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Development in multicellular organisms is governed by a 
carefully orchestrated programme of gene expression that is 
controlled by both genetic and epigenetic factors1,2. Lysine 

9 methylation on histone H3 (H3K9me) is a defining modification 
of heterochromatin. In multicellular eukaryotes, heterochromatin 
serves two main functions: it silences the transcription of satellite 
repeats and transposons3 and it silences tissue-specific genes dur-
ing development4,5. Consistent with this, the loss of appropriately 
targeted heterochromatin is associated with a loss of tissue integrity, 
ageing and cancer4–8.

Silencing of repetitive elements (REs) prevents the accumula-
tion of repeat-RNA-driven RNA:DNA hybrids, which in turn leads 
to replication stress, genome instability and infertility3,9. In contrast, 
the importance of H3K9me-mediated repression at genes is less clear. 
In mice, the inhibition of H3K9-specific histone methyl transferases 
(HMTs) boosts the efficiency of pluripotent-stem-cell induction10,11, 
and the deletion of H3K9me3 HMT SUV39H1/H2, coupled with an 
endoderm-specific deletion of SETDB1 (ref. 4) or conditional deletion 
of G9a12, compromises tissue integrity4. These findings suggest devel-
opmental roles for H3K9me, yet interpretations are complicated by the 
partial redundancy among the many mammalian H3K9 HMTs and 
their roles in chromosome segregation. In contrast, Caenorhabditis 
elegans has only two somatic H3K9 HMTs, and mutant worms that 
lack all detectable H3K9me have been generated13. Surprisingly, these 
animals develop from embryos to adults3,14,15, allowing one to exam-
ine how H3K9me controls gene expression in differentiated tissues.

We examined the tissue-specific expression and accessibil-
ity of H3K9me-marked sequences following the loss of MET-2, 
a SETDB1-like HMT responsible for H3K9me1 and H3K9me2 
(refs. 13,16), and SET-25, a G9a/SUV39H-like enzyme mediating 
H3K9me3 (refs. 13,17,18). Although H3K9me2 is indeed necessary 

for silencing, gene activation in its absence requires a defined set 
of transcription factors (TFs). Surprisingly, whereas H3K9me 
restricts TF binding, the loss of H3K9me does not necessarily result 
in chromatin decompaction and enhanced sensitivity in the Assay 
for Transposase-Accessible (Tn5) Chromatin by high-throughput 
sequencing (ATAC-seq). Subnuclear localization with respect to the 
nuclear envelope may influence whether or not transcription and 
accessibility correlate.

Gene derepression following H3K9me loss is tissue specific
We set out to discover whether H3K9me alone controls gene expres-
sion in C. elegans and whether this depends on the developmen-
tal stage or tissue type. Genome-wide mapping of H3K9me2 and 
H3K9me3 (H3K9me2/me3) in early C. elegans embryos (up to 
the 200-cell stage) showed that 16.5% of all genes were marked 
by H3K9me3 and 3.4% were marked by H3K9me2 (Fig. 1a,b)3. 
Nonetheless, the loss of MET-2 resulted in higher and more wide-
spread gene derepression than the loss of SET-25 (refs. 18,19), and in 
the set-25 mutant H3K9me2 was retained on the loci that carried 
H3K9me3 in wild-type worms (Extended Data Fig. 1a)18. This indi-
cates that MET-2-mediated H3K9me2 precedes and largely com-
pensates for H3K9me3 in embryos18. Nonetheless, even following 
the loss of all H3K9me2/me3 in the met-2 set-25 double mutant, 
only about 15% of the genes that carried H3K9me3 in wild-type 
(WT) embryos were derepressed (Fig. 1c).

Characterization of the genes derepressed following the loss of 
H3K9me2/me3 revealed that larval genes are expressed prematurely 
in met-2-deficient early embryos (Extended Data Fig. 1b). We plot-
ted the derepressed genes according to their expression patterns 
in a WT tissue atlas generated from larval stage 2 (L2) single-cell 
transcriptomes20 (Fig. 1d). The genes derepressed in embryos  
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cluster into groups of cell type-specific genes from all somatic tis-
sues except the germline. This provides evidence that H3K9me2/
me3 are needed in embryos to prevent the precocious activation of 
genes typically expressed at later developmental stages.

To explore H3K9me-mediated gene silencing in differenti-
ated tissues, we optimized the fluorescence-activated cell sorting 
(FACS)-based isolation of differentiated cell types from a single-cell 
suspension derived from L3 larvae. By sorting red fluorescent pro-
tein (RFP)+ cells from a strain with muscle-specific RFP expres-
sion (gwIs4; Fig. 1e)21, we were able to perform RNA-seq on a 
highly enriched population of differentiated muscle cells (Extended 
Data Fig. 1c,d). A comparison of the gene expression in the 
H3K9 HMT mutants and the WT showed that 310 and 336 genes 
(false-discovery rate (FDR) < 0.01; log2-transformed fold change 
(FC), log2FC > 2), respectively, were upregulated in the met-2- and 
met-2 set-25-mutant muscle cells (Fig. 1f). Only three genes were 
upregulated in the set-25 mutant and there was a strong correla-
tion between the transcriptional changes in the met-2- and met-2 
set-25-mutant cells (met-2/WT versus met-2 set-25/set-25 log2FC, 
Pearson’s correlation coefficient (R) = 0.74; Fig. 1g and Extended 
Data Fig. 1e). This suggests that MET-2-dependent H3K9me2 pre-
cedes deposition of the H3K9me3 mark in WT muscle and that it 
is sufficient to repress these loci in muscle. In general, the genes 
derepressed in the met-2- and met-2 set-25-mutant muscle were 
heterochromatic non-muscle genes with little or no expression in 
WT muscle (Fig. 1h and Extended Data Fig. 1e; 65% reads per kilo-
base of transcript per million mapped reads (RPKM) < 5). The pat-
tern was distinct from that in mutant embryos, for in met-2 muscle 
many, but not all, derepressed genes were germline-specific (for 
example, the P-granule component pgl-1; Fig. 1h).

To determine whether the changes in gene expression in 
H3K9me-deficient animals had overt effects on tissue development, 
we investigated muscle integrity. In body-wall muscle, the functional 
equivalent of mammalian skeletal muscle22, we found defects in sar-
comere morphology in both the met-2 and met-2 set-25 mutants but 
not in the animals with the set-25 mutation (Extended Data Fig. 1f). 
The tissue defects manifested as uneven and broken actin–myosin 
filament structures and defective muscle function (Extended Data 
Fig. 1f,g). Thus, although muscles form in the absence of H3K9me 
despite the misexpression of tissue-specific genes, the muscle integ-
rity is compromised.

H3K9me undergoes dynamic changes during 
differentiation
To confirm a direct role for H3K9me in tissue-specific gene repres-
sion, we checked whether the genes derepressed in the muscle of 
HMT mutants carried H3K9me3 in WT muscle. To this end, we 

mapped H3K9me2/me3 in isolated muscle cells using a modified 
CUT&RUN protocol (chromatin immuno-directed cleavage with 
sequencing, ChIC-seq)23–25 that was adapted for low cell numbers 
(Fig. 2a,b and Extended Data Fig. 2a,b). As expected, genes dere-
pressed in met-2- or met-2 set-25-mutant muscle cells were enriched 
for H3K9me3 in WT muscle (Fig. 2b,c; for pgl-1, see Extended Data 
Fig. 2c). The genes derepressed in H3K9me-deficient embryos were 
less enriched for H3K9me3 in WT muscle, suggesting that H3K9me3 
might not only be gained, but also be lost during development  
(Fig. 2c). The H3K9me3 ChIC-seq pattern in muscle was indeed 
substantially different from that of embryos, and only 29% of 
genes were found methylated at both stages (see results for chro-
matin immunoprecipitation with sequencing, ChIP–seq; Fig. 2d). 
The differences corresponded nicely to the distinct transcrip-
tional programmes: genes expressed in WT embryos tended to 
gain H3K9me2/me3 in muscle (Fig. 2e), whereas genes that gained 
expression in muscle lost H3K9me2/me3. Genes expressed in 
other tissues, including germline cells, were tri-methylated at both 
stages of WT animals (Fig. 2e). Despite specific losses and gains of 
H3K9me during differentiation, only 12% of all H3K9me3-marked 
loci were derepressed following the loss of H3K9me in muscle  
(Fig. 2f; compare Fig. 1c and Extended Data Fig. 2d).

H3K9me2 requires active maintenance in post-mitotic cells
To determine whether the active deposition of H3K9me continues 
in non-dividing differentiated cells, we investigated whether there 
is a requirement for MET-2 protein in post-embryonic tissues. 
The fusion of a degron tag to the endogenous MET-2 resulted in 
its rapid degradation in all larval tissues following the addition of 
auxin (<1 h; Fig. 3a–c). Degradation of MET-2 was accompanied by 
a progressive loss of H3K9me2, reaching the level of the constitu-
tive met-2 null allele by 24 h post auxin addition (Fig. 3b,c). As the 
majority of larval cells are post-mitotic26, H3K9me2 loss cannot be 
due to histone replacement during replication. As proof that MET-2 
degradation impacts the organismal phenotype, we found that 
auxin-induced degradation of MET-2 in larvae yields a multi-vulva 
phenotype in combination with a lin-15A mutant, phenocopy-
ing the met-2 deletion mutant (SynMuv assay; Extended Data  
Fig. 3a)27. We conclude that H3K9me requires constant maintenance 
by MET-2 HMT activity to maintain differentiated tissue identity.

To determine whether the post-embryonic loss of H3K9me2 
affected the same genes as the constitutive met-2 null, we treated 
synchronized early L1 larvae with auxin and isolated messenger 
RNA from L3 muscle cells. In L1-stage larvae, 81 of the 95 body-wall 
muscle cells are post-mitotic and seven undergo one final cell divi-
sion26. Of the 134 genes derepressed with auxin treatment, 76% 
overlapped with the genes derepressed in the met-2-mutant muscle 

Fig. 1 | limited derepression of H3K9me3-marked tissue-specific genes following the loss of H3K9me2/me3. a, Isolation of early embryos for RNA-seq 
and ChIP–seq. b, H3K9me2 and H3K9me3 on genes mapped by ChIP–seq in early embryos at 20 °C. Correlation between the mean H3K9me3 and mean 
H3K9me2 at genes (log2FC values normalized to the input). Individual genes are coloured based on enrichment for H3K9me2 (3.4%), or H3K9me3 and 
Common (16.5%) or neither (black); FC > 2; n = 2 independent biological replicates. c, Correlation between the mean H3K9me3 (as in a) and the mean 
log2-transformed FC in gene expression in the met-2 set-25 double mutant normalized to the WT (n = 3 independent biological replicates). Individual  
genes (red) are both enriched for H3K9me3 in WT (FC > 2) and derepressed in the met-2 set-25 double-mutant embryos (FDR < 0.01).  
b,c, IP, immunoprecipitation. d, The expression of genes that are derepressed in met-2-mutant embryos is restricted to specific tissues in WT L2 larvae20. 
Percentage of genes that are derepressed in met-2-mutant embryos (n = 3 independent biological replicates) over the total number of tissue-specific 
genes for each tissue (left; number of genes: gonad, 0; neurons, 313; hypoderm, 302; pharynx, 247; muscle, 180; glia, 204; and intestine, 313). Heatmap 
of the expression levels of each derepressed gene (columns) in individual cell types (rows; the coloured bar on the left indicates their parent tissue) 
in WT L2 larvae. The tissue and cell-type expression data are from20. e, Isolation of muscle cells for RNA-seq and ChIC-seq from L3 larvae by FACS of 
cells expressing myo-3p::RFP (left). Image of L3 larva with muscle-specific RFP expression (right). f, Gene expression (normalized to the WT) in sorted 
muscle cells of the indicated mutants (two biologically independent replicates are shown). Genes identified as significantly changed are shown in colour. 
g, Correlation between the gene expression (log2FC) between the met-2 and met-2 set-25 double mutants. Significantly changed loci (FDR < 0.01 and 
FC > 2) are coloured according to the genotype and those that changed in both genotypes are shown in dark blue. h, Genes that are derepressed in met-2 
muscle (n = 2 independent biological replicates) as a percentage of all tissue-specific genes in WT L2 larvae (left; gene number: gonad, 172; neurons, 30; 
hypoderm, 25; pharynx, 13; muscle, 7; glia, 33; and intestine, 28) and as a heatmap of derepressed genes (columns) according to the cell type (right).
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(Fig. 3d–f and Extended Data Fig. 3b–d). The auxin-sensitive genes 
also contain germline-expressed genes (Extended Data Fig. 3c,d); 
thus, their derepression cannot reflect a failure in germline-to-soma 

transition as previously proposed28,29. We conclude that terminally 
differentiated post-mitotic cells actively reinforce H3K9me2 to 
repress genes of other cell lineages, including the germline.
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Gene derepression correlates with specific tF motifs
To determine whether the set of genes that becomes derepressed by 
loss of MET-2 in differentiated larvae is cell-type specific, we exam-
ined the transcriptome of hypodermis-derived seam cells from L3 

larvae of WT and H3K9 HMT mutants (Extended Data Fig. 4a–c). 
In FACS-sorted seam cells30, as in muscle cells, gene silencing was 
almost entirely dependent on MET-2, and the genes that were dere-
pressed were characteristic of germline or other tissues (Extended 
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Data Fig. 4d–f). Interestingly, only 39% of the genes derepressed 
in H3K9me-deficient muscle were affected in seam cells (35% 
vice versa; Fig. 4a,b) and although germline genes were affected in 
both tissues, these were partially distinct sets of germline-specific 
genes (Extended Data Fig. 4g). Furthermore, there was little over-
lap between the genes derepressed in embryos and those dere-
pressed in either tissue (Fig. 4a,b). We conclude that the function 
of H3K9me-marked heterochromatin in gene silencing is both 
cell-type and developmental-stage specific.

