressed in the nuclear RNAi mutant nrde-2(—) (Guang
et al., 2010). Like nrde-2(—), morc-1(—) fully suppressed the
enhanced sensitivity of eri-71(—) mutants to /in-15b RNAI
(Figure 1D).

Next, we tested whether morc-1 is required for RNAI inher-
itance using worms expressing a germline gfp::h2b reporter.
Exposure to gfp RNAI for only one generation is sufficient to
silence this reporter for many subsequent generations (Ashe
et al.,, 2012; Buckley et al., 2012) (Figure 1E). Although gfp
silencing was 100% penetrant in the parental PO genera-
tion of morc-1(—) mutants, transgenerational maintenance
of gfp silencing was defective, with most worms (67 %-95%)
activating GFP expression in the filial F1 generation and
nearly all worms (96%-99%) expressing GFP by the F2
generation (Figures 1F and 1G). Taken together, these data
indicate that MORC-1 functions in the germline nuclear RNAI
pathway.

MORC proteins in plants, worms, and mammals are homolo-
gous to ATPases that alter chromatin superstructure (Dutta
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and Inouye, 2000; lyer et al., 2008). To investigate the role of
the MORC-1 ATPase domain, we generated a putative ATP hy-
drolysis-dead variant, MORC-1(E39A)::3xFLAG, using CRISPR/
Cas9 to edit the morc-1::3xflag gene at the endogenous
morc-1 locus. Intriguingly, we found that the E39A variant is
overexpressed relative to MORC-1(WT)::3xFLAG (Figures S1B
and S1C). We found that the E39A variant recapitulates the
phenotypes of the morc-1(—) mutant: germline mortality (Fig-
ure S1D), resistance to lir-1 RNAI (Figure S1E), and defective
RNAI inheritance (Figure S1F). The germline mortality and RNAI
inheritance defects are less severe in the E39A variant compared
with the deletion mutant, suggesting that it is a hypomorphic
allele; therefore, we focused our subsequent studies on the
morc-1(—) mutant.

morc-1 Mediates Endo-siRNA Effector Function
Based on our finding that MORC-1 is required for transgenera-
tional silencing, we next asked where in the nuclear RNAI
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progeny of individual, self-fertilized worms at the
indicated generation. Error bars indicate mean +
SD, n > 10.

(C) morc-1(—) mutants are resistant to /ir-1 RNAi;
this phenotype is rescued by expression of a
morc-1::gfp extrachromosomal array (Ex+) driven
by the ubiquitous dpy-30 promoter. Non-trans-
genic siblings are resistant to /ir-7 RNAi. Percent
larval arrest represents mean of two biological
replicates + SD; n > 85.

(D) morc-1(—) suppresses the sensitivity of eri-1(—)
to lin-15b RNAI after two generations on lin-15b
RNAi. Percent multivulva indicates mean of three
biological replicates + SD; n > 100.

(E) Model for RNAI inheritance experiments. EV
denotes empty vector RNA..

(F) morc-1(—) and hrde-1(—) are defective for
RNAI inheritance. On gfp RNAI, silencing of gfp is
completely penetrant. Both morc-1(—) and hrde-
1(—) fail to maintain gfp silencing in F1 and F2
generations.

(G) Quantification of percentage of animals with
expressed GFP in (F) showing mean of two bio-
logical replicates + SD; n > 100.

See also Figure S1.
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pathway MORC-1 functions. To deter-
mine whether MORC-1 affects siRNA
inheritance, we fed gfp double-stranded
RNA to adult wild-type, hrde-1(-), and
morc-1(—) mutants expressing the germ-
line gfp::h2b reporter (Figure 1E). We de-
tected 22G siRNAs against gfp in parental
(PO) as well as in the first and second in-
heriting generations (F1 and F2) by gRT-
PCR. As expected, hrde-1(—) mutants displayed a small, but
consistent, loss of siRNAs antisense to gfp at the F2 generation
(Figure 2A). In contrast, morc-1(—) mutants expressed wild-type
levels of siRNAs in all three generations (Figures 2A and S1G).
These data suggest that unlike hrde-1, which is required for in-
heritance of siRNA expression in progeny, morc-1 is dispensable
for siRNA biogenesis and inheritance. Thus, morc-1 functions
downstream of exogenous siRNAs and the germline nuclear
RISC complex.

To investigate whether morc-1 functions as an effector of en-
do-siRNAs, we performed mRNA sequencing (mMRNA-seq) of
wild-type, hrde-1(—), and morc-1(—) worms. To resolve changes
in gene expression as germline function declines, we collected
worms after two generations at 25°C (F1 or “early generation”)
and after five generations at 25°C (F4/F5 or “late generation™)
(Figure S1H). We compared mRNA-seq libraries from these sam-
ples using a significance threshold of p < 0.05. Early-generation
morc-1(—) and hrde-1(—) worms showed upregulation of 284

generation
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and 379 mRNAs, respectively (Figure S2A), with significant
enrichment for targets of the mutator pathway, which is required
for amplification of 22G endo-siRNAs (Phillips et al., 2012, 2014;
Zhang et al., 2011) (target enrichment in hrde-1(—) p < 6.6 X
1078, in morc-1(—) p = 0.00253; Fisher’s test) (Figures 2B and
2C). Gene upregulation was more severe in late-generation
mutant worms, with 1,316 genes upregulated in morc-1(—) and
1,506 genes upregulated in hrde-1(—) (Figure S2B and Table
S1). As with the early-generation targets, morc-1(—) and hrde-
1(—)-upregulated genes were significantly enriched for targets
of the mutator endo-siRNAs (target enrichment in hrde-1(-)
p = 1.0758 x 1078, morc-1(—) p < 6.6 x 10~ '8) (Figures 2D and
2E; Table S2). In contrast, genes that were downregulated
in morc-1(—) and hrde-1(—) mutants were not enriched for
mutator targets (Figures 2B, 2D, S2C, and S2D). These data
indicate that morc-1 is required for silencing some endo-siRNA
target genes.
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mutator

(i.e., wild-type not set to 1), see Figure S1B.

(B) Upregulated mRNAs in F1 hrde-1(—) and
morc-1(—) mutants are significantly enriched
for targets of mutator endo-siRNAs (hrde-1(-):
*p < 6.6 x 107'%; morc-1(—): *p = 0.00253; Fisher's
test). Downregulated genes are not significantly
enriched (not significant [ns]; hrde-1(—): p = 0.263;
morc-1(—): p = 0.785; Fisher’s test).

(C) Overlap of hrde-1(—) and morc-1(—) upregu-
lated targets with all testable mutator targets in F1
libraries.

(D) Upregulated mRNAs in F4 hrde-1(—) and morc-
1(—) mutants are significantly enriched for mutator
targets (hrde-1(—): *p = 1.0758 x 10~8; morc-1(-):
*p < 6.6 x 107'%; Fisher’s test). Downregulated
genes are not enriched (not significant [ns]; hrde-
1(-): p =1, morc-1(—): p = 1; Fisher’s test)

(E) Overlap of hrde-1(—) and morc-1(—) upregu-
lated targets with all testable mutator targets in
F4 libraries. In (C) and (E), differentially expressed
mRNA lists were compared with mutator targets
that had enough reads in both hrde-1(—) and
morc-1(—) to test for differential expression; in a
three-way comparison, not all targets are testable.
(F) Quantification of 22G endo-siRNA reads across
mutator targets that are upregulated in morc-1(—)
mutants at F1 and F4. Upper panels: morc-1(-)
versus wild-type; yellow indicates endo-siRNAs
that are >2-fold depleted, p < 0.05. Lower panels:
hrde-1(—) versus wild-type; blue indicates endo-
siRNAs that are >2-fold depleted, p < 0.05.

(G) Expression of all mutator-class 22G endo-
siRNAs in late generation hrde-1(—) and morc-1(—)
versus wild-type. 22G endo-siRNAs with >2-fold
change and p < 0.05 in mutant versus wild-type
are highlighted (morc-1(—) versus wild-type, yel-
low; hrde-1(—) versus wild-type, blue).

See also Figures S1 and S2.
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To assess whether the upregulation of the mutator targets
observed in morc-1(—) was due to loss of the corresponding
22G endo-siRNAs, we performed 5-monophosphate-indepen-
dent small RNA-seq and compared 22G endo-siRNA levels in
wild-type worms with those in morc-1(—) and hrde-1(—) mutants.
We quantified 22G endo-siRNA reads across the mutator target
mRNAs that were significantly upregulated in morc-1(—) mutants
at early or late generation. Although some 22G endo-siRNAs
were downregulated in morc-1(—) mutants compared with
wild-type (Figure 2F, top), hrde-1(—) mutants exhibited a more
substantial reduction of 22G endo-siRNAs corresponding to
these mRNAs (Figure 2F, bottom). Next, we quantified the
22G endo-siRNAs corresponding to mutator targets that were
upregulated in the hrde-1(—) mutants. Again, loss of morc-1
had much less of an effect among these 22G endo-siRNAs
compared with the loss of hrde-1 (Figure S2E). Thus, we
conclude that the desilencing of mutator targets in morc-1(—)
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mutants cannot be fully explained by a loss of endo-siRNAs,
consistent with our findings regarding exogenous RNAI. Analysis
of global levels of mutator-dependent 22G endo-siRNAs, irre-
spective of mMRNA regulation, showed some endo-siRNA deple-
tion in late-generation morc-1(—) mutants compared with wild-
type (Figure 2G; Tables S3 and S4). We posit that this reduction
reflects the relative loss of germline tissue in morc-1(—) mutants
compared with wild-type, rather than a specific role for morc-1
in regulating endo-siRNA levels. Together, our data suggest
that morc-1 is required for target silencing but is dispensable
for siRNA biogenesis and inheritance and, thus, must function
downstream of RISC.

morc-1 Is Required for Maintenance of H3K9me3 Marks
at a Subset of hrde-1 Targets

Given that endo-siRNA levels were largely unaffected in morc-
1(—) mutants, we asked whether morc-1 might regulate siRNA
effector function at the level of chromatin. Based on our model
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hrde-1, we looked specifically at whether
morc-1 is (1) required for siRNA-directed
methylation of histone 3 on lysine 9
(H3K9) and (2) regulates a common set of loci with hrde-1. We
performed H3K9me3 chromatin immunoprecipitation followed
by deep sequencing (ChlP-seq) on early- and late-generation
wild-type, morc-1(—), and hrde-1(—) worms. We analyzed the
H3K9me3 signal over 1-kb windows across the entire genome.
Using a 1.5-fold threshold and false-discovery rate (FDR) of
<0.05, we identified 57 1-kb regions that were depleted of
H3K9me3 in early-generation morc-1(—) mutants compared
with wild-type (Figure 3A). Late-generation (F4) morc-1(-)
mutants exhibited a much larger defect; 206 1-kb windows
were depleted of H3K9me3 in late-generation morc-1(—)
compared with wild-type (Figures 3A and S3A). We refer to
these 206 regions as morc-1-dependent H3K9me3 loci. Impor-
tantly, these regions are strongly enriched for endo-siRNAs,
confirming that morc-1 regulates H3K9me3 at endo-siRNA tar-
gets (Figure 3B).

