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Caenorhabditis elegans establishes germline versus soma by
balancing inherited histone methylation

Brandon S. Carpenter', Teresa W. Lee', Caroline F. Plott?, Juan D. Rodriguez', Jovan S. Brockett?,

Dexter A. Myrick’ and David J. Katz'-*

ABSTRACT

Formation of a zygote is coupled with extensive epigenetic
reprogramming to enable appropriate inheritance of histone
methylation and prevent developmental delays. In Caenorhabditis
elegans, this reprogramming is mediated by the H3K4me2
demethylase SPR-5 and the H3K9 methyltransferase, MET-2. In
contrast, the H3K36 methyltransferase MES-4 maintains H3K36me2/3
at germline genes between generations to facilitate re-establishment of
the germline. To determine whether the MES-4 germline inheritance
pathway antagonizes spr-5; met-2 reprogramming, we examined the
interaction between these two pathways. We found that the
developmental delay of spr-5; met-2 mutant progeny is associated
with ectopic H3K36me3 and the ectopic expression of MES-4-targeted
germline genes in somatic tissues. Furthermore, the developmental
delay is dependent upon MES-4 and the H3K4 methyltransferase, SET-
2. We propose that MES-4 prevents crucial germline genes from being
repressed by antagonizing maternal spr-5; met-2 reprogramming. Thus,
the balance of inherited histone modifications is necessary to
distinguish germline versus soma and prevent developmental delay.

This article has an associated ‘The people behind the papers’ interview.
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INTRODUCTION

In multicellular organisms, developmental cell fate decisions are
established by tightly controlled spatial and temporal gene
expression (Frum and Ralston, 2015; Gregor et al., 2014; Maduro,
2010). One key control of gene expression is through the regulation
of histone methylation, which controls gene expression by
regulating the accessibility of DNA to transcription factors and
RNA polymerase (Burton and Torres-Padilla, 2014; Hirabayashi
and Gotoh, 2010; Jambhekar et al., 2019). For example, methylation
of either lysine 4 or 36 on histone 3 (H3K4me and H3K36me) is
associated with active transcription, whereas methylation of lysine
9 on the same histone (H3K9me) is commonly associated with
transcriptional repression (Bannister et al., 2005; Barski et al., 2007,
Bernstein et al., 2002, 2005). In addition, histone methylation on the
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N-terminal tails of histone proteins can be heritable through cell
division, and across generations via both the sperm and oocyte.
Inheritance of histone methylation across generations results in the
maintenance of transcriptional states, which can affect the
development and survivability of the offspring (Gaydos et al.,
2014; Jambhekar et al., 2019; Kaneshiro et al., 2019; Ost et al.,
2014; Siklenka et al., 2015; Tabuchi et al., 2018).

Histone methylation is dynamically regulated by the specific and
tightly controlled activity of histone modifying enzymes (Morgan
and Shilatifard, 2020), which regulate gene expression during
development (Jambhekar et al., 2019). For example, mono- and
dimethylation of lysine 4 on histone H3 (H3K4me1/2) are removed
by the demethylase LSD1 (also known as KDM1A; Shi et al., 2004,
2005). In the nematode Caenorhabditis elegans, populations of
mutants lacking the LSD1 ortholog, SPR-5, become increasingly
sterile over ~30 generations (Katz et al., 2009). Failure to erase
H3K4me2 at fertilization between generations in spr-5 mutants
correlates with an accumulation of H3K4me?2 and spermatogenesis
gene expression across 30 generations, which leads to increasing
sterility (Katz et al., 2009). These data demonstrate that H3K4me2
can function as an epigenetic transcriptional memory through cell
divisions and across generations. In addition to transgenerational
sterility, the accumulation of H3K4me2 in spr-5 mutants is
associated with meiotic defects, increased longevity and a
synergistic increase in sterility in an rbr-2 mutant background
(Alvares et al., 2014; Greer et al., 2016; Nottke et al., 2011). These
transgenerational phenotypes provide further evidence that H3K4
methylation functions as a transcriptional memory across generations.

More recently, it was demonstrated that SPR-5 synergizes with
the H3K9me2 methyltransferase MET-2 to regulate maternal
epigenetic reprogramming (Greer et al., 2014; Kerr et al., 2014).
Progeny of mutants lacking both SPR-5 and MET-2 suffer from
developmental delay and become completely sterile in a single
generation. These phenotypes are associated with synergistic
increases in both H3K4me2 and candidate germline gene
expression in somatic tissues (Kerr et al., 2014). Together, this
work supports a model in which SPR-5 and MET-2 are maternally
deposited into the oocyte, where they reprogram histone
methylation to prevent inherited defects. Consistent with H3K9
methylation functioning together with the erasure of H3K4me2,
loss of the histone demethylase JMJD-2, which can demethylate
H3KD9, partially suppresses the transgenerational sterility caused by
loss of SPR-5 (Greer et al., 2014).