To gain mechanistic insight into what drives gene derepression 
following the loss of H3K9me, we asked what characterizes the 
derepressed sets of genes. Although aberrantly expressed REs can 
affect the expression of proximal genes31, we found no preferential 
proximity of the genes derepressed in met-2 set-25-mutant muscle 
cells to REs (Extended Data Fig. 5a,b). We examined the enrichment 
of TF binding motifs32 in the promoters of derepressed genes from 
embryos, muscle and seam cells versus all promoters genome-wide. 
The comparative occurrence of motifs related to 226 C. elegans TFs 

a b

d

c

e

f

FLAG

H3K9me2

m
et

-2

W
T

FLAG

H3K9me2

MRG-1
(loading control)

0 1 6 24 Size
(kDa)
150

37

15

met-2::degron::3×FLAG::NeonGreen
+auxin treatment (h)

met-2WT 0 1 6 24

met-2::degron::3×FLAG::NeonGreen
+auxin treatment (h)

–4 –2 0 2 4 6 8

–4

–2

0

2

4

6

8

met-2/WT

m
et

-2
::d

eg
ro

n 
au

xi
n/

no
 a

ux
in

Replicate 1 log2FC

R
ep

lic
at

e 
2 

lo
g 2

F
C

FC > 2; FDR < 0.01

met-2
met-2::degron

Common

–Auxin +Auxin

–4 –2 0 2 4

–4

–2

0

2

4

Up (FC > 2)
Down (FC < –2)

met-2::degron
(134)

met-2
(310)33 209101

Genes
FC > 2; FDR > 0.01

RNA-seq

L1 L2 L3

Muscle differentiation Post-mitotic muscle maturation

+Auxin
Western blot

RNA-seq

24 h

1 h
36 h

6 h

B
an

d 
in

te
ns

ity

0

0.5

1.0

1.5

FDR < 0.01

Fig. 3 | H3K9me2 requires active maintenance in post-mitotic muscle cells. a, Representative confocal images of MET-2 in the midsection of an L1 larva 
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replicates. e, Correlation between gene expression (log2FC) in sorted met-2::degron muscle cells with auxin over no auxin and met-2 (met-2 null allele) 
over WT. Loci that were significantly changed (FDR < 0.01 and FC > 2) are coloured according to the genotype and significantly changed loci in both are 
coloured in dark blue. f, Venn diagram showing numbers of significantly derepressed genes from sorted muscle cells of met-2::degron animals (auxin 
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revealed a unique set of TF motifs enriched in the promoters dere-
pressed in embryos as compared to muscle or seam cells, whereas 
the enriched TF motifs in muscle and seam cells showed partial 
overlap (Fig. 4c). Importantly, the expression of the relevant TFs 
themselves was not altered by HMT mutation (except for atf-8 in 
embryos; Extended Data Fig. 5c). Interestingly, most of the TFs that 
bind motifs upstream of derepressed genes in muscle or seam cells 
are not expressed in embryos, with the exception of EGL-38, ZIP-11 
and EFL-1. We found four other TFs to be expressed in both muscle 
and seam cells, four to be predominantly muscle specific and two 
that were expressed most strongly in seam cells (Fig. 4d).

The embryo-specific TF motifs enriched on met-2-sensitive 
genes were recognized by factors that have homologues active in 
early mammalian development, namely ATF-8/CES-2 (TEF)33 and 
KLF-1 (KLF6)34, whereas the muscle- and seam cell-specific TFs have 
homologues involved in tissue determination, for example, CEH-48 
(Onecut1/2), which in mammals is a central regulator of both dif-
ferentiation and the maintenance of the differentiated state of liver 
and pancreas cells as well as retinal neurons35,36. Others involved in 
tissue determination are HLH-25, -27, -28 and -29 (all homologous 
to HES1)37,38 and EGL-38 and PAX-2 (PAX-2/PAX-5)39. When we 

restricted our analysis to the derepressed genes in mutant muscle 
that were H3K9me3-marked in the WT, we found that the same 
TF motifs were enriched. In contrast, no TF motifs were enriched 
for H3K9me3-marked non-derepressed genes (Extended Data  
Fig. 5d). The fact that the enriched TF motifs are largely shared 
between muscle and seam cells, even though two-thirds of the 
expressed genes are different, suggests that these TFs may act 
together with co-factors that determine tissue-specific gene expres-
sion following the loss of H3K9me.

H3K9me restricts specific tF binding and activity
It remained to be shown that the TFs enriched at derepressed 
genes were responsible for the observed gene derepression fol-
lowing the loss of H3K9me. To achieve this, we knocked down 
muscle-enriched TFs one by one and monitored the impact of their 
loss on met-2 targets. One locus we monitored was pgl-1, chosen 
because it is expressed in mutant muscle and seam cells, carries 
H3K9me3 in WT larvae (Extended Data Fig. 2c) and has motifs 
for multiple relevant TFs in its promoter, including HLH-25/-27, 
HLH-28/-29, CEH-48 and MADF-9 (Supplementary Table 3),  
like many derepressed germline genes (Extended Data Fig. 5e). 
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Using quantitative microscopy, we measured expression from the 
endogenous pgl-1 locus by means of a PGL-1::green fluorescent 
protein (GFP) fusion40. In WT animals, PGL-1::GFP was expressed 
only in the germline, as expected41,42, whereas in animals with the 
met-2 set-25 double mutation, PGL-1::GFP was expressed in mul-
tiple tissues, including muscle and pharynx (Fig. 5a).

In these H3K9me-deficient worms, RNA interference (RNAi) 
against ceh-48 strongly reduced PGL-1::GFP derepression in 
both muscle and pharynx cells, while RNAi against hlh-25/-27,  
hlh-28/-29, zip-11 and madf-9 each had a partial effect (Fig. 5a,b 
and Extended Data Fig. 6a). Reflecting the absence of their motifs 
and/or TF expression, pax-2 and egl-38 RNAi had almost no effect 
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on pgl-1 expression in muscle or pharynx cells. We also detected no 
reduction in GFP signal in the germline, where pgl-1 is not repressed 
by H3K9me (Fig. 5a and Extended Data Fig. 6b).

To further confirm that tissue-specific TFs are required for 
met-2-dependent gene derepression in larval tissues, we made 
use of a well-established heterochromatic reporter, gwIs4 (ref. 21), 
which contains a baf-1 promoter with a binding site for CEH-48 
and none for HLH-25/-27 or HLH-28/-29 (Extended Data Fig. 6c). 
The baf-1p promoter drives expression of GFP–LacI in this inte-
grated reporter array, which is normally heterochromatinized and 
repressed13. Earlier work showed widespread GFP–LacI expression 
following the loss of H3K9me13,21. Consistent with the results for 
pgl-1, baf-1p::gfp–lacI derepression in met-2 set-25-mutant animals 
was sensitive to RNAi against ceh-48 (Fig. 5c and Extended Data 
Fig. 6d) but insensitive to RNAi for hlh-25/-27 or hlh-28/-29.

To document the effects of TF ablation on a genome-wide 
scale, we performed RNA-seq on whole L1 WT and met-2-mutant 
larvae treated with RNAi against individual TFs of relevance  
(Fig. 5d). We chose L1-stage animals so that we could see the effect 
of RNAi without potentially confounding developmental defects. In 
met-2 mutants grown on bacterial carrying an empty RNAi vector 
we observed derepression of 171 genes representing a broad range 
of tissues, with enrichment for many TF motifs found in muscle, 

including HLH-25/-27, HLH-28/-29 and CEH-48 more weakly 
(Extended Data Fig. 6e–g). Confirming a role for HLH-25/-27 and 
CEH-48 in H3K9me-target derepression, RNAi against these fac-
tors broadly suppressed the upregulation triggered by the loss of 
H3K9me, whereas HLH-28/-29 had a more selective effect (Fig. 5e). 
Once again, the levels of pgl-1 mRNA were elevated in the met-2 
mutant, and this was sensitive to TF knockdown (Extended Data 
Fig. 6h). This confirms that specific TFs are required to induce 
the aberrant gene expression that occurred following the loss of 
H3K9me in differentiated tissues.

The final step was to examine whether H3K9me blocks the bind-
ing of such TFs to their cognate promoters. We performed ChIP 
in WT and met-2 set-25-mutant L3 larvae expressing GFP-tagged 
CEH-48 and used similar GFP fusions to the embryo-specific TFs 
KLF-3 and END-3 as negative controls. Promoter binding was mea-
sured by ChIP coupled to detection by quantitative PCR (qPCR) at a 
subset of target genes that were derepressed in met-2 set-25-mutant 
muscle cells and are expressed in WT embryos20 but not in WT 
larval or adult tissues (Extended Data Fig. 6i, see legend). We have 
indicated above the graph in Fig. 5f whether binding motifs for the 
relevant TFs are present in the promoter assayed. We found that 
CEH-48 gained binding to the promoters of the three derepressed 
genes bearing CEH-48 motifs in the met-2 set-25 mutants but not to 

Fig. 6 | Enhanced accessibility in the absence of H3K9me is not necessary for gene expression. a, MA plots for ATAC-seq peaks in sorted L3 muscle cells, 
with the mean log2FC of the indicated HMT mutants over the WT versus the absolute signal in WT cells (log2 counts per million (CPM)). Peaks that are 
significantly more (up; FDR < 0.01) and less (down; FDR < 0.01) accessible are highlighted. Dashed grey line represents no change. The number of peaks 
that gain accessibility are indicated. The mean log2FC was calculated from n = 3 independent biological replicates. b, Correlation between the log2FC for 
accessibility between met-2/WT and met-2 set-25/set-25. Significantly changed loci (FDR < 0.01) are coloured based on genotype and common loci in 
maroon. c, Percentage (relative to genome-wide occurrence) of promoters, exons, introns, repeats and intergenic regions with significantly increased 
accessibility in met-2- (left) and met-2 set-25-mutant (right) muscle cells. d, Correlation between the mean gene expression (log2FC) and promoter 
accessibility (log2FC) in muscle cells from met-2 set-25 mutants normalized to the WT. Individual genes are highlighted and divided into groups based on 
increased expression (Group A), increased accessibility (Group C) or both (Group B). e, H3K9me3 (left) and H3K27ac (right) ChIC-seq enrichment (over 
the MNAse control) at Group A, B and C genes in WT and met-2 set-25-mutant muscle cells. f, GFP–LacI cassette from the gwIs4 heterochromatic reporter 
(top). The plots show the normalized average counts of ATAC-seq (middle) and RNA-seq (bottom) reads across the GFP–LacI cassette in WT and met-2 
set-25-mutant muscle cells. g, Schematic of muscle and intestine nuclei with GFP–LacI foci from the gwIs4 reporter and emr-1::mCherry marking the nuclear 
periphery (top left). Images of muscle and intestine cells from WT and met-2 set-25-mutant L1 animals (bottom left). Due to the low level of GFP–LacI 
expression in the intestine, insets with increased brightness are included. Scale bars, 5 µm. GFP–LacI nuclear intensity, focus size and focal distance from 
the nuclear periphery (right). Muscle, n = 332 (WT) and 651 (met-2 set-25); and intestine, n = 346 (WT) and 454 (met-2 set-25) pooled foci from two 
biological independent experiments. NS, not significant (P > 0.05); two-sided Wilcoxon signed-rank test. a.u., arbitrary units. h, Schematic of Emerin DamID, 
wherein EMR-1 is fused to DAM methylase49 (top). EMR-1::Dam methylation enriched over GFP::Dam (log2-transformed) control in WT and cec-4-mutant 
muscle cells at Group A, B and C genes (bottom). Data points represent 10 kb bins; n = 3 biological independent replicas. Note that CEC-4 protein tethers 
H3K9me-modified heterochromatin at the nuclear periphery49,59. e,g,h, Boxplots show the median (horizontal line), 25th to 75th percentiles (boxes), and 
90% (whiskers) of the group.