We observed a progressive increase in the number of
H3K9me3-depleted sites from early to late-generation morc-1(—)



CellPress

A ildtype morc-1(-) set-25(-) _1o
S 80
E_— 60
O 40
X
1 region 1 20
[ region 2 o]
B region 3 & A X
Y
D <(\0 Q)
c wildtype hrde-1(-) nrde- 2() met-2(-);set-25(-) _10
o8
Be
O 40
X
2
&K q,\A »\@ %\AA
B NP
N \\ 6\0\'
)
hrde-1(- F’;30 & 304 '|'
&
[0
S i
>< (=) r = 1
< 10 101
[S]

H

MORC-1-3xFlag

vector RNAI

morc-1 RNAI

met-2(-);set-25(-)

Figure 4. morc-1 Is Required for Heterochromatin Localization and Compaction

(A) Heterochromatin localization is defective in morc-1(—) mutants. DAPI-stained embryo nuclei of the indicated genotype expressing a high-copy gw/s4[gfp-
lacl::lacQ] array at F4 generation at 25°C. set-25(—) is a control for mislocalization.

(B) Quantification is performed by determining the proportion of GFP foci in each of three concentric regions of equal volume (n > 60).

(C) Localization of gwls4 in hrde-1(—) and nrde-2(—) mutant embryos at F1 generation at 25°C using met-2(—);set-25(—) as a control for mislocalization.

(D) Quantification (n > 60) of data represented in (C).

(E) Defective X chromosome compaction in intestinal nuclei of morc-1(—) and hrde-1(—) mutants. DNA FISH using a probe targeting the X chromosome and DAPI
staining shows increased X chromosome volume in morc-1(—) and hrde-1(-).

(legend continued on next page)
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mutants. Furthermore, most of the H3K9me3-depleted regions
in the early-generation morc-1(—) mutants were also depleted
in the late generation (40 of 57, Figure 3C). Relative to F1 wild-
type, H3K9me3 levels at morc-7-dependent loci decreased
significantly from F1 to F4 generation in morc-1(—) mutants
(p = 8.0 x 1078, Welch’s t test), supporting our conclusion that
H3K9me3 loss in morc-1(—) mutants is progressive (Figure 3D).
These findings indicate that morc-1 is required for maintenance
of H3K9me3 at these regions.

Strikingly, of the 206 morc-1-dependent H3K9me3 loci, 194
were also hrde-1 dependent, indicating that morc-1 regulates
a subset of hrde-1 targets (Figure 3E). Relative to F1 wild-type,
these regions were more severely H3K9me3-depleted in hrde-
1(—) mutants than in morc-1(—) mutants, but the effect was not
progressive (Figure 3D). Thus, in morc-1(—) mutants, a subset
of hrde-1 targets are progressively depleted of H3K9me3 (Fig-
ures 3D-3F and S3B).

Similar to our mRNA-seq results, hrde-1 affects a larger num-
ber of sites than morc-1 in both generations (Figures 3A and 3C).
We identified 744 hrde-1-dependent H3K9me3 loci from a com-
parison of late-generation hrde-1(—) mutants and wild-type (Fig-
ure S3A). The majority of these (550) were morc-1-independent
loci (Figure 3E). These regions exhibited progressive H3K9me3
depletion from F1 to F4 generation in hrde-1(—) mutants
compared with wild-type (p < 2.2 x 107'®, Welch’s t test) but
were unaffected in morc-1(—) mutants (Figures 3D and S3C).
Taken together, these results indicate that morc-1 is required
for maintenance of H3K9me3 at a subset of endogenous nuclear
RNA. targets (Figures 3D, 3F, and S3B).

morc-1 Is Required for Heterochromatin Localization
and Compaction

To elucidate further the role of morc-1 and nuclear RNAi in chro-
matin organization, we investigated the localization of a hetero-
chromatin reporter in embryos (Towbin et al., 2012). The high-
copy gfp-lacl::lacO array is normally heterochromatinized and
localized to the nuclear periphery in embryos; its proper localiza-
tion is dependent on methylation at H3K9 by SET-25 and MET-2
(Towbin et al., 2012). The ubiquitously expressed GFP-Lacl
fusion protein binds to the lacO sites, revealing the position of
the array relative to the nuclear periphery (Meister et al., 2010).
We examined the localization of GFP-Lacl by fluorescence
microscopy in morc-1(—) (F4 generation at 25°C), nrde-2(—) (F1
generation at 25°C), and hrde-1(—) (F1 generation at 25°C)
mutant embryos compared with set-25(—) and met-2(—);set-
25(—) controls. Approximately 90% of GFP-Lacl foci were local-
ized to the outermost third of the nucleus in wild-type embryos,
whereas only ~70% of GFP-Lacl foci were correctly localized in
morc-1(—), nrde-2(—), and hrde-1(—) mutant embryos (Figures
4A-4D). The degree of displacement of the array from the nuclear
periphery observed in these mutants is similar to the defect that

we and others have observed in set-25(—) mutants (Figure 4A)
(Towbin et al., 2012). These data reveal that morc-1 and nuclear
RNAI are required for proper localization of heterochromatin to
the nuclear periphery.

To examine the effects of morc-1 and nuclear RNAi on the
chromatin structure of endogenous sequences, we performed
X chromosome paint fluorescence in situ hybridization (FISH)
to evaluate compaction of the X chromosome. In hermaphrodite
worms, both X chromosomes are targeted by the dosage
compensation complex (DCC) to decrease their transcriptional
activity by half (Meyer and Casson, 1986). As a result, the X chro-
mosomes in hermaphrodites are highly compacted, occupying
about 10% of the nuclear volume despite containing 18% of
the genome (Lau et al., 2014). This compaction is also dependent
on methylation at H3K9 (Snyder et al., 2016). We utilized this
unique feature of the hermaphrodite X chromosomes to deter-
mine whether chromatin compaction is defective in morc-1(—)
and hrde-1(—) mutants. The X chromosomes in morc-1(—) and
hrde-1(—) hermaphrodites each occupied 17% and 20%,
respectively, of the nuclear volume compared with 10% in
wild-type hermaphrodites, indicating a significant compaction
defect (morc-1(—) versus wild-type, p = 1.7 x 107°; hrde-1(-)
versus wild-type, p = 9.6 x 107%; Student’s t test) (Figures 4E
and 4F). Furthermore, morc-1 and hrde-1 RNAi caused a smalll,
but significant, rescue of the male lethality triggered by aberrant
targeting of the DCC to the single X chromosome in males (Carmi
et al., 1998; Miller et al., 1988; Petty et al., 2009) (morc-1 versus
vector, p = 0.0053; hrde-1 versus vector, p = 0.0018; Student’s
t test) (Figure 4G). The magnitude of rescue achieved by
knockdown of morc-1 or hrde-1 is similar to that observed with
loss of H3K9 methylation (Snyder et al., 2016). RNAi against
dpy-27, which encodes a DCC component, induced a more
substantial rescue of male lethality, as expected (Meyer and
Casson, 1986). Thus, morc-1 and hrde-1 regulate condensation
of endogenous chromatin.

Some mammalian MORC proteins directly bind H3 (Andrews
etal., 2016; Lietal., 2016; Liu et al., 2016). We sought to directly
identify MORC-1 genomic targets by ChIP-seq of MORC-
1(WT)::3xFLAG and MORC-1(E39A)::3xFLAG. These experi-
ments did not yield sufficient enrichment over background, sug-
gesting that MORC-1 may interact with chromatin indirectly or in
a highly transient manner. Intriguingly, co-immunofluorescence
revealed that MORC-1::3xFLAG localizes adjacent to, but not
overlapping with, H3K9me3 in the distal germline (Figure 4H).
Furthermore, in pachytene nuclei, which have highly condensed
chromosomes that can be visualized with DAPI staining, we
observed MORC-1::3xFLAG at the nuclear periphery and
adjacent to, but not overlapping with, the condensed chro-
mosomes, seemingly as a barrier around condensed chro-
matin (Figure 4H). Together, these data indicate that MORC-1
regulates heterochromatin modifications, localization, and

(F) X chromosome volume as a percentage of nuclear volume (mean + SD, n > 16) is significantly increased in morc-1(—) and hrde-1(—) intestinal nuclei (morc-
1(—) versus wild-type *p = 1.7 x 1075, hrde-1(—) versus wild-type *p = 9.6 x 107°, Student’s t test).

(G) RNAI against morc-1 and hrde-1 partially rescues xol-1(—);sex-1(—);him-8(—) male lethality (morc-1 versus empty vector *p = 0.0053, hrde-1 versus empty
vector *p = 0.0018, Student’s t test). The percentage of live progeny that are male is shown as a mean of five biological replicates + SD, n > 85.

(H) Immunostaining against H3K9me3 and FLAG in a strain expressing MORC-1::3xFLAG on empty vector RNAI (top row). Shown on the right are high-
magnification images of the region indicated by the white box with and without the DAPI channel. RNAi against morc-1 for two generations abrogates anti-FLAG
signal (middle row). met-2(—);set-25(—) mutants serve as a negative control for H3K9me3 staining (bottom row).
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Figure 5. Mutations in met-1 Suppress
morc-1(-) Germline Mortality

(A) Overview of forward genetic screen to identify
morc-1 suppressors.