Fig. 5 | Binding of specific tFs is necessary for gene derepression by H3K9me loss. a, Schematic of an L3 worm highlighting the head and germline regions 
(top). Representative images of endogenously tagged PGL-1::GFP in these regions of WT or met-2 set-25-mutant L3 larvae after the indicated RNAi (vector, 
control). Muscle (blue arrowheads) and pharynx (yellow circles) cells are indicated. Scale bars, 10 µm. b, PGL-1::GFP intensity in the indicated tissues of 
met-2 set-25-mutant L3 larva. The grey dotted line indicates the median of the vector-treated met-2 set-25 larvae. Muscle: n = 286 (vector), 649 (ceh-
48), 372 (hlh-25/-27) and 538 (hlh-28/-29) cells; pharynx, n = 94 (vector), 390 (ceh-48), 168 (hlh-25/-27) and 269 (hlh-28/-29) cells; pooled from two 
biological independent experiments. PGL-1::GFP intensities that differed significantly from the vector control RNAi are indicated. c, Schematic of the gwIs4 
heterochromatic reporter with a CEH-48 motif in the promoter (top left). Representative images of GFP–LacI in intestinal nuclei of WT or met-2 set-25, 
cec-4::WmCherry;gwIs4 L1 animals grown at 20 °C with the indicated RNAi (bottom left). The nuclear periphery is outlined. Scale bar, 5 µm. Mean GFP–LacI 
intensity per nucleus in intestinal cells (right). The grey dotted line indicates the median of the vector-treated met-2 set-25 larvae. Data from one of two 
representative experiments. Statistics were derived from the number of cells analysed in each group: n = 31 (WT vector), 38 (met-2 set-25 vector), 46  
(ceh-48), 40 (hlh-25/-27) and 37 (hlh-28/29) cells. GFP::LacI intensities that differed significantly from the vector control RNAi are indicated.  
b,c, Two-sided Wilcoxon signed-rank test. Boxplots show the median (horizontal line), 25th to 75th percentiles (boxes), and 90% (whiskers) of the group; 
a.u., arbitrary units. d, Schematic for RNAi knockdown of TFs in WT or met-2 animals. e, Heatmap showing the gene expression (log2FC) for the indicated 
RNA in either WT or met-2-mutant animals normalized to the WT treated with vector. Displayed genes are those that were derepressed in vector-treated 
met-2 animals over the WT (FDR < 0.01, FC > 3); n = 3. f, ChIP–qPCR of GFP-tagged TFs in WT and met-2 set-25 L3 larvae. Target genes were selected based 
on derepression in met-2 set-25 L3 muscle and total L1 as well as absence of expression in WT larval tissues (Extended Data Fig. 6i and ref. 21). The presence 
of TF motifs in target genes is indicated. The pals-30 promoter has two 8/9 nucleotide matches to the CEH-48 motif and seven 6/9 nucleotide matches, 
indicated by half shading; n = 3 biological independent experiments. P values derived from a two-sided t-test are indicated.
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a promoter lacking its motif or to control genes that were not upreg-
ulated (Fig. 5f). No binding was detected in the WT animals, pre-
sumably because H3K9me blocked the promoter. As expected, the 
negative controls KLF-3 and END-3 did not bind in either the WT 
or met-2 set-25 mutants (Fig. 5f). These data argue that H3K9me 
prevents the unscheduled binding of at least one of the TFs found to 
drive gene derepression following the loss of H3K9me in differenti-
ated tissues.

Gene derepression does not require decompaction
H3K9me is associated with condensed chromatin; thus, the reduced 
accessibility of heterochromatic promoters has been proposed to 

restrict TF binding43–46. To investigate whether we could detect 
increased accessibility following the loss of H3K9me, we performed 
a tissue-specific ATAC-seq assay. Using WT and HMT-deficient 
muscle cells, we confirmed that H3K9me compacts chromatin: we 
monitored increased Tn5 accessibility at 3,986 peaks in the met-2 
set-25 double mutant (Fig. 6a; FDR < 0.01). The effects were far less 
pronounced in the single mutants (met-2, 87 peaks; and set-25, 9 
peaks; Fig. 6a). Although the accessibility changes in the met-2- and 
met-2 set-25-mutant strains showed the expected positive correla-
tion (Fig. 6b; R = 0.55), there was a striking discrepancy between 
the changes in gene expression and ATAC-seq. Genes derepressed 
in muscle were almost identical between the met-2 and met-2 set-25  
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mutants (Fig. 1g), whereas the ATAC-seq signal increase was far 
more pronounced in the double mutant. This suggested that SET-25 
alone (that is, in the met-2 single mutants) is sufficient to restrict 
ATAC-seq sensitivity, albeit not to repress transcription.

The regions that did gain accessibility in the met-2 mutant were 
equally enriched for REs and promoters, whereas changes in the 
met-2 set-25 double mutant mapped overwhelmingly to promot-
ers and intergenic regions (Fig. 6c). However, even in the met-2 
set-25 mutants, the changes in accessibility did not correlate strictly 
with changes in gene expression (Extended Data Fig. 7a). This 
lack of correlation was specific to genes derepressed in the met-2 
set-25-mutant muscle, for overall we scored the expected correla-
tion between increased ATAC-seq signals and highly transcribed 
genes across the entire transcriptome (Extended Data Fig. 7b).

We next plotted the changes in RNA-seq (increased expression 
levels) versus changes in ATAC-seq (accessibility) triggered by the 
loss of H3K9me. The genes that were affected in muscle fell into 
three classes: the majority of derepressed genes (265/336 genes) 
did not gain ATAC-seq sensitivity at their promoters (Group A), 
whereas 22% (71/336) gained accessibility coincident with an 
increase in transcription (Group B; Fig. 6d). Surprisingly, 1,210 
loci showed increased accessibility without increased transcription 
(Group C; Fig. 6d).

Surprisingly, the genes of both Group A and B had on average 
similar and low absolute levels of accessibility and expression in WT 
muscle (Extended Data Fig. 7c), whereas the Group C genes started 
with higher absolute levels of expression and accessibility in the WT 
muscle, albeit not as high as that scored for the muscle-expressed 
genes (Extended Data Fig. 7c). In addition, all three groups had 
comparable levels of H3K9me3 in the WT muscle, which was sensi-
tive in all cases to the loss of met-2 and set-25 (Fig. 6e). However, the 
Group A genes did not acquire H3K27ac, a mark associated with 
active loci and enhancers48, in the met-2 set-25 mutant, although 
it increased in Group C. The Group B genes had a weaker or more 
variable increase in H3K27ac (Fig. 6e).

In addition to endogenous loci, we also tracked the expression 
and accessibility of the gwIs4 heterochromatic array in muscle (both 
increased in the met-2 set-25 mutant; Fig. 6f). We could further quan-
tify gwIs4 compaction and subnuclear position by microscopy given 
that the integrated array contains lacO sites and can bind GFP::LacI 
(Figs. 5c and 6g)13. A comparison of WT and met-2 set-25-mutant 
muscle cells confirmed that gwIs4 physical chromatin compaction 
and expression increase coordinately following the loss of H3K9me 
(Fig. 6g). In contrast, intestinal cells showed derepression without 
decompaction, resembling the Group A genes (Fig. 6g). This differ-
ence seemed to correlate with subnuclear position: measurements 

of the distances of the GFP::LacI spots to the nuclear periphery con-
firmed an internal position21,49,50 for the gwIs4 array in muscle that 
shifted even more internally in the met-2 set-25 mutant, whereas 
in intestine the reporter was strongly peripheral and stayed largely 
peripheral despite derepression (Fig. 6g). Although the repetitive 
nature of the reporter may be a confounding factor, the behaviour 
of gwIs4 suggested that genes located in the nuclear interior might 
be more susceptible to chromatin decompaction (and Tn5 attack) 
following the loss of H3K9me, whereas genes at the nuclear periph-
ery appear to be derepressed without measureable decompaction.

To determine whether this correlation applies to endogenous 
single-copy genes, we compared the association of Group A, B and 
C genes with the nuclear periphery using muscle-specific Emerin 
DNA adenine methyltransferase identification (DamID; Fig. 6h)49. 
The loci that gained accessibility (Groups B and C) indeed showed a 
more internal localization overall in WT muscle cells than genes that 
remained compacted during derepression (Group A). All position-
ing was sensitive to loss of the H3K9me anchor CEC-4. Together, we 
conclude that whereas ATAC sensitivity increases dramatically fol-
lowing the loss of H3K9me, the increase does not always correlate 
with expression. When it does, the genes are generally located away 
from the nuclear envelope.

H3K9me restricts enhancer activation
Given the distinct behaviours of the loci in Groups A, B and C, we 
queried whether the promoters were enriched for distinct TF motifs. 
As expected, the Group A and B gene promoters were enriched for 
the TF motifs identified among the derepressed genes in muscle 
(Fig. 4c and Extended Data Fig. 7d), and the Group B genes also 
bound basic leucine zipper (bZIP) and zinc-finger TFs (Extended 
Data Fig. 7d). In the non-derepressed Group C, which nonetheless 
gained ATAC-seq sensitivity, the only motifs significantly enriched 
were for EOR-1, DAF-12/NHR-48 and ZTF-3. Importantly, all three 
of these factors have been shown to bind enhancers during C. ele-
gans development47,51.

The presence of enhancer-linked TF motifs, coupled with the 
fact that Group C sites gain both H3K27ac and ATAC sensitivity 
following the loss of H3K9me (Fig. 6e), suggested that H3K9me 
might be limiting enhancer activity in WT tissues. To separate 
enhancer elements from overlapping promoters, we analysed the 
intergenic ATAC-seq peaks that gained accessibility in the met-2 
set-25-mutant muscle (2,090; Fig. 6c). By comparing ATAC-seq 
accessibility at these intergenic peaks, we observed that met-2 and 
set-25 ablations were synergistic and these peaks were absent in 
WT muscle, where they showed baseline accessibility (Fig. 7a and 
Extended Data Fig. 8a). We examined other genomic features in 

Fig. 7 | H3K9me can restrict enhancer accessibility and activity. a, Metaplots comparing the mean ATAC-seq reads at all intergenic peaks that were 
significantly more accessible in met-2 set-25-mutant muscle versus WT, anchored at the peak centre (top). Heatmap showing ATAC-seq reads over equally 
sized domains (bottom). Each row represents one domain. Intergenic peaks were defined as >1.5 kb away from a promoter and with no overlapping repeat.  
b, Heatmap showing the number of peaks from a that overlap with the indicated chromatin signatures, defined as per Daugherty and colleagues47.  
c, Enrichment of TF motifs (log2-transformed) in the intergenic peaks from a versus genome-wide occurrence (log2-transformed). Enriched motifs  
(log2 enrichment > 0.5 and log2 abundance > 8) are colour-coded according to TF(s). *Enrichment of a scrambled motif. These motifs characterize  
enhancers in worms47,48,52. d, H3K9me3 (left) and H3K27ac (right) ChIC-seq enrichment (normalized to the MNAse control) at newly accessible intergenic 
peaks (a) in WT and met-2- and met-2 set-25-mutant muscle. Data points represent 10 kb bins over intergenic peaks. Boxplots show the median (horizontal 
line), 25th to 75th percentiles (boxes), and 90% (whiskers) of the group. ****P < 2.2 × 10−12; two-way analysis of variance, followed by a post-hoc test.  
e, Reporter constructs containing a minimal promoter driving GFP (nucleolar localization tag) with either no upstream sequence (control) or the  
nhr-25-associated enhancer (Enhancer reporter) as previously described47 (top). Representative images of GFP in the body region of WT and met-2 set-
25-mutant animals (middle). Cells with GFP signal are highlighted with yellow arrows, all other signal is intestinal autofluorescence. Scale bar, 5 µm. Level 
of GFP expression as the proportion of worms with ≥5 GFP+ cells, excluding the head and tail (right). Control, n = 30 (WT) and 19 (met-2 set-25) worms; 
enhancer, n = 47 (WT) and 43 (met-2 set-25) worms from three independent biological replicates. Statistical significance was determined using a two-tailed 
t-test. f, Continuous deposition of H3K9me2 by MET-2 represses tissue-specific genes and enhancers (left). MET-2 activity is usually followed by SET-25, 
such that genes accumulate H3K9me3. In the absence of MET-2, genes that are derepressed require specific TFs (right). Perinuclear H3K9me-marked genes 
seem to be refractory to chromatin decompaction despite activation in a met-2 set-25 mutant, whereas genes that gain both chromatin accessibility and 
transcriptional activity tend to localize internally. Unlike genes, enhancers can be repressed by either MET-2 or SET-25.
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the modENCODE datasets from whole-worm lysates47 for correla-
tion with these regions. The strongest correlation for these inter-
genic peaks was with larval-specific enhancers (Fig. 7b). Moreover, 
these peaks were enriched for motifs for EOR-1, DAF-12/NHR-48 
and ZTF-3 TF, which typically bind enhancer elements (compare 
Fig. 7c with Extended Data Fig. 7d). As expected, they were highly 
enriched for H3K9me3 in WT muscle, and this mark was partially 
maintained in the met-2 mutant but not in the met-2 set-25 double 
mutant (Fig. 7d). Moreover, the level of H3K27ac, which charac-
terizes active enhancers52, showed a partial increase at these sites 
in met-2-mutant and was strongly elevated in met-2 set-25 muscle 

cells (Fig. 7d). This suggests that enhancers, like promoters, are 
masked by H3K9me3 and can be targeted by both MET-2 and SET-
25 redundantly.

Once again, to prove that H3K9me represses enhancer activity 
as it does gene expression, we made use of a reporter strain con-
taining a transgenic array bearing a minimal promoter driving gfp 
with or without an upstream enhancer sequence that had been pre-
viously identified in proximity to the gene nhr-25 (ref. 47). In the 
absence of the upstream enhancer, the loss of H3K9me had no effect 
on GFP expression within the body region of L3 larvae. However, 
when the enhancer element was included, cells in the met-2 set-25 
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double mutant had strongly increased GFP expression (Fig. 7e and 
Extended Data Fig. 8b). Together, we conclude that H3K9me2/me3, 
deposited by either MET-2 or SET-25, or both, can limit not only 
promoter but also enhancer accessibility and activity.

Discussion
We demonstrate an important function of H3K9me2/me3 in the 
silencing of cell type-specific genes in differentiated tissues in C 
eleganst. We found that following the loss of H3K9me3 (that is, 
in the set-25 deletion), H3K9me2 serves to maintain gene repres-
sion in differentiated cells, highlighting a redundancy that serves 
to safeguard chromatin-mediated gene silencing. Even in the met-2 
set-25 double mutant, which loses both H3K9me2 and H3K9me3, 
misexpression of genes in differentiated tissues was dependent on 
the availability of appropriate TFs (Fig. 5). Given the developmental 
changes in the H3K9me pattern (Fig. 2), we propose that H3K9me 
reinforces differentiation-linked transcriptional programmes. In 
other words, tissue-specific target restriction by H3K9me, on both 
enhancers and promoters, allows TFs to promote distinct expression 
programmes at different stages of development and/or in different 
tissues. We confirm that potential binding sites of the conserved TF 
CEH-48 are occluded in at least three derepressed gene promoters 
in WT but not met-2 set-25 larvae; importantly, CEH-48 is neces-
sary for the misexpression of genes that lose H3K9me in muscle. 
Finally, loss of the TFs HLH-25 and HLH-28/-29, which also drive 
gene derepression in the met-2 set-25-mutant muscle, have pleiotro-
pic defects in multiple tissues, including germline, in otherwise WT 
worms38,54. Our data thus argue that tissue-specific H3K9 methyla-
tion restricts the range of targets a factor can bind.

The role of H3K9me in gene silencing seems to not be linked to 
its function at REs, as we found no preferential proximity between 
the derepressed genes and specific repeat families. Only 26% of 
the 331 derepressed genes had REs within 1 kb of the correspond-
ing transcriptional start site compared with 34% for all genes. 
Nonetheless, we do not exclude that individual REs could influence 
transcription at some loci. Even if REs were to help target HMTs to 
genes, TF binding is still likely to be necessary for derepression in 
met-2 set-25-mutant worms53.

Although the loss of H3K9me led to the misexpression of 
tissue-specific and germline genes, it is not essential for organismal 
development per se, as 88% of the met-2 set-25 embryos form adult 
worms3. Nonetheless, we see that muscle integrity and function are 
impaired in the mutant. Whether such defects were caused by a 
specific misexpressed protein(s) or dysfunction due to imbalanced 
transcriptional homeostasis is not yet clear.

Surprisingly, although H3K9me seemed to prevent TF bind-
ing, a gain in accessibility as measured by ATAC-seq was neither 
required nor sufficient for gene derepression. One source of this dis-
crepancy arises from the fact that enhancers can lose H3K9me and 
gain H3K27ac without activating the immediately adjacent genes 
(for example, Group C). However, approximately 80% of the genes 
derepressed in the met-2 set-25 mutant (Group A) showed little 
change in promoter accessibility. At the genes that gain both acces-
sibility and expression (Group B), an analysis of TF motifs indicated 
that chromatin decompaction may well be a secondary effect of TF 
binding, as the TFs recruit additional complexes that in turn regu-
late chromatin opening. Notably, the bZIP TFs that co-map with 
Group B loci as well as Onecut1/2, the CEH-48 homologue, recruit 
the CBP/p300 histone acetyltransferase, and EOR-1 cooperates with 
the SWI/SNF chromatin remodeler51,54–57. Thus, depending on the 
chromatin factors that are recruited, different TFs may trigger dif-
ferent degrees of chromatin opening (Fig. 7f).

Group B genes are further distinct in that they are not enriched 
at the nuclear periphery, which is in contrast to the majority of 
H3K9me3-marked loci13,58. This would argue that although subnu-
clear positioning is not the crucial determinant of gene expression59, 

it may determine whether or not a promoter is susceptible to decon-
densation following the loss of H3K9me. Alternatively, it may be that 
different combinations of TFs are responsible both for the gene posi-
tion and its response to a loss of H3K9me. The transient opening of 
a promoter that allows transcription near the nuclear envelope may 
allow a derepressed gene to remain ATAC-resistant. Consistent with 
the idea that subnuclear positioning differentiates levels of accessibil-
ity, aberrant bZIP TF activity can induce the relocation of a hetero-
chromatic array towards the nuclear interior, in a manner dependent 
on the HAT p300/CBP50. In summary, our study shows that H3K9me, 
like DNA methylation60, can restrict TF activity at promoters and 
enhancers and that it does this primarily at tissue-specific genes 
whose repression is required for tissue robustness.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41556-021-00776-w.

Received: 20 April 2021; Accepted: 17 September 2021;  
Published online: 4 November 2021

references
 1. Surani, M. A., Hayashi, K. & Hajkova, P. Genetic and epigenetic regulators of 

pluripotency. Cell 128, 747–762 (2007).
 2. Zhou, V. W., Goren, A. & Bernstein, B. E. Charting histone modifications and 

the functional organization of mammalian genomes. Nat. Rev. Genet. 12, 
7–18 (2011).

 3. Zeller, P. et al. Histone H3K9 methylation is dispensable for Caenorhabditis 
elegans development but suppresses RNA:DNA hybrid-associated repeat 
instability. Nat. Genet. 48, 1385–1395 (2016).

 4. Nicetto, D. et al. H3K9me3-heterochromatin loss at protein-coding genes 
enables developmental lineage specification. Science 363, 294–297 (2019).

 5. Biferali, B. et al. Prdm16-mediated H3K9 methylation controls 
fibro-adipogenic progenitors identity during skeletal muscle repair. Sci. Adv. 
7, eabd9371 (2021).

 6. Chen, M. W. et al. H3K9 histone methyltransferase G9a promotes lung cancer 
invasion and metastasis by silencing the cell adhesion molecule Ep-CAM. 
Cancer Res. 70, 7830–7840 (2010).

 7. Zhang, W. et al. Aging stem cells. A Werner syndrome stem cell model 
unveils heterochromatin alterations as a driver of human aging. Science 348, 
1160–1163 (2015).

 8. Griffin, G. K. et al. Epigenetic silencing by SETDB1 suppresses tumour 
intrinsic immunogenicity. Nature 595, 309–314 (2021).

 9. Padeken, J. et al. Synergistic lethality between BRCA1 and H3K9me2 loss 
reflects satellite derepression. Genes Dev. 33, 436–451 (2019).

 10. Chen, J. et al. H3K9 methylation is a barrier during somatic cell 
reprogramming into iPSCs. Nat. Genet. 45, 34–42 (2013).

 11. Soufi, A., Donahue, G. & Zaret Kenneth, S. Facilitators and impediments of 
the pluripotency reprogramming factors’ initial engagement with the genome. 
Cell 151, 994–1004 (2012).

 12. Shankar, S. R. et al. G9a, a multipotent regulator of gene expression. 
Epigenetics 8, 16–22 (2013).

 13. Towbin, B. D. et al. Step-wise methylation of histone H3K9 positions 
heterochromatin at the nuclear periphery. Cell 150, 934–947 (2012).

 14. McMurchy, A. N. et al. A team of heterochromatin factors collaborates with 
small RNA pathways to combat repetitive elements and germline stress. eLife 
6, e21666 (2017).

 15. Garrigues, J. M., Sidoli, S., Garcia, B. A. & Strome, S. Defining heterochromatin 
in C. elegans through genome-wide analysis of the heterochromatin protein 1 
homolog HPL-2. Genome Res. 25, 76–88 (2015).

 16. Bessler, J. B., Andersen, E. C. & Villeneuve, A. M. Differential localization 
and independent acquisition of the H3K9me2 and H3K9me3 chromatin 
modifications in the Caenorhabditis elegans adult germ line. PLoS Genet. 6, 
e1000830 (2010).

 17. Woodhouse, R. M. et al. Chromatin modifiers SET-25 and SET-32 are 
required for establishment but not long-term maintenance of 
transgenerational epigenetic inheritance. Cell Rep. 25, 2259–2272 (2018).

 18. Padeken, J. et al. Argonaute NRDE-3 and MBT domain protein LIN-61 
redundantly recruit an H3K9me3 HMT to prevent embryonic lethality and 
transposon expression. Genes Dev. 35, 82–101 (2021).

NAturE CEll BiOlOGy | VOL 23 | NOVEMBER 2021 | 1163–1175 | www.nature.com/naturecellbiology1174

https://doi.org/10.1038/s41556-021-00776-w
https://doi.org/10.1038/s41556-021-00776-w
http://www.nature.com/naturecellbiology


ArticlesNATurE CEll BIology

 19. Padeken, J. et al. Synergistic lethality between BRCA1 and H3K9me2 loss 
reflects satellite derepression. Genes Dev. 33, 436–451 (2019).