(B) Schematic of C. elegans MET-1 (isoform b).
Flags indicate the alleles generated by our screen
(xk1-4). The xk4 allele contains three missense
mutations. Indicated below are the pre-existing
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generation (n = 16). For brood size of individual
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compaction, although it may be physically excluded from highly
condensed chromatin.

Mutations in the Gene Encoding MET-1 Suppress
morc-1(-) and hrde-1(-) Germline Mortality

To elucidate the mechanism behind the progressive fertility
defect of morc-1(—) mutants (Figure 1B), we performed a forward
genetic screen to identify suppressors of morc-1(—) germline
mortality. ENU-mutagenized morc-1(—) mutants were grown
for 14 generations at 25°C (Figure 5A), thus selecting for sup-
pressor mutations that enable robust fertility far beyond when
unmutagenized morc-1(—) mutants become sterile (i.e., five to
six generations at 25°C). We generated clonal lines from the
most fertile worms and performed whole-genome sequencing.
We identified four independent alleles (xk7-xk4) causing
missense or nonsense mutations in the gene encoding the
H3K36me3 histone methyltransferase MET-1 (Andersen and
Horvitz, 2007). Two of these alleles introduce substitutions in
the SET domain (xk7 and xk4). The xk4 allele contains two addi-
tional substitutions outside the SET domain (Figure 5B).

"
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»\l@‘ H3K36me3 in F1 wild-type.

See also Figures S4-S6.

We outcrossed the four met-1 alleles ten times and then
crossed them into morc-1(—). All four met-1 alleles potently sup-
pressed morc-1(—) germline mortality (Figures 5C, S4A, and
S4B). To determine whether met-1 also suppresses the canoni-
cal nuclear RNAI mutants, we crossed met-1 alleles xk2 and xk4
into hrde-1(—) mutants. We found that both met-1 alleles also
suppressed hrde-1(—) germline mortality (Figures 5D and S4C).
However, the two publicly available met-1 deletion alleles,
n4337 and 0k2172, did not rescue morc-1(—) germline mortality
(Figure S4D). Both met-1 deletion alleles, but not met-1 alleles
xk2 and xk4, severely compromised fertility at 25°C (Figures
5C, S4B, and S4D). We propose that a hypomorphic allele of
met-1, rather than a complete loss-of-function allele, might be
required to rescue morc-1(—) germline mortality. This is consis-
tent with our finding that depletion of met-7 by RNAi also
suppressed morc-1(—) germline mortality (Figure S4E). These
data suggest that at 25°C the germline can tolerate partial,
but not complete, loss of met-1 activity. Thus, depletion of
MET-1 rescues germline mortality caused by loss of morc-1 or
nuclear RNAI.
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Figure 6. Expansion of met-1-Dependent H3K36me3 in morc-1(-) and hrde-1(-) Mutants

(A) H3K9me3 (left) and H3K36me3 (right) levels in the indicated genetic background at F1 and F4 at morc-1(—)-dependent region containing bath-45, indicated by
dotted lines.

(B) morc-1(—)-dependent H3K36me3 regions are significantly depleted of H3K36me3 in met-1(xk4);morc-1(—) versus morc-1(—) at F4 generation (“p = 2.50 X
1075, Welch’s t test). Gray boxes show H3K36me3 levels in regions with highest H3K36me3 in F1 wild-type.

(C) Scatterplots showing H3K36me3 levels in met-1(xk4) versus wild-type at early and late generation. Highlighted in pink are targets that are >1.5-fold depleted in
F4 met-1(xk4) compared with wild-type with FDR < 0.05 in two biological replicates.

(legend continued on next page)
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MET-1 Mediates H3K36 Trimethylation of Some Endo-
siRNA Target Genes in the Absence of MORC-1

We hypothesized that MET-1 might oppose nuclear RNAi by
marking nuclear RNAI target genes with trimethylated H3K36,
a hallmark of euchromatin. To test this hypothesis, we profiled
H3K36me3 genome-wide in early and late-generation wild-
type, morc-1(-), and hrde-1(—) worms by ChIP-seq. We found
that late-generation morc-1(—) and hrde-1(—) mutants exhibited
increased H3K36me3 compared with wild-type (Figure 5E).
Using a 1.5-fold threshold and FDR < 0.05, we identified
49 1-kb regions that are enriched for H3K36me3 in late-genera-
tion morc-1(—) compared with wild-type (Figures 5E and S5A).
We refer to these as morc-1(—)-dependent H3K36me3 regions.
As with morc-1 regulation of H3K9me3, morc-1 regulates
H3K36me3 at a subset of the loci that are also regulated by
hrde-1 (Figure 5F). We observed a significant increase in
H3K36me3 levels at morc-1(—)-dependent sites from early to
late generations in morc-1(—) mutants (p =6.44 x 10~"", Welch’s
t test) (Figures 5G and S5B), similar to the progressive loss of
H3K9 methylation in morc-1(—) mutants. These sites also ex-
hibited elevated H3K36me3 levels at both generations in hrde-
1(—) mutants, but there was no significant increase from early
to late generation (Figure 5G).

Comparing H3K36me3 levels in hrde-1(—) with wild-type, we
identified 384 hrde-1(—)-dependent H3K36me3-enriched re-
gions (Figures 5E and S5A). Of these, the majority (350) are
morc-1(—) independent (Figure 5F). At morc-1(—)-independent
loci, there was a significant gain of H3K36me3 from early to
late generation in both hrde-1(—) and morc-1(—) mutants (hrde-
1(—), p <2.2 x 107'%; morc-1(—), p = 0.0012; Welch’s t test) (Fig-
ures 5G and S5C). This suggests that morc-1 regulates a larger
proportion of hrde-1(—)-dependent sites than we have identified,
but not severely enough to meet our 1.5-fold threshold for
defining morc-1(—)-dependent sites. As a control, we used re-
gions that have high levels of H3K36me3 in F1 wild-type; these
regions did not show regulation by hrde-1 or morc-1 at either
generation (Figure 5G). Taken together, these data demonstrate
that morc-1(—) and hrde-1(—) mutants progressively gain
H3K36me3 at select loci.

Most regions that gained H3K36me3 in mutant back-
grounds also lost H3K9me3. Of the 49 morc-1(—)-dependent
H3K36me3 regions, 27 were depleted of H3K9me3 by >1.5-
fold in morc1(—) mutants (Figures S6A and S6B). In hrde-1(—)
mutants, 291 of the 384 H3K36me3-enriched regions were
also H3K9me3 depleted (Figures S6A and S6B). For example,
the endo-siRNA target bath-45 was depleted of H3K9me3 and
enriched for H3K36me3 in early- and late-generation hrde-1(—)
mutants and in late-generation morc-1(—) mutants relative to
wild-type (Figure 6A). Control regions showed no change in
H3K36me3 enrichment (Figure S5B, bottom). Thus, most nuclear

RNAI targets that gain H3K36me3 also lose H3K9me3 in morc-
1(—) and hrde-1(—) mutants.

To assess how morc-1 and hrde-1 affect H3K9me3 and
H3K36me3 marks over larger genomic intervals, we plotted
relative H3K9me3 and H3K36me3 coverage 20 kb upstream
and downstream of the 5 end of the 744 hrde-1-dependent
H3K9me3 loci (Figure S6C). For visual clarity, we assigned the
5’ end of the 1-kb regions to position zero and plotted average
coverage at 10-bp resolution. We performed the same analysis
with the 206 morc-1-dependent H3K9me3 loci (Figure SED).
We observed that in the wild-type background, both hrde-1-
dependent and morc-71-dependent loci occupy local maxima
of H3K9me3 enrichment and local minima of H3K36me3 enrich-
ment. In morc-1(—) and hrde-1(—) mutants, we observed strong
depletion of H3K9me3 over a span of several kilobases and
concurrent enrichment of H3K36me3 to a level similar to the
flanking regions or to a local maximum (Figures S6C and S6D).
Taken together, these data show that loci that lose H3K9me3
in hrde-1(—) and morc-1(—) mutants also gain H3K36me3, sug-
gesting that HRDE-1 and MORC-1 may repress encroachment
of H3K36me3 from neighboring loci. Intriguingly, we observed
that in the distal germline, H3K36me3 localizes to the nuclear
periphery adjacent to H3K9me3, very similar to MORC-1::
3xFLAG (Figure S6E), suggesting that MORC-1 may associate
with H3K36-methylated chromatin.

To determine whether the enrichment of H3K36me3 in morc-
1(—) and hrde-1(—) backgrounds is met-1 dependent, we per-
formed H3K36me3 ChIP-seq in early- (F1) and late-generation
(F4) met-1(xk4), met-1(xk4);morc-1(—), and met-1(xk4);hrde-
1(—) mutants (Figure S6F). First, we compared H3K36me3 levels
at the 49 sites with morc-1(—)-dependent H3K36me3 enrich-
ment. Indeed, the H3K36me3 enrichment observed at these
loci in late-generation morc-1(—) mutants was partially sup-
pressed in met-1(xk4);morc-1(—) mutants (p = 2.50 x 1072,
Welch’s t test) (Figure 6B). Second, we compared H3K36me3
levels at the 384 loci with hrde-1(—)-dependent H3K36me3
enrichment. At these loci, the H3K36me3 enrichment observed
in late-generation hrde-1(—) mutants was also partially sup-
pressed in met-1(xk4);hrde-1(—) mutants (F1, p = 3.28 x 10~ '%;
F4,p=1.15 x 107 % Welch’s t test) (Figure S7A). We then asked
whether met-1 contributes to loss of H3K9me3 or upregulation
of endo-siRNA targets. By H3K9me3 ChIP-seq, we found that
H3K9me3 levels, including at morc-1-dependent loci, were not
affected by met-1(xk4) (Figure S7B). By gRT-PCR, we observed
that met-1(xk4) slightly suppressed upregulation of some endo-
siRNA targets in late-generation morc-1(—), but the targets were
still overexpressed relative to wild-type (Figure S7C). met-1(xk4)
does not affect endo-siRNA target upregulation in hrde-1(—) mu-
tants or the expression levels of germline-expressed genes that
are not targeted by endo-siRNAs (Figures S7C and S7D).

(D) Box plot demonstrating that at met-1(xk4)-dependent regions, H3K36me3 levels are progressively elevated in morc-1(—) and hrde-1(—) mutants (morc-1(—) F1
versus F4, *p < 2.2 x 107 '%; hrde-1(—) F1 versus F4, *p < 2.2 x 107 %; Welch’s t test). H3K36me3 gain at these sites is met-1(xk4)-dependent (morc-1(—) versus
met-1(xk4);morc-1(—) at F1 and F4, *p < 2.2 x 107 '®; hrde-1(—) versus met-1(xk4);hrde-1(—) at F1 and F4, *p < 2.2 x 107'6; Welch’s t test).

(E) Scatterplots showing H3K36me3 levels in met-1(xk4);morc-1(—) versus morc-1(—) at F1 and F4 generation and in met-1(xk4);hrde-1(—) versus hrde-1(—)
(bottom). Regions >1.5-fold depleted of H3K36me3 with FDR < 0.05 in the met-1(xk4) background at F4 are highlighted in red (met-1(xk4);morc-1(—)-dependent)

and purple (met-1(xk4);hrde-1(—)-dependent).

(F) Overlap of 1-kb regions that are depleted in met-1(xk4) versus wild-type, met-1(xk4);morc-1(—) versus morc-1(—), and met-1(xk4);hrde-1(—) versus hrde-1(-).

See also Figures S5-S7.
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Taken together, these data indicate that upon loss of morc-1 or
hrde-1, the primary role of MET-1 is the deposition of H3K36me3
marks. The finding that H3K9me3 marks are not restored in met-
1(xk4);morc-1(—) mutants suggests that it is not loss of H3K9
methylation per se that drives germline mortality, but rather an
imbalance of heterochromatin and euchromatin that is incompat-
ible with transgenerational germline maintenance.

morc-1 Restricts met-1-Dependent H3K36
Trimethylation Genome-Wide

Having shown that the ectopic H3K36me3 observed in morc-
1(—) and hrde-1(—) mutants is partially met-1 dependent, we
next wanted to identify met-7-dependent H3K36-methylated re-
gions in wild-type worms with an intact nuclear RNAi pathway.
Therefore, we compared H3K36me3 in met-1(xk4) and wild-
type worms by ChIP-seq. We observed a progressive loss of
H3K36me3 from early to late generation in met-1(xk4) mutants
compared with wild-type (Figure 6C), confirming that the xk4
allele is in fact hypomorphic and suggesting that met-1 partici-
pates in transgenerational maintenance of H3K36me3 marks.
We identified 424 loci that were depleted of H3K36me3 in met-
1(xk4) compared with wild-type (Figure S6F). We observed a
progressive increase in H3K36me3 in morc-1(—) and hrde-1(-)
mutants compared with F1 wild-type at these regions (morc-
1(-) F1 versus F4, p < 2.2 x 107'%; hrde-1(—) F1 versus F4,
p < 2.2 x 107'%; Welch’s t test). The increased H3K36me3 at
these loci is met-1 dependent (Figure 6D). Thus, MET-1 activity
at its normal targets in wild-type worms is increased upon loss
of morc-1 or hrde-1.

Next, we wanted to determine whether the distribution of met-
1-dependent H3K36 methylated regions is altered in morc-1(—)
or hrde-1(—) backgrounds by comparing H3K36me3 levels in
met-1(xk4);morc-1(—) versus morc-1(—) and met-1(xk4);hrde-
1(—) versus hrde-1(—) mutants. We identified 1,942 regions that
were depleted of H3K36me3 in met-1(xk4);morc-1(—) compared
with morc-1(—), and 2,449 loci that were depleted of H3K36me3
in met-1(xk4);hrde-1(—) compared with hrde-1(—) (Figures 6E
and S6F). These data indicate that loss of morc-1 or hrde-1
dramatically increases the number of met-7-dependent loci (Fig-
ure 6F). Taken together, these data suggest that the chromatin
decompaction induced by loss of morc-1 or hrde-1 is associated
with an increase in met-1-dependent H3K36 trimethylation
throughout the genome.

met-1 Depletion Restores Chromatin Organization in
morc-1(=) Mutants

We next asked how the increased H3K36 methylation in morc-
1(—) affects germline chromatin by whole-mount DAPI staining
of adult wild-type, morc-1(—), and met-1(xk4);morc-1(—) worms
in the F5 generation at 25°C. All of the morc-1(—) mutants were
sterile and exhibited pleiotropic germline defects. Consistent
with the decondensation of the X chromosome in intestinal nuclei
of morc-1(—) hermaphrodites (Figure 4E), distal germline nuclei
were enlarged and lacked the uniformity or regular spacing of
wild-type germline nuclei (Figure 7A). In the loop region and
the proximal germline, we did not observe the highly condensed
chromosomes or the single-file line of nuclei characteristic of
diplotene and diakinetic nuclei, suggesting failure to properly
complete meiotic prophase (Figure 7A). In contrast, these de-
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fects were largely restored in met-1(xk4);morc-1(—) mutants
(Figure 7A). Thus, in the absence of MORC-1, a partial loss of
the histone H3K36 methyltransferase MET-1 and reduction of
H3K36me3 are sufficient to compensate for reduced transge-
nerational maintenance of H9K9me3 and restore germline
immortality and chromatin organization.

DISCUSSION

Here, we demonstrate that morc-1 functions as a critical link be-
tween endo-siRNAs and heritable chromatin modifications to
ensure germline integrity. We found that morc-1 is essential for
H3K9me3 maintenance at a subset of endogenous nuclear
RNAI targets (Figure 3). Why do some nuclear RNAI targets
require MORC-1 for H3K9me3 maintenance while others do
not? Our data indicate that hrde-7(—) mutants are more severely
depleted of H3K9me3 at morc-1-dependent loci than at morc-1-
independent loci (Figure 3D). Based on our anchored analysis
showing that morc-1-dependent H3K9me3 sites reside in local
maxima of H3K9me3 and local minima of H3K36me3 (Fig-
ure S6D), we speculate that proximity to euchromatin may
contribute to susceptibility to loss of heterochromatin marks,
thus necessitating a protective factor, such as MORC-1, to pre-
vent the spread of H3K36me3.

We propose a model in which MORC-1 restrains the spread of
H3K36me3 into a subset of regions that are targeted by HRDE-1
and endo-siRNA for heterochromatinization (Figure 7B), thereby
protecting heterochromatin compaction and localization. A role
in restricting the spread of H3K36me3 would be consistent
with the striking MORC-1 localization pattern observed in
pachytene nuclei, where MORC-1, like H3K36me3, is adjacent
to H3K9me3-marked regions at the nuclear periphery (Figures
4H and S6E). Because the anti-H3K36me3 and anti-FLAG anti-
bodies were both raised in mouse, we could not directly
test colocalization of MORC-1::3xFLAG and H3K36me3, but
these data are consistent with an association of MORC-1 with
H3K36-methylated chromatin.

We posit that the imbalance arising from loss of heterochro-
matin and expansion of euchromatin is likely a major driver of
the germline mortality phenotype of morc-1(—) mutants. In sup-
port of this model (Figure 7B), we identified mutations in the gene
encoding the H3K36me3 histone methyltransferase MET-1
as potent suppressors of morc-1(—) and hrde-1(—) germline
mortality (Figures 5A-5D and S4). Thus, in a morc-1(—) mutant,
H3K36me3 expansion drives loss of H3K9me3, germline chro-
matin disorganization, and germline mortality (Figure 7B). The
expansion of H3K36me3 can be mitigated by mutating met-1,
thus restoring the balance of heterochromatin and euchromatin
without restoring H3K9 methylation at endo-siRNA targets (Fig-
ure S7E). These studies highlight an essential role for nuclear
RNAi and MORC-1 in transgenerational control of chromatin
structure and emphasize the critical role of chromatin architec-
ture in multigenerational germline maintenance.

In support of a role for MORC-1 in restraining the expansion of
H3K36me3, we observed a progressive increase in H3K36me3
in morc-1(—) mutants compared with that in wild-type (Figures
5E and 5G). While the number of sites that meet our 1.5-fold
threshold for enrichment of H3K36me3 in morc-1(—) mutants is
small (49), we posit that this is reflective of a larger trend for
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Figure 7. Germline Chromatin Decompaction in morc-1(-) Mutants Is met-1 Dependent

(A) Whole-mount DAPI staining of wild-type, morc-1(—), and met-1(xk4);morc-1(—) worms at F5 at 25°C. morc-1(—) worms are sterile. Left: maximum projection
images from top to bottom of the germline. The germline is outlined in dashed white lines; colored boxes indicate location of insets shown on the right. Right:
single plane from the indicated region. Due to chromatin disorganization in morc-1(—) mutants, we cannot distinguish mitotic and pachytene regions based on
nuclear morphology.