 20. Cao, J. et al. Comprehensive single-cell transcriptional profiling of a 
multicellular organism. Science 357, 661–667 (2017).

 21. Meister, P., Towbin, B. D., Pike, B. L., Ponti, A. & Gasser, S. M. The spatial 
dynamics of tissue-specific promoters during C. elegans development. Genes 
Dev. 24, 766–782 (2010).

 22. Gieseler, K., Qadota, H. & Benian, G. M. Development, structure, and 
maintenance of C. elegans body wall muscle. WormBook 2017, 1–59 (2017).

 23. Skene, P. J. & Henikoff, S. An efficient targeted nuclease strategy for 
high-resolution mapping of DNA binding sites. eLife 6, e21856 (2017).

 24. Schmid, M., Durussel, T. & Laemmli, U. K. ChIC and ChEC: genomic 
mapping of chromatin proteins. Mol. Cell 16, 147–157 (2004).

 25. Zeller, P. et al. Hierarchical chromatin regulation during blood formation 
uncovered by single-cell sortChIC. Preprint at bioRxiv https://doi.org/10.1101 
/2021.04.26.440606 (2021).

 26. Sulston, J. E. & Horvitz, H. R. Post-embryonic cell lineages of the nematode, 
Caenorhabditis elegans. Dev. Biol. 56, 110–156 (1977).

 27. Poulin, G., Dong, Y., Fraser, A. G., Hopper, N. A. & Ahringer, J. Chromatin 
regulation and sumoylation in the inhibition of Ras-induced vulval 
development in Caenorhabditis elegans. EMBO J. 24, 2613–2623 (2005).

 28. Rechtsteiner, A. et al. Repression of germline genes in Caenorhabditis elegans 
somatic tissues by H3K9 dimethylation of their promoters. Genetics 212, 
125–140 (2019).

 29. Wu, X., Shi, Z., Cui, M., Han, M. & Ruvkun, G. Repression of germline RNAi 
pathways in somatic cells by retinoblastoma pathway chromatin complexes. 
PLoS Genet. 8, e1002542 (2012).

 30. Azzi, C., Aeschimann, F., Neagu, A. & Grosshans, H. A branched 
heterochronic pathway directs juvenile-to-adult transition through two 
LIN-29 isoforms. eLife 9, e53387 (2020).

 31. Karimi, M. M. et al. DNA methylation and SETDB1/H3K9me3 regulate 
predominantly distinct sets of genes, retroelements, and chimeric transcripts 
in mESCs. Cell Stem Cell 8, 676–687 (2011).

 32. Narasimhan, K. et al. Mapping and analysis of Caenorhabditis elegans 
transcription factor sequence specificities. eLife 4, e06967 (2015).

 33. Riddell, J. et al. Reprogramming committed murine blood cells to induced 
hematopoietic stem cells with defined factors. Cell 157, 549–564 (2014).

 34. Rivron, N. C. et al. Blastocyst-like structures generated solely from stem cells. 
Nature 557, 106–111 (2018).

 35. Sapkota, D. et al. Onecut1 and Onecut2 redundantly regulate early retinal cell 
fates during development. Proc. Natl Acad. Sci. USA 111, E4086–E4095 (2014).

 36. Odom, D. T. et al. Control of pancreas and liver gene expression by HNF 
transcription factors. Science 303, 1378–1381 (2004).

 37. Chou, H. T. et al. HES-mediated repression of Pten in Caenorhabditis elegans. 
G3 5, 2619–2628 (2015).

 38. Jensen, J. et al. Control of endodermal endocrine development by Hes-1. Nat. 
Genet. 24, 36–44 (2000).

 39. Bouchard, M., Pfeffer, P. & Busslinger, M. Functional equivalence of the 
transcription factors Pax2 and Pax5 in mouse development. Development 127, 
3703–3713 (2000).

 40. Putnam, A., Cassani, M., Smith, J. & Seydoux, G. A gel phase promotes 
condensation of liquid P granules in Caenorhabditis elegans embryos. Nat. 
Struct. Mol. Biol. 26, 220–226 (2019).

 41. Kawasaki, I. et al. PGL-1, a predicted RNA-binding component of germ 
granules, is essential for fertility in C. elegans. Cell 94, 635–645 (1998).

 42. Updike, D. & Strome, S. P granule assembly and function in Caenorhabditis 
elegans germ cells. J. Androl. 31, 53–60 (2010).

 43. Lleres, D. et al. Quantitative FLIM-FRET microscopy to monitor nanoscale 
chromatin compaction in vivo reveals structural roles of condensin 
complexes. Cell Rep. 18, 1791–1803 (2017).

 44. Becker, J. S. et al. Genomic and proteomic resolution of heterochromatin and 
its restriction of alternate fate genes. Mol. Cell 68, 1023–1037 (2017).

 45. Rea, S. et al. Regulation of chromatin structure by site-specific histone H3 
methyltransferases. Nature 406, 593–599 (2000).

 46. Wallrath, L. L. & Elgin, S. C. Position effect variegation in Drosophila is 
associated with an altered chromatin structure. Genes Dev. 9, 1263–1277 (1995).

 47. Daugherty, A. C. et al. Chromatin accessibility dynamics reveal novel 
functional enhancers in C. elegans. Genome Res. 27, 2096–2107 (2017).

 48. Wang, Z. et al. Combinatorial patterns of histone acetylations and 
methylations in the human genome. Nat. Genet. 40, 897–903 (2008).

 49. Harr, J. C. et al. Loss of an H3K9me anchor rescues laminopathy-linked 
changes in nuclear organization and muscle function in an Emery–Dreifuss 
muscular dystrophy model. Genes Dev. 34, 560–579 (2020).

 50. Cabianca, D. S. et al. Active chromatin marks drive spatial sequestration of 
heterochromatin in C. elegans nuclei. Nature 569, 734–739 (2019).

 51. Shinkai, Y., Kuramochi, M. & Doi, M. Regulation of chromatin states and 
gene expression during HSN neuronal maturation is mediated by EOR-1/
PLZF, MAU-2/cohesin loader, and SWI/SNF complex. Sci. Rep. 8,  
7942 (2018).

 52. Creyghton, M. P. et al. Histone H3K27ac separates active from poised 
enhancers and predicts developmental state. Proc. Natl Acad. Sci. USA 107, 
21931–21936 (2010).

 53. Grow, E. J. et al. Intrinsic retroviral reactivation in human preimplantation 
embryos and pluripotent cells. Nature 522, 221–225 (2015).

 54. Lehner, B., Crombie, C., Tischler, J., Fortunato, A. & Fraser, A. G. Systematic 
mapping of genetic interactions in Caenorhabditis elegans identifies  
common modifiers of diverse signaling pathways. Nat. Genet. 38,  
896–903 (2006).

 55. Goodman, R. H. & Smolik, S. CBP/p300 in cell growth, transformation, and 
development. Genes Dev. 14, 1553–1577 (2000).

 56. Lambert, S. A. et al. The human transcription factors. Cell 175,  
598–599 (2018).

 57. Lannoy, V. J., Rodolosse, A., Pierreux, C. E., Rousseau, G. G. & Lemaigre, F. 
P. Transcriptional stimulation by hepatocyte nuclear factor-6. Target-specific 
recruitment of either creb-binding protein (CBP) or p300/cbp-associated 
factor (p/CAF). J. Biol. Chem. 275, 22098–22103 (2000).

 58. Delaney, C. E. et al. Heterochromatic foci and transcriptional repression by 
an unstructured MET-2/SETDB1 co-factor LIN-65. J. Cell Biol. 218,  
820–838 (2019).

 59. Gonzalez-Sandoval, A. et al. Perinuclear anchoring of H3K9-methylated 
chromatin stabilizes induced cell fate in C. elegans embryos. Cell 163, 
1333–1347 (2015).

 60. Domcke, S. et al. Competition between DNA methylation and  
transcription factors determines binding of NRF1. Nature 528,  
575–579 (2015).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long 

as you give appropriate credit to the original author(s) and the source, provide a link to 
the Creative Commons license, and indicate if changes were made. The images or other 
third party material in this article are included in the article’s Creative Commons license, 
unless indicated otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons license and your intended use is not permitted by statu-
tory regulation or exceeds the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.
© The Author(s) 2021

NAturE CEll BiOlOGy | VOL 23 | NOVEMBER 2021 | 1163–1175 | www.nature.com/naturecellbiology 1175

https://doi.org/10.1101/2021.04.26.440606
https://doi.org/10.1101/2021.04.26.440606
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecellbiology


Articles NATurE CEll BIology

Methods
Constructs and strains. The worm strains used in this study are listed in 
Supplementary Table 1.

To generate ubiquitously expressed TIR1, the eft-3 promoter was subcloned 
by Gibson cloning from the plasmid pIK130 into a Mos1-mediated single-copy 
insertion-compatible plasmid containing TIR-1 and the tbb-2 3′ untranslated 
region. This new construct was inserted in the ttTi5605 locus on chromosome 2 by 
Mos1-mediated single-copy insertion61. Endogenously tagged met-2, gw5(met-2::lin
ker::degron::3×FLAG::TEV::NeonGreen), was generated using clustered regularly 
interspaced short palindromic repeats strategy of the Dokshin and colleagues62. 
Briefly, a met-2-specific (GTAACTTTTCAGCAAACGGC) crRNA (Horizon 
Discovery) was injected along with recombinant Cas9 (Lubio Science), trcRNA 
(Lubio Science) and a PCR template containing a single-stranded overhang with 
met-2 homology and the linker::degron::3×FLAG::TEV::NeonGreen cassette, 
amplified from the pIK369 plasmid.

Except for RNAi experiments, worms were grown at 20 °C on NGM plates 
and fed OP50 bacteria. For the auxin treatments, the worms were placed on NGM 
plates containing 1 mM auxin for the indicated times. The RNAi experiments 
were performed as described previously63,64 using NGM plates (1 mM IPTG 
and 100 µg ml−1 carbenicillin), which were prepared with the appropriate 
RNAi-expressing bacteria and allowed to dry. Synchronized L1s were seeded on 
the RNAi and either L1 or L3 larvae (as indicated) of the following generation were 
processed for RNA-seq or microscopy (Fig. 5 and Extended Data Fig. 6).

Phalloidin staining. Phalloidin staining of muscle fibres and scoring of muscle 
defects were performed as described previously65. Briefly, synchronized L1 
larvae were grown to the young adult stage (before the appearance of eggs), and 
collected and washed with M9 buffer. The worms were then transferred to 1.5 ml 
low-bind tubes (Eppendorf) and fixed with 4% formaldehyde (Thermo Fischer) in 
0.1 M Na2HPO4 for 15 min. The worms were pelleted, permeabilized in 500 μl of 
pre-chilled acetone (5 min at −20 °C) and then washed three times with  
PBS-TG (PBS, 0.5% Triton X-100 and 30 mM glycine). Rhodamine phalloidin 
(500 μl; R415, Life Technologies; 1:250 in PBS-TG) was added to the worms for  
30 min at room temperature with rotation. The worms were washed three times, 
settled on poly-l-lysine-coated slides and mounted with ProLong Gold (P36930, 
Thermo Fischer).

Microscopy and image analysis. Animal morphology images were taken at 
20 °C using a Leica M205 FA microscope. All fluorescent microscopy images and 
movies for the swimming assay were taken at 20 °C on spinning-disk multipoint 
confocal microscopes using the VisiView software (Visitron): (1) AxioImager 
M1 with Yokogawa CSU-X1 scan head, A plan-NEOFLUAR ×100/1.45 oil, 
Rolera Thunder Back Illuminated EM-CCD (Q Imaging) and VisiView 
v.4.4.0.14; (2) Nikon Ti2-E Eclipse with Yokagawa CSU W1 scan head, CFI 
P-Apo Lambda ×60/1.4 oil, iXon-Ultra-888 Back illuminated EM-CCD (Andor) 
and VisiView v.4.5.0.10; and (3) Zeiss AxioObserver7 with Yokagawa CSU W1 
scan head, EC Plan-Neofluar ×40/1.3 oil, Prime 95B sCMOS (Photometrics) 
and VisiView v.4.2.0.6. The GFP and NeonGreen, and RFP, mCherry and 
Rhodamine fluorophores were excited using Toptica iBeam Smart 488 nm and 
561 nm lasers, respectively. For live microscopy, worms were collected off plates 
in M9 buffer and placed on 2% agarose pads. To enrich for L1 larvae, plates 
containing gravid adults were washed to remove adults and larvae, and newly 
hatched L1 worms were collected after 3–5 h by washing with M9. To enrich for 
L3 larvae, gravid adults were seeded for about 1 h on plates and then removed; 
semi-synchronous L3 larvae were collected after approximately 38–40 h by 
washing with M9.