(B) Model for MORC-1-mediated regulation of transgenerational chromatin marks at HRDE-1 target loci. In wild-type worms, MORC-1 restrains the spread of
H3K36me3 into H3K9me3-marked endo-siRNA targets, allowing H3K9me3 to be maintained in subsequent generations. In morc-1(—) mutants, MET-1 mediates
the spread of H3K36me3 to these targets, causing progressive loss of H3K9me3 and germline mortality.
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several reasons. First, we observe a dramatic increase in the
number of met-1(xk4)-dependent loci in the morc-1(—) back-
ground compared with the wild-type background (Figure 6F).
This would be consistent with these loci exhibiting a small
amount of met-1-dependent H3K36me3 in wild-type, gain of
H3K36me3 in morc-1(—) mutants, and depletion to below wild-
type levels in met-1(xk4);morc-1(—) mutants. In such cases, it
is possible that only the depletion in met-1(xk4);morc-1(—) mu-
tants would be severe enough to meet our 1.5-fold threshold.
Second, our sample collection method for ChiP-seq studies
selected against mutants with the strongest enrichment of
H3K36me3. Due to the large populations of worms required
to perform robust ChIP, it was necessary to isolate embryos
at each generation through hypochlorite treatment of gravid
worms. Because the penetrance of germline mortality is quite
variable in intermediate generations, this strategy enriched our
samples for the most fertile worms. The potent suppression of
morc-1(-) germline mortality by four met-1 alleles highlights
the substantial impact of H3K36me3 on the fertility of morc-
1(—) mutants. For experiments that did not require such large
late-generation samples, such as germline mortality assays
and DAPI staining for germline morphology, we propagated
worms by picking progeny to new plates before they reached
adulthood. At these larval stages, we could not distinguish fertile
and sterile worms and therefore did not introduce any selective
pressure to enrich mutant populations for the most fertile worms.
Not only have we identified a downstream effector of the
nuclear RNAIi pathway, but also the first suppressor of a fertility
defect of nuclear RNAi mutants, met-1. Our findings indicate
that germline mortality may be actively regulated and does not
merely follow a stochastic decline in germline function. Further-
more, our study suggests that met-1 is an important regulator of
the chromatin landscape in C. elegans even when the nuclear
RNAi pathway is intact, as we observed a dramatic increase in
the number of loci that are H3K36me3 depleted in met-1(xk4)
compared with wild-type from generations F1 to F4 (Figure 6C).
This suggests that MET-1 contributes to transgenerational main-
tenance of H3K36me3: a role that has been previously ascribed
solely to the other H3K36 histone methyltransferase, MES-4
(Furuhashi et al., 2010; Rechtsteiner et al., 2010). Although
mes-4 did not emerge from our screen as a candidate morc-
1(—) suppressor, it may also contribute to the spread of
H3K36me3 in morc-1(—) and hrde-1(—) mutants. Because loss
of mes-4 causes maternal-effect sterility, it is unlikely that our
screen, which was based on rescue of germline mortality, would
have identified mes-4. Due to the progressive nature of the morc-
1(—) mutant phenotypes and the complete penetrance of the
maternal-effect sterility resulting from mutation or RNAi knock-
down of mes-4, we are currently unable to address whether
mes-4 antagonizes morc-1. MES-4 and two H3K27 methyltrans-
ferases, MES-3 and MES-6, were recently implicated in nuclear
RNAi-dependent H3K27 trimethylation (Mao et al., 2015).
Perhaps the most striking defect we observed in morc-1(-)
mutants is the extensive disorganization and decondensation
of germline chromatin in the late generation (Figure 7A). Our
data suggest that the severely decondensed nuclei in the distal
germline are not able to complete meiotic prophase. In fact,
the entire germline is so abnormal that we cannot accurately
distinguish the mitotic and meiotic zones in the distal germline.
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These defects are likely to be major contributors to germline
mortality observed in morc-1(—) mutants. Although we cannot
distinguish whether chromatin decompaction is the cause or
consequence of euchromatic encroachment in morc-1(—) mu-
tants, the restoration of germline architecture in late-generation
met-1(xk4);morc-1(—) mutants suggests that some degree of de-
compaction is driven by met-1-mediated H3K36me3 deposition.
The dramatic increase in the number of loci that are regulated by
met-1in morc-1(—) and hrde-1(—) mutants (Figure 6F) as well as
the increased H3K36me3 at sites that are normally regulated by
met-1 (Figure 6D) suggest that nuclear RNAi and morc-1 repress
met-1 activity at a large number of sites. In fact, our data suggest
that morc-1 represses met-1 at a much larger number of sites
than it regulates via H3K9me3 maintenance, highlighting a new
role for nuclear RNAI in regulation of euchromatic marks.
Finally, our work suggests that endo-siRNAs are required not
only for silencing discrete genetic loci but also for maintaining
chromatin organization. We have identified MORC-1 as a major
effector and MET-1 as a major antagonist of this function. We
expect that future studies will uncover additional factors connect-
ing endo-siRNAs to global regulation of chromatin architecture.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-FLAG Sigma F1804; RRID: AB_262044
Rabbit anti-H3 Abcam Ab12079; RRID: AB_298834
Rabbit anti-H3K9me3 Abcam Ab8898; RRID: AB_306848
Mouse anti-H3K36me3 Wako 300-95289

Alexa Fluor 555 goat anti-mouse Invitrogen A21127; RRID: AB_141596
Alexa Fluor 488 goat anti-rabbit Invitrogen A11034; RRID: AB_2576217
IRDye 680RD goat anti-rabbit LI-COR 926-68171; RRID: AB_10956389
IRDye 800CW goat anti-mouse LI-COR 827-08364; RRID: AB_10793856

Bacterial and Virus Strains

E. coli OP50 Shared Fermentation Facility, N/A

The Pennsylvania State University
E. coli HT115 RNAI clones Kamath et al., 2003 N/A
Chemicals, Peptides, and Recombinant Proteins
Purelink RNAse A Invitrogen 12091-021
DAPI ThermoFisher 62248
Cas9 PNA Bio CPO1
TriReagent ThermoFisher AM9738
RNA 5’ Polyphosphatase lllumina RP8092H
Vectashield Vector Labs H-1000
Critical Commercial Assays
TruSeq Stranded mRNA Library Prep Kit for NeoPrep lllumina NP-202-1001
TruSeq Small RNA Library Prep Kit lllumina RS-200-0012 and RS-200-0036
Ovation Ultralow Library Systems v2 NuGen 0344-32
Truseq Nano DNA LT Library Prep Kit lllumina TC-121-4001
Gentra Puregene Tissue Kit Qiagen 158667
TagMan Universal PCR Master Mix, No AmpErase ThermoFisher 4324018
UNG
GFP 22G TagMan probe:GUGUCCAAGAAUGUUUCCAUCU ThermoFisher N/A
U18 TagMan probe ThermoFisher 001764
Deposited Data
mRNA-seq data (Tables S1 and S2) This study GEO: GSE89887
Small RNA-seq data (Tables S3 and S4) This study GEO: GSE89887
ChIP-seq data This study GEO: GSE89887
Genomic DNA data This study GEO: GSE89887
Experimental Models: Organisms/Strains
wild-type, Bristol isolate CGC N2
morc-1(tm6048) Il this study QK80
eri-1(mg366) IV CGC GR1373
nrde-2(gg91) Il Burkhart et al., 2011 YY186
rde-4(ne307) Il CGC WM49
hrde-1(tm1200) Ill Buckley et al., 2012 EKM89
XkEx50[dpy-30p::morc-1::gfp::tbb2 3’UTR] this study QK81
morc-1(tm6048) Ill;xkEx50[dpy-30p::morc-1::gfp::tbb2 this study QK82
3°’UTR, myo-2p::rfp]
nrde-2(gg91) Il;eri-1(mg366) IV Guang et al., 2010 YY151
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REAGENT or RESOURCE SOURCE IDENTIFIER

morc-1(tm6048) lil;eri-1(mg366) IV this study QK83

morc-1::3xflag this study QK84
repair template:
GTCGAGGAGAAACTGAAAAATATCGA
ACATCAGATTAAAGGAAAGAAAAAAG
ACTACAAAGACCATGACGGTGATTAT
AAAGATCATGATATCGATTACAAGGA
TGACGATGACAAGTAATATTCCAGCT
CGCCCTGTTTTCCCAGAAGGACGTA
CTTGTAC

pklIS32[pie-1p::gfp::h2b] Buckley et al., 2012 YY513

hrde-1(tm1200) Ill; pkiS32[pie-1p::gfp::h2b] Buckley et al., 2012 YY528

morc-1(tm6048) Ill;pkIS32[pie-1p::gfp::h2b] this study QK85

Gwls4[baf-1p::GFP-lacl::let-858 3’'UTR; myo-3p::RFP] X Meister et al., 2010 GW76

set-25(n5021) lll;Gwlis4[baf-1p::GFP-lacl::let-858 3’UTR; Towbin et al., 2012 GW640

myo-3p::RFP] X

met-2(n4256) lll;set-25(n5021) Ill;Gwls4[baf-1p::GFP-lacl:: Towbin et al., 2012 GW637

let-858 3’'UTR; myo-3p::RFP] X

morc-1 (tm6048) lll;Gwis4[baf-1p::GFP-lacl::let-858 3’UTR,; this study QK86

myo-3p::RFP] X

hrde-1 (tm1200) Ill;Gwls4[baf-1p::GFP-lacl::let-858 3’UTR,; this study QK87

myo-3p::RFP] X

nrde-2 (9gg91) Il;Gwlis4[baf-1p::GFP-lacl::let-858 3’UTR; this study QK388

myo-3p::RFP] X

him-8 (€1489) IV;xol-1 (y9) X;sex-1 (y263) X Petty et al., 2009 TY4403

met-1(n3227) | CGC MT16973

met-1(0k2172) | CGC VC1666

met-1(xk1) | this study QK89
mutation: N754K (isoform b numbering)

met-1(xk2) | this study QK90
mutation: L1019F (isoform b numbering)

met-1(xk3) | this study QK91
mutation: Q1272* (isoform b numbering)

met-1(xk4) | this study QK92
mutation: P360S/A737T/D1531E
(isoform b numbering)

met-1(n3227) I; morc-1 (tm6048) Il this study QK93

met-1(0k2172) I; morc-1 (tm6048) Il this study QK94

met-1(xk1) I; morc-1 (tm6048) Ill this study QK95

met-1(xk2) I; morc-1 (tm6048) Ill this study QK96

met-1(xk3) I; morc-1 (tm6048) Ill this study QK97

met-1(xk4) I; morc-1 (tm6048) Ill this study QK98

met-1(xk2) I; hrde-1 (tm1200) Ill this study QK99

met-1(xk4) I; hrde-1 (tm1200) Il this study QK100

morc-1(E39A)::3xflag this study QK111

Repair template:
CATAAAAATTTCAGTCACACCCACATT
GGTCCCTTGTCGGCAATAGCTGCTTT
AGTCGACAATGCGTATGACGCAGATG
CGAGAATCTTCACATCGATTTTC

Oligonucleotides
morc-1::3xflag crRNA: AATATTGAGCACCAAATCAA Dharmacon N/A
morc-1(E39A) crRNA: GTCGGCAATAGCAGAGCTAG Dharmacon N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
bath-45 qRT-PCR 1: AGATACGGCTCGACATTGCC IDT N/A
bath-45 qRT-PCR 2: AGATACGGCTCGACATTGCC IDT N/A
R11A8.1 qRT-PCR 1: CCAAAGTAACTCCAGCAAGGA IDT N/A
R11A8.1 qRT-PCR 2: GATATTCCGGAGTTTCGCCT IDT N/A
C38D9.2 qRT-PCR 1: GCTGGCAAAAATCTCCGACC IDT N/A
C38D9.2 qRT-PCR 2: ATGCTCTTGGTTGGGCTCAT IDT N/A
KO09H11.1 gRT-PCR 1: CCCCTTTTCGTTCTGCTCCA IDT N/A
KO09H11.1 qRT-PCR 2: CTTTTTGCTCGAGCTTTCGGT IDT N/A
Y61A9LA.12 gRT-PCR 1: GCTTAATGGAGAGCACTCTGA IDT N/A
Y61A9LA.12 gRT-PCR 2: AACTGCGTCCAACTCTGTTT IDT N/A
gld-2 gRT-PCR 1: AAGTGGAGATCAGCTTCCGT IDT N/A
gld-2 gRT-PCR 2: CTGCTGTTGCGGGTATTCAAG IDT N/A
rnp-8 qRT-PCR 1: GTCATCGTTCGCAATGGAGC IDT N/A
rmp-8 qRT-PCR 2: GGCCGTGAAGAGTTGTTCCT IDT N/A
glp-1 gRT-PCR 1:GAGAATGCGGAAGGGAAGGT IDT N/A
glp-1 gRT-PCR 2: GTTCACAGAAAGCACCTCCG IDT N/A
eft-2 qRT-PCR 1: ACGCTCGTGATGAGTTCAAG IDT N/A
eft-2 qRT-PCR 2: ATTTGGTCCAGTTCCGTCTG IDT N/A
met-1 RNAi 1: TGAATGGTACCTCAAATCCACTCTGC IDT N/A
met-1 RNAi 2: ATCATCCGCGGCGCTTCAACTGCTAA IDT N/A
Recombinant DNA

met-1 RNAI plasmid This study N/A
Software and Algorithms

Imaged ImageJ N/A
Slidebook 5.0 Intelligent Imaging Innovations N/A
Huygens Essential Huygens Software N/A
CASHX v. 2.3 Fahlgren et al., 2009 N/A
DESeq2 Love et al., 2014 N/A
Trimmomatic v. 0.35 Bolger et al., 2014 N/A
Samtools Li et al., 2009 N/A
SnpSift Cingolani et al., 2012 N/A
SnpEff Cingolani et al., 2012 N/A
Bowtie 0.12.7 Langmead et al., 2009 N/A
Bowtie2 Langmead and Salzberg, 2012 N/A
Genome Analysis ToolKit McKenna et al., 2010 N/A
TopHat2 Kim et al., 2013 N/A
CuffDiff2 Trapnell et al., 2013 N/A
Other

Dynabeads Protein A Invitrogen 10002D
Dynabeads Protein G Invitrogen 10004D

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfiled by the Lead Contact,
John K. Kim (jnkim@jhu.edu).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans strains were maintained using standard procedures at 20°C unless otherwise noted. Bristol N2 strain was used for wild-
type control. All strains used in this study are listed in Key Resources Table. Worms were fed OP50 E. coli for all experiments that did
not involve RNAIi. RNAIi experiments were performed with HT115 E. coli and the empty vector L4440 as a control.

METHOD DETAILS

Construction of Transgenic Strains

The ubiquitous morc-1::gfp extrachromosomal array was made using a 4.1 kb dpy-30 promoter, 2.9 kb of morc-1 genomic coding
sequence with no termination codon, 0.9 kb gfp coding sequence, and 0.6 kb of tbb-2 3’'UTR. This was injected at a concentration of
1.0 ng/puL with 2.0 ng/uL myo2::rfp co-injection marker. The morc-1::3xflag strain was made by standard Crispr/Cas9 methods (Paix
et al., 2015). crBNA and repair template sequences are listed in Key Resources Table.

RNAI Sensitivity Assays

Bacterial RNAI clones were grown from the Ahringer library (Kamath et al., 2003). Synchronized L1 worms were plated on the indi-
cated RNAiI clone. Sensitivity to lir-1 RNAi was determined by counting arrested or dead worms 72 and 96 h after plating (to account
for any developmental delay). Sensitivity to /in-15b RNAi was determined by counting adult worms showing multiple vulvas after two
generations on lin-15b RNA..

Germline Mortality Assays

Worms were maintained at 20°C, embryos were isolated through hypochlorite preparation, and hatched overnight in M9. Synchro-
nized L1 worms were plated on OP50 at 25°C and designated as the PO generation. Twenty of the progeny (F1 generation) of these
worms were transferred to a new plate at the L2 or L3 stage. This was repeated for each generation. To test fertility in a given gen-
eration, L2 or L3 hermaphrodites were singled to new OP50 plates, and their live progeny were counted. The met-1 RNAI clone was
generated by inserting 713 bp of met-1 coding sequence into the L4440 vector using Sacll and Kpnl restriction enzymes. The met-1
fragment was made with primers TGAATGGTACCTCAAATCCACTCTGC and ATCATCCGCGGCGCTTCAACTGCTAA.

RNAI Inheritance Assays

Synchronized L1 worms (PO generation) were plated on empty vector L4440 or gfp RNAI. PO gravid adults were subjected to hypo-
chlorite treatment to generate F1 embryos. Synchronized L1 worms from F1 and subsequent generations were plated on OP50. At
each generation, gravid adults were imaged with an Olympus BX61 microscope or collected in TriReagent (ThermoFisher) for RNA
extraction. Germline nuclear GFP brightness was categorically scored as on or off.

Western Blotting

Worms were grown on empty vector L4440 or morc-1 RNAI. 40 gravid worms were collected in Tris-glycine SDS sample buffer
(ThermoFisher), run on 8% Novex WedgeWell Tris-Glycine precast gels (ThermoFisher), and transferred to PVDF membrane
(Millipore). Antibodies used include Sigma F1804 (anti-FLAG) and Abcam ab12079 (anti-H3) at 1:1,000 and 1:5,000, respectively.
Western blot development was performed using a LI-COR Odyssey Fc according to the manufacturer’s instructions using Odyssey
Blocking Buffer and IRDye secondary antibodies at 1:15,000 dilution (LI-COR).

RNA Extraction, Library Preparation, and Sequencing

Worms were collected in TriReagent (ThermoFisher) and subjected to three freeze-thaw cycles. After phase-separation using
1-bromo-3-chloropropane (BCP), RNA was precipitated in isopropanol at -30°C for 2 h. RNA was pelleted by centrifugation at
21,000 x g for 30 min at 4°C. After two washes in 70% ethanol and one wash in 75% ethanol, the pellet was resuspended in water.
mRNA libraries were made using lllumina TruSeq Stranded mRNA Library Prep Kit for NeoPrep and an lllumina NeoPrep Library Prep
machine according to manufacturer’s instructions. Phosphate independent small RNA libraries were made as described in (Phillips
et al., 2014) using RNA 5’ polyphosphatase (lllumina) and the lllumina TruSeq Small RNA Library Prep Kit. Libraries were sequenced
on the lllumina HiSeq 2000 platform.

Quantitative RT-PCR

TagMan small RNA probes were made by Applied Biosystems. cDNA was made using 50 ng of total RNA using Multiscribe Reverse
Transcriptase (Applied Biosystems). Analysis was performed using a Realplex Thermocycler (Eppendorf) with TagMan Universal
PCR Master Mix and No AmpErase® UNG (Applied Biosystems). A TagMan small RNA probe detecting U18 was used for normal-
ization of gfp 22G levels. Assays for mRNA levels were performed with Absolute Blue SYBR Green (ThermoFisher) and normalized to
eft-2 using CFX63 Real Time System Thermocyclers (Biorad).
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Heterochromatin Localization Assays

Worms expressing the gwls4 reporter in the indicated backgrounds were maintained at 20°C. L4 hermaphrodites were picked to
plates at 25°C to lay the PO generation embryos. PO L4s were picked to new plates to produce the F1 generation. At the specified
generation (F4 for morc-1(-), F1 for nrde-2(-) and hrde-1(-)), embryos were dissected from day one adults, freeze-cracked, and DAPI
stained as described in (Seydoux and Dunn, 1997). Embryos were imaged in GFP and DAPI channels with an Olympus BX61 micro-
scope at 60x magnification across 10 um of Z-stacks at 250 nm intervals. Deconvolution was performed in Huygens Essential
software.

X Chromosome Staining

DNA FISH probes were prepared and used as described in (Csankovszki et al., 2004). In brief, adult worms were dissected in sperm
salts (50 mM PIPES pH 7.0, 25 mM KClI, 1 mM MgSO,, 45 mM NaCl, 2 mM CaCl,) and fixed with 2% paraformaldehyde (PFA) for 5 min
in a humid chamber. After freeze-cracking, slides were washed 3 times in PBST (1x PBS, 1 mM EDTA, 0.5% Triton X-100) for 10 min.
Slides were then incubated in increasing concentrations of ethanol; that is, 2 min each in 70%, 80%, 95%, and 100% ethanol. FISH
probes (10uL) were added to each slide, and then it was denatured on a 95°C heat block for 3 min. Slides were incubated in a humid
chamber at 37°C overnight. The following washes were performed at 39°C: 5 min in 2xSSC/50% formamide (three times), 5 min in
2xSSC (three times), 10 min in 1xSSC (once). The final wash was performed in 4xSSC with 0.01 ug/mL DAPI for 15 min at room tem-
perature. Slides were mounted with Vectashield (Vector Labs) and imaged on an Olympus BX61 microscope at 60x magnification.

Male Rescue

him-8(-);xol-1(-);sex-1(-) embryos were isolated with hypochlorite and grown on the indicated RNAi clone or empty vector RNAI
(L4440) and grown at 20°C. Worms were transferred as young adults to a new plate of the same RNAI clone (three worms per plate,
four plates per RNAI clone) and allowed to lay embryos overnight. The next morning, adult worms were removed and embryos were
counted. One day later, unhatched (dead) embryos were counted. Over the next two days, male worms were counted. Rescue of
male lethality was calculated as the proportion of live embryos that developed into male worms.