Quantification of the GFP–LacI and PGL-1::GFP intensity in larval tissues 
of RNAi-treated worms was performed using the Fiji/ImageJ software. For 
PGL-1::GFP, the mean fluorescence intensity was measured in an area with 
representative signal and in the focal plane of each cell. For GFP–LacI, the GFP 
intensity was blindly measured as specific tissues and nuclei were identified and the 
nuclear area selected based on the CEC-4::WmCherry signal.

To perform quantification of the GFP–LacI intensity, spot volume and spot 
distance from nuclear periphery in muscle and intestine nuclei, individual 
nuclei were cropped in Fiji and analysed separately using the KNIME Analytics 
Platform66. In summary, nuclei were detected using a seeded watershed 
segmentation on the EMR-1 (mCherry) channel. For foci detection, we used a 
Laplacian-of-Gaussian detector from TrackMate67 (fmiij2-plugins-0.2.5, https://
doi.org/10.5281/zenodo.1173536) on the GFP–LacI (GFP) channel. The distance 
between the foci and the nuclear periphery was measured by computing a 
Euclidean distance map on the three-dimensional nucleus mask and measuring its 
intensity for the coordinates of each spot. Foci outside of a nucleus were ignored in 
the analysis. The ‘distance from periphery’ was plotted per condition using the R 
package ggplot2 (https://ggplot2.tidyverse.org/).

Swimming assay. Worms were placed in flat-bottomed 96-well plates in M9 buffer 
and movies with a duration of 1 min were acquired at 20 °C. For analysis, the 
movies were slowed fivefold to enable counting of the number of head turns over 
the 1 min recording time.

Western blotting. Pellets of thoroughly washed L2 worms were flash-frozen in 
liquid nitrogen and kept at −80 °C until processing. Thawed pellets were lysed 
using a Fast Prep 24-5 G benchtop homogenizer (MP Biomedicals) and 0.5 mm 
zirconia/silicon beads (BioSpec) in RIPA buffer in the presence of cOmplete 
EDTA-free protease inhibitors (Roche) and 1 mM dithiothreitol (DTT) at 4 °C. The 
lysates were treated with 5 μl benzonase (Sigma) for 1 h at 4 °C with end-over-end 
rotation. Total protein (10 µg) was separated on Bolt 4–12% bis-Tris plus gels 
(Thermo Fisher) and transferred to a PVDF membrane (Bio-Rad). The blots 
were blocked in PBS plus 0.5% Tween-20 with 5% powdered milk. The primary 
antibodies used were: 1:1,000 mouse anti-FLAG M2-horseradish peroxidase (HRP) 
conjugated (A8592, Sigma), 1:500 mouse anti-H3K9me2 MABI0317 (MBL)68 and 
1:5,000 rabbit anti-MRG-1 (49130002, Novus Biologicals). The blots were treated 
with antibodies diluted in blocking buffer overnight at 4 °C. Except anti-FLAG, 
after three washes, blots were re-blocked and exposed to secondary antibodies 
coupled to HRP (goat anti–mouse IgG HRP (Jackson ImmunoResearch, 115-
035-146) at a 1:10,000 dilution and goat anti–rabbit IgG HRP (Jackson Immuno 
Research, 111-035-144) at a 1:50,000 dilution). After three subsequent washes, 
ECL (Millipore) was applied and signal was detected using an Amersham Imager 
600 (GE). MRG-1 was specifically chosen for a loading control because it is a 
euchromatic nuclear protein, its expression remains unchanged in the met-2 set-25 
mutant and we have a well-characterized antibody against MRG-1.

Worm dissociation and cell sorting. Isolation of worm tissues for FACS sorting 
was performed as previously described69 with minor adjustments. Synchronized L1 
worms (200,000) were seeded on 15 cm peptone-rich plates for 32 h at 20 °C before 
processing. The worms were collected and thoroughly washed in 15 ml Falcon 
tubes using M9 solution before being transferred into multiple 1.5 ml low-bind 
tubes to obtain a pellet of approximately 100 ml for each sample (Eppendorf). The 
worms were resuspended in 200 μl SDS-DTT solution (20 mM HEPES pH 8.0, 
0.25% SDS, 200 mM DTT and 3% sucrose) and incubated for exactly 4 min at 
room temperature before being resuspended in 800 μl of egg buffer (25 mM 
HEPES pH 7.3, 118 mM NaCl, 48 mM KCl, 2 mM CaCl2 and 2 mM MgCl2 with an 
osmolarity of about 340 mOsm). The worms were washed five times with 1 ml of 
egg buffer. The worm pellets were then resuspended in 100 μl of 15 mg ml pronase 
E (Sigma), diluted in egg buffer and pellets from the same sample were pooled. The 
worms were then vigorously resuspended with a thinned-out Pasteur pipette until 
most were visibly dissociated. Digestion was stopped with 900 μl of 10% FBS (in 
M9), the cells were washed twice with 10% FBS, with centrifugation at 9,600g for 
5 min at 4 °C. After washing, the cells were resuspended in 1 ml of cold M9 buffer 
and left to settle for approximately 30 min on ice. The supernatant was collected 
and filtered into sorting tubes (Becton Dickinson) using 30 µm cell filters (Sysmex) 
and processed for cell sorting or ChIC-seq.

The filtered cells were kept on ice until sorting; 1 μl DRAQ7 (BioStatus) was 
added to the samples immediately before sorting to exclude dead cells. The cells 
were sorted into 1.5 ml low-bind tubes (Eppendorf) following a similar strategy 
using either a BD FACSAria (Becton Dickinson) or MA900 (Sony) cell sorter. For 
RNA-seq, approximately 25–50 × 103 muscle cells or approximately 1 × 104 seam 
cells per genotype per experiment (three replicas each) were sorted directly into 
200 μl of lysis buffer (Norgen) and processed. For ATAC-seq, 50 × 103 muscle cells 
per condition per experiment (three replicas each) were sorted into 200 μl M9 
solution and processed. For ChIC-seq, see the ‘ChIC-seq’ section.

RNA-seq. For isolated tissues, RNA was purified from lysed muscle or seam cells 
following the instructions of the Norgen single cell RNA purification kit (51800, 
Norgen Biotek). Libraries were produced using a Smart-Seq2 mRNA sequencing 
kit (Illumina). For L1 RNA-seq, worms were removed and thoroughly washed 
from RNAi plates using M9 solution. The worm pellet was resuspended in TRIzol, 
flash-frozen in liquid nitrogen and then freeze-cracked four times; the RNA was 
extracted by phenol–chloroform extraction, followed by isopropanol precipitation. 
The ribosomal RNA was depleted using a Ribo-Zero gold kit (Epicentre) and 
libraries were produced using a Total RNA sequencing TruSeq kit (Illumina). 
Equimolar amounts of indexed libraries were pooled and sequenced on a HiSeq 
2500 system (Illumina). For data collection and conversion to fastq format, RTA 
1.18.64 (HiSeq2500), RTA 2.4.11 (NextSeqS00) and bcl2fastq2 v2.17 were used.

The reads were analysed as described previously70. The reads were 
aligned to the C. elegans genome (ce10) using the R package QuasR v1.22.0, 
(www.bioconductor.org/packages/2.12/bioc/html/QuasR.html)71. The 
command ‘proj < −qAlign (‘samples.txt’, ‘BSgenome. Celegans.UCSC.ce10’, 
‘splicedAlignment = TRUE’)’ instructs hisat2 (ref. 72) to align using default 
parameters, considering unique reads for genes and genome-wide distribution. 
Count tables of reads mapping within annotated exons in WormBase 
(WS220) were constructed using the qCount function of the QuasR package 
to score the number of reads in each window (qCount(proj,GRange_object, 
orientation = ‘same’)) and normalized by division by the total number of reads in 
each library and multiplied by the average library size. Transformation into the log2 
space was performed after the addition of a pseudo count of eight to  
minimize large changes in abundance FC caused by low count numbers. The 
EdgeR package v.3.24 was applied to select genes with differential transcript 
abundances between indicated the genotypes (contrasts) based on the FDR for 
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genes. Annotation of tissue and cell-type expression is based on annotation tables 
provided by the tissue atlas73.

ChIC-seq. Filtered cells were pelleted, resuspended in 1 ml M9 solution and then 
fixed by slowly adding 2.33 ml of cold (−20 °C) EtOH (100%) while vortexing the 
cells. The cells were left at −20 °C for 1 h, centrifuged and washed with wash buffer 
1 (WB1; 20 mM HEPES pH 7.5, 150 mM NaCl, 0.46 mM spermidine, 0.05%  
Tween-20, 1×cOmplete protease inhibitor and 2 mM EDTA). The washed cells 
were resuspended in WB1 + 10% dimethylsulfoxide and stored at −80 °C until 
ready to process.

The cells were thawed on ice (all subsequent steps were performed on ice) 
and washed once with WB1. The cells were then counted and diluted in WB1 to 
approximately 5 × 105 cells in 200 μl. For each antibody and mutant, 200 μl of cells 
was transferred to 0.5 ml low-bind tubes (Eppendorf). Primary antibodies (200 μl), 
diluted to 2× in WB1, were then added to the cells and incubated overnight on 
a rotator at 4 °C. The antibodies used were to: H3K9me3 (1:2,000; MABI0318, 
MBL)68, H3K9me2 (1:5,000; MABI0317, MBL)68 and H3K27ac (1:5,000; ab177178, 
Abcam). The cells were washed once with wash buffer 2 (WB1 with no EDTA), 
then resuspended in 500 µL of WB2 containing 1 ng ml−1 ProteinA-MNase 
(recombinant) and 5 µg ml−1 Hoechst 33258, and incubated on a rotator for 1 h at 
4 °C. The cells were then washed twice with 500 μl of wash buffer 2 (WB1 with no 
EDTA) and filtered into sorting tubes with a final volume of approximately 500 μl 
WB2. For each sample, approximately 5 × 103 cells were sorted into 5 μl of wash 
buffer 3 (WB1 with no EDTA and no protease inhibitor). Hoechst was used as a 
sorting marker for gating fixed/lysed cells.

After sorting, MNase was activated by adding 10 μl wash buffer 3 containing 
4 mM CaCl2 for 30 min on ice. The reaction was then stopped with the addition of 
20 μl Stop solution (40 mM EGTA, 1.5% NP-40 and 2 mg ml−1 proteinase K) and the 
proteins were digested (65 °C for 6 h, 80 °C for 20 min and hold at 4 °C).

DNA fragments were blunt ended by adding 30 μl of blunt end mix (2.5 U 
Klenow large fragment, 5 U T4-PNK, 0.4 mM dNTPs, 2.3 mM ATP, 1.7 mM MgCl2, 
7 μl PNK buffer 10×, 0.24 ng ml−1 BSA and 2.5% PEG8000) and incubating for 
30 min at 37 °C, followed by 20 min at 75 °C for enzyme inactivation. The fragments 
were A-tailed by adding 30 μl tail mix (1 U AmpliTaq 360, 0.7 mM dATP, 167 mM 
KCl, 0.1 ng ml−1 BSA and 2.5% PEG8000) and incubation at 72 °C for 15 min. The 
fragments were further ligated to T-tail-containing adaptors with the sequence: 
forward s tr an d, G GT GATGCCGGTAATACGACTCACTATAGGGAGTTCTACAG
TCCGACGATCNNNACACACTAT and reverse strand, /5Phos/TAGTGTGTNNN 
GATCGTCGGACTGTAGAACTCCCTATAGTGAGTCGTATTACCGGCGAGCTT. 
In the forward strand, the first six italic basepairs form a fork, the underlined 
basepairs after that are a T7 promoter, the following italic bases are the binding 
site (RA5) for the TruSeq Small RNA indexing primers (RPIx) and the underlined 
three random base pairs represent the unique molecular identifier. Ligation was 
performed by adding 40 μl ligation mix (1.25 µM adaptor, 2,000 U T4 ligase, 
17.5 mM MgCl2, 52.5 mM Tris pH 7.5, 26.25 mM DTT, 1.75 mM ATP, 0.1 ng ml−1 
BSA and 2.5% PEG8000) and incubating for 20 min at 4 °C, followed by 16 h at 
16 °C. The ligase was inactivated by incubation for 10 min at 65 °C.

The ligation reactions were cleaned with Ampure XP beads (Beckman Coulter) 
at a 0.8× beads-to-sample ratio and resuspended in 8 μl clean water. The cleaned 
fragments were amplified by adding 12 μl of MEGAscript T7 transcription kit 
and incubation for 12 h at 37 °C. The template DNA was removed by the addition 
of 2 μl TurboDNAse (IVT kit) and incubation for 15 min at 37 °C. The produced 
RNA was further purified using RNA clean XP beads (Beckman Coulter) at a 
0.8× ratio, followed by RNA fragmentation for 2 min at 94 °C. After another 
bead clean-up, 40% (5 μl) of the RNA was primed for reverse transcription 
by adding 1.5 μl of 3.3 mM dNTPs and 13.3 µM random hexamer RT primer 
(GCCTTGGCACCCGAGAATTCCANNNNNN), and hybridizing it by incubation 
at 65 °C for 5 min, followed by direct cool down on ice. Reverse transcription was 
performed by the further addition of 4 μl RT mix (2.5×first strand buffer, 25 mM 
DTT, 20 U RNAseOUT and 100 U SuperscriptII) and incubation at 25 °C for 
10 min, followed by 1 h at 42 °C. The single-stranded DNA was purified through 
incubation with 5 µg or 25 U RNAseA for 30 min at 37 °C and PCR amplification 
to add the Illumina smallRNA barcodes and handles. Next, 40 μl of PCR mix 
(3.1×NEBNext Ultra II Q5 master mix (5×stock), 0.5 µM RP1 and 0.5 µM RPIx 
primers) was added. The number of PCR cycles performed were dependent on 
the abundance of the histone modification assayed, and the PCR products were 
cleaned twice using Ampure XP beads at a 0.8× ratio. The final libraries were 
eluted in 7 μl nuclease-free water and the abundance and quality were assessed 
using the QUBIT and Bioanalyzer systems.

ChIC-seq analysis. Equimolar amounts of indexed libraries were pooled 
and sequenced on a HiSeq 2500 (Illumina). Adaptors were trimmed using 
Trimmomatic 0.39 (http://www.usadellab.org/cms/?page=trimmomatic)74 with 
parameters set to: CROP:75 HEADCROP:12. Reads were aligned to the ce10 
genome assembly using bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml)75 with alignment parameters set to sensitive. The reads were then 
deduplicated using the deduplicate_bismark function in the Bismark program 
(https://github.com/FelixKrueger/Bismark)76. The read density was calculated by 
tiling the genome into 500 bp non-overlapping windows and using the qCount 

function of the QuasR package to quantify the number of reads in each window 
(qCount(proj,GRange_object,orientation = ‘any’)). H3K9me-positive domains 
were determined as regions with a consecutive enrichment of H3K9me2 and/
or H3K9me3 over the input. For gene quantification, gene annotation from 
WormBase was used (WS220). Quantitation for each gene was performed by 
counting the reads overlapping the exons. Genome annotation was based on the 
BSgenome.Celegans.UCSC.ce10 package (https://bioconductor.org/packages/
release/data/annotation/html/BSgenome.Celegans.UCSC.ce10.html). Differences 
in read depths between samples were normalized by dividing each sample by 
the total reads and multiplying by the average library size. The various count 
tables used throughout this study were normalized to the total genome count. 
The log2-transformed expression levels were determined after the addition of a 
pseudo count of eight (y = log2(x + 8)) to minimize large changes in FC caused 
by low count numbers. To control for unspecific activity of the MNase enzyme, 
results are displayed as: (mean enrichment of antibody + MNase–protein A-treated 
sample) ÷ MNase–protein A-treated sample. Replicate experiments were combined 
by averaging the enrichment values. Annotation of tissue and cell-type expression 
is based on annotation tables provided by the tissue atlas73. For comparison of 
chromosome arms versus centres, the following border coordinates were used: 
chromosome 1, 3745632 and 10809938; chromosome 2, 4708341 and 11877168; 
chromosome 3, 3508994 and 9947268; chromosome 4, 7317812 and 12176625; 
chromosome 5, 8125434 and 13849337; and chromosome X, 41919369. Pairwise 
Wilcoxon rank-test values were calculated in R.

ChIP–qPCR. Synchronized L1 animals were seeded on peptone-rich plates and 
L3 animals were harvested 36 h later. The worms were washed in M9 solution 
until clear. The worm pellet was then resuspended in 10 ml of M9 containing 2% 
formaldehyde and fixed for 30 min at room temperature on a rocker. Fixation was 
stopped with 500 μl of 2.5 M glycine for 5 min at room temperature on a rocker. 
The worms were then washed twice with M9. The worm pellet was resuspended 
in 1 ml of FA buffer (50 mM HEPES pH 7.5, 1 mM EDTA, 1% Triton X-100, 0.1% 
Na-deoxycholate and 150 mM NaCl) containing 1% sarcosyl, transferred into 
bead-beater tubes with 200 μl of 0.5 mm zirconia/silicon beads and the worms were 
lysed in a Fast Prep 24-5 G benchtop homogenizer. The recovered supernatant 
was transferred into 15 ml polystyrene tubes and sonicated (30 cycles; 30 s on/
off at 4 °C) using the Bioruptor plus sonicator (Diagenode). The samples were 
transferred to DNA LoBind tubes (Eppendorf), were centrifuged at maximum 
speed for 5 min at 4 °C, and the supernatant (containing chromatin) was collected. 
For each sample, 100 μg of chromatin was diluted to 600 μl in FA buffer, and 
incubated overnight on a rocker at 4 °C with 5 μl of GFP-Trap magnetic particles 
(ChromoTek). The magnetic particles were washed with the following buffers: 
3 × 5 min with FA buffer, 5 min with FA buffer containing 1 M NaCl, 10 min with 
FA buffer containing 500 μl NaCl, 5 min with TEL buffer (0.25 M LiCl, 1% NP-40, 
1% Na-deoxycholate, 1 mM EDTA and 10 mM Tris–HCl pH 8) and 2 × 5 min with 
TE. The complexes were eluted with 100 μl of elution buffer (1% sarcosyl in TE 
with 250 mM NaCl) at 65 °C with shaking at 1,100 r.p.m. for 15 min. Cross-links 
were reversed overnight at 65 °C, followed by addition of 20 μg proteinase K and 
further incubation for 2 h at 65 °C. The DNA was then purified using AMPure XP 
beads at a 0.8× ratio.

ATAC-seq. ATAC-seq was performed on sorted muscle cells following the 
Omni-ATAC protocol77. Briefly, sorted cells were centrifuged for 10 min at 1,000g 
(4 °C) using a swinging-bucket rotor, and the supernatant was carefully removed 
to avoid disturbing the cell pellet. The cells were lysed for 3 min in 50 μl of cold 
resuspension buffer (10 mM Tris–HCl pH 7.4, 10 mM NaCl and 3 mM MgCl2) 
containing 0.1% NP-40, 0.1% Tween-20 and 0.01% digitonin. Lysis was stopped 
with 1 ml of cold resuspension buffer containing 0.1% Tween-20, and the nuclei 
were pelleted for 10 min at 1,000g (4 °C). The supernatant was carefully removed 
and the nuclei were resuspended in 50 μl of transposition mix (25 μl 2×TD buffer, 
2.5 μl Tn5, 16.5 μl PBS, 0.5 μl of 1% digitonin, 0.5 μl of 10% Tween-20 and 5 μl 
double-distilled water) and incubated for 30 min at 37 °C on a thermomixer. The 
DNA was then purified using a Qiagen MinElute PCR purification kit according to 
the manufacturer’s instructions and eluted in 21 μl of elution buffer. Libraries were 
amplified as originally described78 and the final preparations were purified using a 
1.6× ratio of AMPure XP beads. Sequencing was performed using NextSeq, with 
75 cycles and paired-end reads.

ATAC-seq analysis. The ATAC-seq reads were pre-processed following 
the ENCODE ATAC-seq pipeline (https://github.com/ENCODE-DCC/
atac-seq-pipeline). Adaptors were trimmed using cutadapt (https://github.com/
marcelm/cutadapt;19) and reads were aligned to the ce10 genome assembly using 
bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml)79 with alignment 
parameters set to sensitive. The mapped reads were marked and removed using the 
MarkDuplicates function of Picard tools v.2.20.0 (https://broadinstitute.github.io/
picard/). Paired-end reads were converted to single-end reads using bedtools 2.26 
(https://github.com/arq5x/bedtools2)80 and the reads were shifted +4 bp and −5 bp 
for the positive and negative strands, respectively, to account for characteristics 
of the Tn5 enzyme. Peaks were called using MACS2 (ref. 81) with the following 
parameters: -g 93260000–nomodel–shift -100–extsize 200. Differential peaks 
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among the genotypes were called using the EdgeR package v.3.24.The read density 
was calculated by tiling the genome into 500 bp non-overlapping windows or 
specifically at promoters (defined as 1 kb upstream and 100 bp downstream of the 
TSS) and using the qCount function of the QuasR package to quantify the number 
of reads in each window (qCount(proj,GRange_object,orientation = ‘any’)). 
Differences in read depths between samples were normalized by dividing each 
sample by the total number of reads and multiplying by the average library size. 
The various count tables used throughout this study were normalized to the total 
genome count. Definitions of characteristic chromatin domains was taken from82.

TF-motif analysis. A compendium of TF weight matrices was downloaded (http://
hugheslab.ccbr.utoronto.ca/supplementary-data/CeMotifs/) to examine the set in 
the file ‘TF_Information.txt’. These were used to scan the C. elegans ce10 genome 
using the matchPWM function in the Bioconductor package Biostrings. Only hits 
with a minimum score of ten were considered, unless the maximum obtainable 
score by the weight matrix was lower than ten. In that case, the maximum 
obtainable score was required. The resulting binding sites were then intersected 
with gene-promoter annotation (WS220; 1,500 bp 5′ and 500 bp 3′ of the TSS) to 
determine the number of sites for each TF and gene.