Chromatin Immunoprecipitation and Sequencing

Frozen worm pellets (500 pL packed volume) were ground into powder and crosslinked with 2% formaldehyde in RIPA buffer (1xPBS,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) for 10 min at 4°C. Crosslinking was quenched using 100 puL 1M Tris-Cl pH 7.0 per
1 mL 2% formaldehyde in RIPA buffer. Crosslinked chromatin was sonicated using a Diagenode Bioruptor for three 8-min cycles on
high amplitude, 30 sec on/off or a Diagenode BioruptorPico for three 3-min cycles, 30 sec on/off. Chromatin was nutated overnight at
4°C with 2 pg of the designated antibody and then for 2 h with 50uL Protein A (for H3K9me3 ChlIP) or Protein G (for H3K36me3 ChlIP)
Dynabeads (Invitrogen). After three washes with 800 uL LiCl buffer (100 mM Tris-Cl pH 7.5, 500 mM LiCl, 1% NP-40, 1% sodium
deoxycholate), chromatin was decrosslinked in worm lysis buffer (0.1 M Tris-Cl pH 7.5, 0.1 M NaCl, 50 mM EDTA, 1% SDS) for at
least 4 h at 65°C. DNA was extracted by phenol-chloroform and dissolved in TE buffer. RNAse A (Invitrogen) treatment was performed
for at least 1 hat 37°C. Antibodies used were Abcam ab8898 (H3K9me3) and WAKO 300-95289 (H3K36me3). For each ChIP sample,
an input library was generated from 10% of the amount of chromatin in the IP. These samples were decrosslinked, and DNA extrac-
tion of input samples was performed as described above.

Fifty-one DNA ChlP-seq libraries were sequenced and used in this study. ChlP-seq libraries were made using NuGen Ovation
Ultralow Library Systems v2 according to the manufacturer’s instructions. DNA ChlIP-seq libraries for different samples were labeled
with 6 nt index, pooled together, and sequenced. All libraries were sequenced using lllumina HiSeq 2000 platform: 50 nt single-end
run with index sequencing. De-multiplexed raw data was provided by the sequencing provider in fastq format.

Immunofluorescence Microscopy

Dissected adult worms were fixed in 2% formaldehyde and 1x sperm salts (50 mM PIPES pH 7.0, 25 mM KCI, 1 mM MgSQy,, 45 mM
NaCl, 2 mM CaCl,) for 5 min in a humid chamber. Samples were then freeze-cracked, fixed in methanol for 10 min at -20°C, and
washed three times in PBST (PBS+0.2% Tween-20). Slides were incubated with primary antibody in a humid chamber overnight
at 4°C. Slides were washed three times in PBST and then incubated with secondary antibody in a humid chamber for 1 h at room
temperature. Slides were washed three times in PBST, stained with 0.01 ug/mL DAPI in PBST for 15 min, and mounted with Vecta-
shield (Vectorlabs H-1000). All washes were performed at room temperature. Slides were imaged at 63x magnification on a Zeiss
LSM700 confocal microscope. Antibodies used were Abcam ab8898 (rabbit anti-H3K9me3), Sigma F1804 (mouse anti-FLAG),
and WAKO 300-95289 (mouse anti-H3K36me3); secondary antibodies were purchased from Invitrogen.

Genetic Screen

Starting with a morc-1(-);pie1P-gfp-h2b strain, worms in the fourth larval stage were mutagenized in 0.6 mM N-ethyl-N-nitrosourea
(ENU) for 4 h. After three washes in M9, 100 worms (PO generation) were transferred to each of 32 plates. Worms were grown for
5 days at 20°C. Adult worms (F1 generation) were bleached to isolate embryos (F2 generation), which were plated, grown at
25°C, and then bleached to isolate embryos (F3 generation). Worms were maintained at 25°C and bleached at adulthood for every
generation until F14. Ten larval worms were singled from each of the remaining fertile pools (29 of 32), and their progeny were
counted. The most fertile worms of each pool were then propagated as clonalized lines. Genomic DNA was extracted from
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20 clonalized lines, representing 17 pools (three pools were represented by two lines each) using the Gentra Puregene Tissue kit
(Qiagen). Genomic paired-end DNA libraries were made using the lllumina Truseq Nano DNA LT Library Prep Kit according to the
manufacturer’s instructions and sequenced on the lllumina Hi Seq 2000 platform.

Whole-mount DAPI Staining

Worms were nutated in M9 in 1.5 mL microtubes for 15 min at room temperature, then centrifuged at 2,300 x g for 30 s. The super-
natant was discarded, and the pellet was resuspended in 1 mL ice cold methanol and nutated at room temperature for 10 min. Worms
were washed twice with 1 mL PBST (1xPBS with 0.1% Tween-20). Worms were centrifuged at 2,300 x g for 30 seconds, resuspended
in 1 mL PBST with 100 pg/mL DAPI, and nutated at room temperature for 30 min. Worms were then centrifuged at 2,300 x g for 30 sec,
pipetted onto a microscope slide, and mounted with Vectashield. Slides were imaged with a Zeiss LSM700 confocal microscope at
63x magnification.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless specified below, quantitative data are displayed as mean with standard deviation shown as error bars; the n values are shown
in the figure legends. Statistical tests and results are presented in Results and corresponding figure legends. For gRT-PCR, germline
mortality assays, and western blot, at least two independent experiments were carried out; one representative biological replicate is
presented. RNAI sensitivity, RNAi inheritance, and male rescue data are presented as means of biological replicates, with the number
of replicates specified in the figure legend. Western blot quantification was performed using a LICOR Odyssey Fc according to the
manufacturer’s instructions.

Small RNA Sequencing Data Analysis

Raw gseq files were converted to fastq format using custom Awk scripts. Small RNAs were parsed from adapter sequences, and
reads 18-32 nt long passing a Q30 threshold were aligned to the C. elegans genome (WS230) using CASHX v. 2.3 (Fahlgren et al.,
2009). Total read counts for Mutator-class siRNAs (Phillips et al., 2014; Zhang et al., 2011) were analyzed for differential expression
using DESeq2 (Love et al., 2014) in F1 wild-type (n=3), F4 wild-type (n=3), F1 morc-1(tm6048) (n=3), F4 morc-1(tm6048) (n=3), F1
hrde-1(tm1200) (n=2), and F4 hrde-1(tm1200) (n=2). Scatter plots were generated using R.

mRNA Sequencing Data Analysis

Raw gseq files were converted to fastq format using custom Awk scripts. Reads were adapter-trimmed, quality filtered (Q30) using
Trimmomatic v. 0.35 (Bolger et al., 2014), and aligned to the C. elegans genome and transcriptome (WS230) using TopHat2 (Kim et al.,
2013). Differential gene expression analysis was done using CuffDiff2 (Trapnell et al., 2013). Two biological replicates per condition
were processed. Plots were generated using R and CummeRBund v. 2.12.1. Gene enrichment analysis was done in R using Fisher’s
exact test, and p-values were corrected for multiple comparisons using the Bonferroni adjustment. Venn diagrams were generated
using BioVenn (Hulsen et al., 2008).

ChIP-seq Analysis

H3K9me3 or H3K36me3 ChlIP-seq sequencing results in fastq format were aligned to the WS190(ce6) genome using Bowtie 0.12.7
(Langmead et al., 2009). All analysis was performed using Python and R. RPKM value for each 1 kb was calculated by the number of
reads that perfectly aligned to both strands of 1 kb-non-overlapping regions normalized by the sequencing depth of the library in
millions. All analysis excluded misannotated regions and morc-1(-)-duplication region (chromosome V position 2350000-
2570000bp). All types of targets were identified as 1.5-fold change with FDR<0.05 (Maniar and Fire, 2011) and as an overlap of
two replicates. A table with RPKM values and lists of targets was deposited in NCBI (GEO accession number: GSE89887). Two-re-
gion Venn diagrams were generated using VennDiagram package in R; three-region Venn diagram was generated using http://www.
benfrederickson.com/venn-diagrams-with-d3.js/. Exemplary regions were plotted at 1 bp resolution, normalized by the sequencing
depth of the corresponding library. Anchor plots were calculated +/- 20 kb around start of each 1 kb region of corresponding target
list and plotted with smoothing window of 10 bp.

Genome Sequence Data Processing

Raw paired-end fastq files were demultiplexed based on 6 nt barcodes and aligned to the C. elegans genome (version WS220) using
Bowtie2 (Langmead and Salzberg, 2012) and the following parameters: -q-phred64 -N 1 —end-to-end. Alignment SAM files were filtered
using samtools (Li et al., 2009) to only include alignments with a bit FLAG containing 2, which indicates that each segment aligned prop-
erly, and then converted to BAM format. Alignment BAM files were sorted (SortSam), named (AddOrReplaceReadGroups), and indexed
(BuildBamlIndex) using functions from the PICARD suite of tools for manipulating high-throughput sequencing data (https://github.com/
broadinstitute/picard). Alignment BAM files were realigned to improve indel calling using RealignerTargetCreator and IndeRealigner
from the Genome Analysis ToolKit (GATK) suite of tools (McKenna et al., 2010). Duplicate reads were marked using PICARD
MarkDuplicates, and the resulting BAM files were used with GATK’s UnifiedGenotyper command to call variants.
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Identification of Suppressor Mutations

Variants (SNPs) were combined from replicate unmutagenized morc-1(-) strains using GATK’s CombineVariants. To identify variants
in each mutagenized strain that do not appear in the unmutagenized morc-1(-) strain, GATK’s SelectVariants function was used to
subtract combined unmutagenized morc-1(-) variants from each mutagenized strain. Unique variants from all mutagenized strains
were filtered using SnpSift (Cingolani et al., 2012) to retain only variants with a high quality score (QUAL >30) and covered by at least
five reads (DP > 5). To determine the effect of each variant in each strain on encoded proteins, SnpEff (Cingolani et al., 2012) was used
to annotate each variant and predict its impact on any encoded protein. Genes of interest in the genetic screen were defined as genes
that contained different variants with “high” impact on the protein-coding sequence (e.g. non-synonymous replacement, start codon
loss/gain) across two or more of the mutagenized strains. met-1, for example, contained four different variants in six different muta-
genized strains that originated from four of the original 32 pools.

Heterochromatin Localization Assays

DAPI-labeled nuclear diameters were measured in ImagedJ by averaging three diameter measurements, and nuclei were divided into
three zones of equal volume. The distance from nuclear boundary to the center of GFP foci was measured in Imaged, and array local-
ization was assigned to Zone 1 (peripheral third), Zone 2 (intermediate third), or Zone 3 (interior third). At least two independent ex-
periments were performed, except for hrde-1(-) and nrde-2(-) mutants, which were performed once. Where multiple replicates were
performed, quantification is shown for one representative experiment.

X Chromosome Staining

The volume of intestinal nuclei and the X chromosome were quantified as described in (Lau et al., 2014) using Slidebook 5.0. For each
channel, a user-defined intensity threshold was used to generate a mask that distinguished signal from background noise. The vol-
ume of each nucleus was determined by the number of voxels (three-dimensional pixels) with DAPI signal above the threshold. A
secondary mask was generated to define X chromosome paint signal, and the volume of the X chromosome was determined by
the number of voxels present in both masks. Two independent experiments were performed; one representative experiment is
shown. In the figure legend, n indicates the number of nuclei quantified: these represent at least 8 worms per genotype.

DATA AND SOFTWARE AVAILABILITY

The accession number for the mRNA-seq, sRNA-seq, ChIP-seq, and genomic DNA data reported in this paper is GEO: GSE89887.
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Figure S1. Related to Figures 1, 2, 3, 5, and 6. MORC-1 is expressed in somatic
nuclei, characterization of E39A variant, morc-1 does not regulate siRNA
accumulation, RNA-seq and ChlIP-seq strategy overview. (A) MORC-1::3xFlag is
expressed in intestinal nuclei shown by anti-Flag immunofluorescence and DAPI staining
of worms expressing morc-1::3xflag at the endogenous morc-1 locus and grown for two
generations on empty vector RNAi or on morc-1 RNAi. (B) Western blot of worms
expressing morc-1(WT)::3xflag and morc-1(E39A)::3xflag grown on vector or morc-1
RNAI using anti-Flag antibody. Anti-H3 antibody was used as a loading control. Asterisk
designates a higher molecular weight band that is eliminated by morc-1 RNAi. This may
indicate a post-translational modification or alternative isoform of MORC-1. Quantification
of both bands by LI-COR Odyssey Fc is shown in (C). (D) Fertility of designated genotype
at F6 and F10 generations at 25°C. Mean fertility £+ SD of 12 worms per genotype per
generation is shown. morc-1(-) mutants are sterile at F6, morc-1(E39A)::3xflag mutants
are essentially sterile at F10, and morc-1(WT)::3xflag worms have wildtype fertility. (E)
morc-1(E39A)::3xflag mutants are resistant to li-1 RNAi. morc-1(WT)::3xflag worms
have wildtype sensitivity to /lir-1 RNAi. Bars indicate percentage of worms arrested or
dead as a mean of three biological replicates + SD; n=100 (F) morc-1(E39A)::3xflag is
defective for RNAi inheritance. On gfp RNAI, silencing of gfp is completely penetrant, but
there is a mild defect in gfp silencing in the F1 generation. In morc-1(-) mutants, the
majority of F1 worms express GFP. Silencing is completely penetrant in PO and F1
generations in morc-1(WT)::3xflag and wildtype worms. Bars indicate percentage of
worms expressing GFP as mean of three biological replicates + SD; n=50. (G) Levels of
anti-gfp siRNAs in adult worms grown on gfp RNAi and in F1 and F2 generations grown
on OP50. siRNA levels measured by TagMan gRT-PCR, normalized to U18, and shown
in arbitrary units as mean of two technical replicates + SD. (H) Sample collection
schematic for RNA-seq and ChlP-seq studies.
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Figure S2. Related to Figure 2. morc-1 regulates 22G endo-siRNA targets. (A)
Log2(fold change) as a function of normalized average RPKM hrde-1(-) (left) and morc-
1(-) (right) vs. wildtype in F1 generation. mMRNAs that are up or down-regulated with
p<0.05 in hrde-1(-) or morc-1(-) are indicated in blue and yellow, respectively. (B)
Log2(fold change) as a function of normalized average RPKM hrde-1(-) (left) and morc-
1(-) (right) vs. wildtype in F4 generation. mMRNAs that are up or down-regulated with
p<0.05 in hrde-1(-) or morc-1(-) are indicated in blue and yellow, respectively. (C) Overlap
of testable mutator targets with downregulated mRNAs in morc-1(-) and hrde-1(-) in F1
and (D) F4. (E) 22G endo-siRNA levels corresponding to mutator targets that are
upregulated in hrde-1(-) at F1 (top) and F4 (bottom) in hrde-1(-) and morc-1(-) vs.
wildtype. Significantly depleted 22G endo-siRNAs in hrde-1(-) are highlighted in blue;
significantly depleted 22G endo-siRNAs in morc-1(-) are highlighted in yellow.
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Figure S3. Related to Figure 3. H3K9me3 replicate overlap and more exemplary
regions. (A) Overlap between biological replicates of H3K9me3-depleted regions (fold
change >1.5, FDR<0.05) in F4 mutant vs. wildtype (top: morc-1(-) vs. wildtype, bottom:
hrde-1(-) vs. wildtype). Subsequent analyses were performing using sites that were
identified in both biological replicates. (B) H3K9me3 levels at exemplary morc-1-
dependent H3K9me3 regions at early and late generation. (C) H3K9me3 levels at
exemplary hrde-1-dependent, morc-1-independent H3K9me3 loci at early and late

generation.
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Figure S4. Related to Figure 5. New met-1 alleles, but not deletion alleles, suppress
morc-1(-) and hrde-1(-) germline mortality. Germline mortality assays showing fertility
counts of individual worms at 25°C. (A) All four met-1 alleles generated from the morc-1
suppressor screen (xk1-4) rescue morc-1(-) germline mortality. (B) met-1 alleles xk2 and
xk4 rescue morc-1(-) germline mortality. met-1(xk2) and met-1(xk4) single mutants are
fertile at 25°C. (C) met-1 alleles xk2 and xk4 rescue hrde-1(-) germline mortality. (D)
Deletion alleles of met-1 cause severely reduced fertility at 25°C and do not rescue morc-
1(-) germline mortality. (E) RNAi against met-1 rescues the morc-1(-) fertility defect at F7.

All error bars indicate mean + SD, n=10.
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Figure S5. Related to Figures 5 and 6. Regulation of H3K36me3 in morc-1(-) and
hrde-1(-) mutants. (A) Overlap between biological replicates of H3K36me3-enriched
regions (fold-change>1.5, FDR<0.05) in F4 mutant compared to wildtype (top: morc-1(-)
vs. wildtype, bottom: hrde-1(-) vs. wildtype). Subsequent analyses were performing using
sites that were identified in both biological replicates. (B) H3K36me3 levels at exemplary
morc-1(-)-dependent H3K36me3 regions in early and late generations. At an H3K36me3
positive control region, H3K36me3 levels are unaffected by loss of morc-1 or hrde-1. (C)
H3K36me3 levels at exemplary hrde-1(-)-dependent, morc-1(-)-independent H3K36me3
loci in early and late generations (bottom).
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Figure S6. Related to Figures 5 and 6. Correlation of changes in H3K9me3 and
H3K36me3 levels in morc-1(-) and hrde-1(-) compared to wildtype. (A) Scatter plots
showing H3K36me3 levels in F1 and F4 morc-1(-) (top) and hrde-1(-) (bottom) vs.
wildtype. Regions that are depleted of H3K9me3 in F4 morc-1(-) vs. wildtype in two
biological replicates are highlighted in yellow. Regions that are depleted of H3K9me3 in
F4 hrde-1(-) vs. wildtype in two biological replicates are highlighted in blue. (B) Overlap
between loci that are depleted of H3K9me3 and targets that are enriched for H3K36me3
in late generation morc-1(-) (top) and hrde-1(-) (bottom) vs. wildtype. (C) H3K9me3 (left)
and H3K36me3 (right) levels 20 kb upstream and downstream of hrde-7-dependent
H3K9me3 loci in wildtype, morc-1(-), and hrde-1(-) worms at F4 generation. (D) H3K9me3
(left) and H3K36me3 (right) levels 20 kb upstream and downstream of morc-7-dependent
H3K9me3 loci in wildtype, morc-1(-), and hrde-1(-) worms at F4 generation. (E) Co-
immunostaining of H3K36me3 and H3K9me3 (left) resembles the pattern of MORC-
1::3xFlag and H3K9me3, which is shown for reference, from a different experiment, at
right. (F) Overlap of F4 regions that are >1.5-fold depleted of H3K36me3 with FDR<0.05
in two biological replicates of: met-1(xk4) vs. wildtype (top), met-1(xk4);morc-1(-) vs.
morc-1(-) (middle), and met-1(xk4),hrde-1(-) vs. hrde-1(-) (bottom).
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Figure S7. Related to Figure 6. MET-1 drives H3K36me3 gain but not H3K9me3 loss
or mRNA upregulation in nuclear RNAi mutants (A) Box plot showing H3K36me3
levels at hrde-1(-)-dependent H3K36me3 loci in the indicated mutant background and
generation relative to wildtype F1. These regions are significantly depleted in met-
1(xk4);hrde-1(-) compared to hrde-1(-) at both generations (F1 p=3.28x10"*, F4
p=1.15x10"°, Welch’s t-test). Gray boxes show H3K36me3 levels in regions with highest
H3K36me3 in F1 wildtype. (B) Scatter plots comparing H3K9me3 levels in met-1(xk4) vs.
wildtype (left) and met-1(xk4);morc-1(-) vs. morc-1(-) in F4 generation show that met-1
does not affect H3K9me3 levels. Sites that were identified as morc-1-dependent for
H3K9me3 (Figure 3A) are highlighted in yellow. (C) qRT-PCR of endo-siRNA target
genes in the indicated mutant backgrounds in F1 and F4 generations. Expression levels
were normalized to eft-2 levels and are shown relative to wildtype of the indicated
generation (mean £ SD of two technical replicates). Levels of germline-expressed mRNAs
that are not endo-siRNA targets are shown in (D). (E) Model of MORC-1 and MET-1
effects on chromatin modifications and fertility.
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