Statistics and reproducibility. The experiments shown in this study were 
performed as 2–4 biologically independent experiments, as indicated in the figure 
legends, and no inconsistent results were observed. Data plotted as boxplots 
indicate the 25th and 75th percentiles, with the whiskers showing the minima 
and maxima (5th and 95th percentiles), black circles indicating the outliers and 
the horizontal line showing the median. Some data are plotted in bar graphs 
as the mean ± s.d, unless specified otherwise. If not stated otherwise statistical 
testing was performed using two-sided a Wilcoxon rank-sum test. The FDR 
index was calculated using the edgeR package (see Methods). Details of the 
particular statistical analyses used, precise P values, statistical significance, number 
of independent biological replicates and sample sizes for all of the graphs are 
indicated in the figures or figure legends. No data were excluded.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All datasets from this study have been uploaded to the Gene Expression Omnibus 
(GEO) with the accession code of GSE167168. Previously published EMR-1 
DamID and embryo RNA-seq/ChIP–seq data that were re-analysed here are 
available under the accession codes GSE136577 and SRP080806. All other data 
supporting the findings of this study are available from the corresponding author 
on reasonable request. Source data are provided with this paper.
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Extended Data Fig. 1 | Muscle integrity is compromised in the absence of H3K9me2/me3. a) Scatter plot correlating mean log2FC of H3K9me3 over 
input at genes in wt embryos to the mean log2FC of H3K9me2 over input at genes in set-25 mutant embryos. Genes coloured based on enrichment 
for H3K9me3 (red), H3K9me2 (yellow), both (orange), or neither (black). b) The wt expression of all C. elegans genes (top) or the subset of genes 
derepressed in met-2 deficient embryos (bottom), plotted over embryogenic time, or distinct larval stages. Gene sets are displayed as boxplots showing 
median, boxes 50% and whiskers 5-95% of the group. Outliers excluded to simplify interpretation. Time window of collection refers to early embryos. 
c) Sorting scheme for muscle cells expressing myo-3p::RFP. Negative (wt) control was always included to ensure proper gating. Note the gating strategy 
for DRAQ7 negative (viability marker) and RFP- (non-muscle) or RFP + (muscle cells) from wt gwIS4 animals. d) Scatter plot showing gene expression 
as log2 of read counts from cells sorted as RFP + or RFP-. Individual muscle specific genes (based on scRNA-seq1) are highlighted in red. N = 3 biological 
independent experiments. e) Left, Scatter plots correlating the absolute gene expression of normalized read counts (log2) from wt muscle cells to met-
2 or met-2 set-25 mutant muscle cells. Genes significantly changed in mutants (see Fig. 1f) are highlighted in colour (FDR < 0.01 and FC > 2, red or < -2, 
blue). N = 3 biological independent experiments. Right, Scatter plot, comparing absolute expression in met-2 and met-2 set-25 mutants. Genes significantly 
upregulated in mutants relative to wt are coloured according to genotype, with genes significantly changed in both mutants coloured in purple. Pearson 
correlation coefficients (R) calculated for genes significantly upregulated in indicated mutants vs wt. f) Left, representative max-projection images of 
muscle actin filaments stained with phalloidin-rhodamine in young adults grown at 20oC. Arrowheads indicate defective filaments (red, fused; yellow, 
wavy; blue, broken). Scale bar, 10 µm. Right, quantification of the proportion of sarcomeres with defective actin filaments. (N = 3 biological independent 
experiments). g) Swimming capacity, measured by transferring worms into liquid and counting the number of head movements per minute. Head 
movements are plotted as violin plots containing boxplots of median, boxes 50% and whiskers 90% of the group. Grey bar indicates median count from wt 
worms. Data shown represent one experiment with n = 50 worms/genotype. Assay performed four times with similar results.
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indicated mutants over wt, from sorted seam cells. Loci identified as significantly changed are highlighted in colour (FDR < 0.01 and FC > 2, red or < -2, blue). Two 
independent biological replicas shown. e) Correlation between the log2FC over wt for gene expression between met-2 or met-2 set-25. Loci significantly changed 
compared to wt (FDR < 0.01 and FC > 2 or < -2) are coloured according to the genotype and loci significantly changed in both mutant genotypes are coloured in 
dark purple. f) Genes derepressed in met-2 seam cells are plotted as a percentage of all tissue-enriched genes, left, or as a heatmap of individual derepressed gene 
(columns), in each cell type (row), right. (absolute number of genes: Gonad=160, Neurons=49, Hypoderm=18, Pharynx=26, Muscle=16, Glia=22, Intestine=27). g) 
Venn diagram comparing overlap of significantly derepressed germline genes from sorted muscle cells and sorted seam cells of met-2 mutants over wt. Note: there 
were no significantly derepressed germline genes in embryos.
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Extended Data Fig. 5 | Proximity to repeats does not correlate with gene derepression in H3K9me-deficient muscle cells. a) Violin plots of distances (in 
kb) between derepressed genes and the nearest repetitive element subdivided by repeat family (according to repeat masker annotation), in muscle cells 
from met-2 set-25 mutants (red). Derepressed gene sets are compared to the same number of random, non-derepressed genes (cyan). Plots have been 
split to accommodate range of distances. The mean distances for each group are indicated by a dot. Note that repeat elements Chapeav, SNA, TcMar-Tc4, 
Harbinger and Merlin are slightly closer to the TSS of derepressed genes than the random gene set, but for all except DNA, the average distance to the TSS 
is >200 kb. b) Correlation of the mean distances in log2 kb between genes derepressed in met-2 set-25 mutants and random set of genes to the nearest 
repetitive element subdivided by repeat family. We note that the smallest mean distance (DNA repeat family) was still 3.9 kb upstream of the TSSs. Only 
87 (26%) of the 331 derepressed genes have a repeat element < 1 kb from the corresponding TSS. In comparison 34% of all genes in the genome have a 
repeat element < 1 kb in proximity to their TSS. c) Heatmap highlighting log2FC of gene expression for the indicated TFs, in two independent replicas, with 
indicated mutants over wt. d) Plot showing log2 enrichment of TF binding motifs, versus genome-wide occurrence, in genes marked by H3K9me3 in wt 
and transcriptionally derepressed (FC > 2; FDR < 0.01) in met-2 set-25 muscle cells (labelled “derepressed”) or transcriptionally unchanged (labelled “no 
change”). Significantly enriched motifs (log2 enrichment>0.5; log2 abundance>8) are colour coded with their corresponding TF(s) indicated. e) As (d) for 
germline genes that are derepressed in both muscle and seam cells from met-2 set-25 animals.
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Extended Data Fig. 6 | Derepression of pgl-1 in the absence of H3K9me is dependent on specific tFs. a) Left, representative images of PGL-1::GFP in the 
head of met-2 set-25 larvae with indicated RNAi. Muscle (blue arrows) or pharynx (yellow circles) are indicated. Scale bars, 10 µm. Right, quantifications of 
PGL-1::GFP intensity from indicated tissues. Grey bar indicates median from met-2 set-25(vector). n(pooled cells from 2 biological independent replicas)= 
Muscle (vector:440; pax-2:291; egl-38:363; madf-9:275; zip-11:357), Pharynx (vector:201; pax-2:171; egl-38:229; madf-9:121; zip-11:176). p-values of PGL-
1::GFP intensities significantly down vs. vector RNAi represent two-sided Wilcoxon signed-rank test. b) Quantifications of PGL-1::GFP intensity in germline. 
Grey bar indicates median from vector-treated met-2 set-25. n(pooled cells from 2 biological independent replicas)vector:300; ceh-48:400; hlh-25/-
27:235; hlh-28/29:345. PGL-1::GFP intensities are not significantly changed vs vector control (two-sided Wilcoxon signed-rank test). c) Top, Sequence of 
baf-1 promoter upstream of gfp::lacI in gwIs4 reporter. CEH-48 motif is highlighted. Bottom, sequence logos for CEH-48, HLH-25/-27 and HLH-28/-29. 
d) Representative images of GFP–LacI in neurons from wt or met-2 set-25, cec-4::WmCherry; gwIs4 L1 animals with indicated RNAi. Nuclear periphery 
is highlighted. Scale bar, 5 µm. Right, Quantifications of mean GFP–LacI intensity per nucleus. Grey bar indicates median from met-2 set-25(vector). 
Statistics were derived from n(cells)= wt(vector):31; met-2 set-25(vector):38; (ceh-48):48; (hlh-25/-27):50; (hlh-28/29):46, collected from one out of two 
independent experiments with similar results. p-values from GFP::LacI intensities significantly different from vector RNAi represent two-sided Wilcoxon 
signed-rank test. a,b,d) Boxplots show median, boxes 50% and whiskers 90% of groups. e) Scatter-plot showing gene expression as log2FC for met-2 
over wt, from whole L1 worms on vector RNAi. Significantly increased loci (FDR < 0.01, FC > 3) are highlighted, red. f) Log2 enrichment of TF motifs in 
promoters of derepressed genes versus genome-wide occurrence. Enriched motifs (log2 enrichment>0.5, log2 abundance>8) are colour coded according 
to TF(s). Though not above this cut-off, CEH-48 (*) is included. g) Genes derepressed in met-2(vector) are plotted as a percentage of all tissue-enriched 
genes. (n(genes): Gonad=63, Neurons=21, Hypoderm=12, Pharynx=12, Muscle=2, Glia=18, Intestine=24). h) Expression (RPKM) pgl-1 (RNA-seq) 
from wt and met-2 mutant L1 larvae treated with RNAi against ceh-48, hlh-25/-27, hlh-28/-29 and empty-vector. N = 3 biological independent replicas. i) 
Expression (RPKM) for ChIP target genes (rows) using RNA-seq data from isolated tissues and total L1 larvae treated with RNAi against ceh-48, hlh-25/-
27, hlh-28/-29 and empty-vector (RNAi indicated in brackets).

NAturE CEll BiOlOGy | www.nature.com/naturecellbiology

http://www.nature.com/naturecellbiology


Articles NATurE CEll BIology

c

ba

1 5 10 15 20

met−2 set-25 met−2 set-25

All genesDerepressed genes (met-2 set-25)

0

10

20

30

40

ATAC−signal percentiles (5%)
1 5 10 15 20
ATAC−signal percentiles (5%)

R
N

A−
se

q 
FP

KM

d
Group B Group C

4 6 8 10 12 14 16 18
-1.0

-0.5

0.0

0.5

1.0

Total motif occurence (log2)

4 6 8 10 12 14 16 18
-1.0

-0.5

0.0

0.5

1.0

4 6 8 10 12 14 16 18
-1.0

-0.5

0.0

0.5

1.0

M
ot

if 
en

ric
hm

en
t (

lo
g2

)

22

MDL-1
EGL-38/PAX-2
MXL-3
GEI-11

EFL-1
Y75B8A.6
ZIP-8
FEZF-1
ZIP-3
ATF-7
KLF-1 / -2 / -3
ATF-2
LIN-48
TRA-1

HLH-25 / -27

REF-1
EOR-1

ZIP-11
T22C8.4

MADF-9
KLF-1/-3
HLH-28 / -29
CEH-30 / -31
EGL-38 / PAX-2

Group A

EOR-1

ZTF-3
DAF-12 /NHR-48

ATAC-seq

RNA-seq

w
t

m
et

-2

se
t-2

5

m
et

-2
 s

et
-2

5

0

20

40

60

80

100

no
rm

. r
ea

ds
 R

N
A-

se
q

w
t

m
et

-2

se
t-2

5

m
et

-2
 s

et
-2

5 w
t

m
et

-2

se
t-2

5

m
et

-2
 s

et
-2

5

0

100

200

300

400

500

600

700

no
rm

. r
ea

ds
 R

N
A-

se
q

w
t

m
et

-2

se
t-2

5

m
et

-2
 s

et
-2

5

0

20

40

60

80

100 Group A

no
rm

. r
ea

ds
 A

TA
C

-s
eq

w
t

m
et

-2

se
t-2

5

m
et

-2
 s

et
-2

5
Group B

w
t

m
et

-2

se
t-2

5

m
et

-2
 s

et
-2

5

Group C

w
t

m
et

-2

se
t-2

5

m
et

-2
 s

et
-2

5
0

20

40

60

80

100 body wall 
muscle

no
rm

. r
ea

ds
 A

TA
C

-s
eq

w
t

m
et

-2

se
t-2

5

m
et

-2
 s

et
-2

5

llawydobCpuorGBpuorGApuorG
muscle

0

20

40

60

80

100wt

1 5 10 15 20
ATAC−signal percentiles (5%)

0

20

40

60

80

100

Extended Data Fig. 7 | See next page for caption.

NAturE CEll BiOlOGy | www.nature.com/naturecellbiology

http://www.nature.com/naturecellbiology


ArticlesNATurE CEll BIology

Extended Data Fig. 7 | Characteristics of Group A, B and C genes. a) Interquartile box plot comparing RNA expression levels with increasing promoter 
accessibility in muscle cells, based on wt ATAC-seq signal, binned as 5 percentile ranges. Comparisons are done using the gene set derepressed in met-2 
set-25 muscle cells and using RNA-seq from wt or met-2 set-25. b) Same as (a), comparing met-2 set-25 expression and wt accessibility, at all genes. c) The 
normalized ATAC-seq reads (top) or expression as RPKM from RNA-seq (bottom) from muscle cells of indicated genotypes are plotted, as boxplots, for the 
gene sets of Group A/B/C (Fig. 6d) or muscle specific genes1. a-c) Boxplots show median, boxes 50% and whiskers 90% of the group. d) Plots showing 
log2 enrichment of TF motifs in promoters of gene sets from different groups (Fig. 6d) versus genome-wide occurrence (log2). Significantly enriched 
motifs (log2 enrichment>0.5, log2 abundance>8) are colour coded with their corresponding TF(s) indicated.
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