Following fertilization, the C. elegans embryo separates germline
versus somatic lineages progressively through a series of asymmetric
divisions (Strome, 2005). To accomplish this, transcription factors
coordinate with multiple histone modifications. For example, maternal
deposition of PIE-1, a germline-specific protein that asymmetrically
segregates into germline blastomeres (P lineage cells), maintains the
fate of germ cells by inhibiting RNA polymerase II (POL-II)
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elongation and preventing the ectopic expression of somatic genes
(Batchelder et al., 1999; Mello et al., 1992; Seydoux et al., 1996). In
the absence of transcription in the germline, the maternally provided
H3K36me2/3 methyltransferase MES-4 binds to a subset of germline
genes that were previously expressed in the parental germline
(Furuhashi et al., 2010; Rechtsteiner et al., 2010). These germline
genes are recognized by MES-4 via H3K36me2/3 that was added in
the parental germline by the transcription-coupled H3K36me2/3
methyltransferase MET-1 (Kreher et al., 2018). MES-4 maintains
H3K36me2/3 at these genes in the early embryo in a transcriptionally
independent manner. Without maternally deposited MES-4, the
germline cannot properly proliferate and animals are sterile
(Capowski et al., 1991; Garvin et al., 1998). For the remainder of
this study, we will refer to the genes that are bound by MES-4 and
which maintain H3K36me3 throughout embryogenesis in a
transcription-independent fashion, as ‘MES-4 germline genes’. In
addition, the process through which the MES-4 germline inheritance
system maintains these genes for re-activation in the offspring will be
referred to as ‘bookmarking’.

MES-4 bookmarking is antagonized in somatic tissues by
transcriptional repressors and chromatin remodelers. For example,
loss of the transcriptional repressors LIN-15B and LIN-35 at high
temperatures leads to larval arrest (Petrella et al., 2011). This larval
arrest can be suppressed by removing the MES-4 germline
inheritance system (Petrella et al., 2011). Removing the MES-4
inheritance system also suppresses the somatic expression of
germline genes in /in-35 mutants (Wang et al., 2005). Similar to
LIN-15B and LIN-35, loss of the chromatin remodelers MEP-1 and
LET-418 causes somatic expression of germline genes and larval
arrest (Unhavaithaya et al., 2002). The somatic expression of
germline genes and larval arrest in mep-1 and let-418 mutants is also
dependent upon the MES-4 germline inheritance system
(Unhavaithaya et al., 2002). Together, these findings demonstrate
that transcriptional repressors antagonize H3K36 bookmarking by
MES-4 in somatic tissues.

Recently, the repressive histone modification H3K9me?2 has been
implicated in the somatic repression of germline genes (Rechtsteiner
et al., 2019). Some germline genes have H3K9me2 enrichment at
their promoters in somatic tissues, suggesting that H3K9me2
mediates their repression somatically (Rechtsteiner et al., 2019).
Loss of LIN-15B reduces this enrichment of H3K9me?2 leading to
the ectopic accumulation of H3K36me3 at gene bodies in somatic
tissues (Rechtsteiner et al., 2019). This raises the possibility that
LIN-15B may repress MES-4 germline inheritance in somatic
tissues in part through the repressive histone modification
H3K9me?2. However, this model remains to be tested.

Despite the extensive knowledge of the transcriptional repression
pathways that somatically antagonize the MES-4 germline inheritance
system, it remains unclear why germline genes are bookmarked by
H3K36 in the embryo. To address this gap, we examined somatic
development in progeny deficient in SPR-5 and MET-2 maternal
reprogramming. Our previous work suggests that maternal spr-5; met-
2 reprogramming prevents the transgenerational inheritance of
H3K4me2 by erasing this mark and coupling it to the acquisition of
H3K9me2 between generations (Kerr et al., 2014). Here, we show that
H3K36me3 ectopically accumulates at MES-4 germline genes in the
somatic tissues of spr-5; met-2 double-mutant progeny (hereafter
referred to as spr-5; met-2 progeny), and this accumulation correlates
with the ectopic expression of these genes. In addition, we find that
both the developmental delay and the ectopic expression of germline
genes is rescued by RNAi-mediated depletion of MES-4 activity.
These data provide evidence that the ectopic expression of MES-4-

targeted germline genes in somatic tissues leads to developmental
delay at the larval stage. In addition, we demonstrate that the severe
developmental delay of spr-5, met-2 progeny is rescued by the loss of
the H3K4 methyltransferase SET-2. This finding suggests that the
ectopic maintenance of the MES-4 germline inheritance system in
spr-5; met-2 progeny is driven by the inheritance of H3K4
methylation. Finally, by demonstrating that loss of maternal spr-5;
met-2 reprogramming leads to expression of MES-4 germline genes in
somatic tissues, our data suggest that H3K36 methylation
bookmarking functions to antagonize spr-5; met-2 maternal
reprogramming. Thus, we propose that C. elegans balances three
different histone modifications to distinguish between the competing
fates of soma and germline.

RESULTS

Loss of spr-5and met-2 causes a severe developmental delay
Previous observations from our lab have indicated that progeny
from spr-5; met-2 mutants may develop abnormally (Kerr et al.,
2014). To further characterize this phenotype, we synchronized
embryos laid by wild-type (N2), spr-5, met-2 and spr-5; met-2
mutant hermaphrodites and monitored their development from
hatching to adults. By 72 h, all wild-type progeny (469/469), most
of the spr-5 progeny (363/385) and many of met-2 progeny (386/
450) were fertile adults (Fig. 1A-C,E; Fig. SIA-C). In contrast,
spr-5; met-2 progeny displayed a severe developmental delay, with
none of the progeny (0/463) reaching adulthood by 72 h (Fig. 1D,E;
Fig. SID). The majority of spr-5; met-2 progeny (371/463)
resembled L2 larvae at 72 h, while a smaller percentage of the
population developed to later larval stages (42/463) (Table S1). This
larval delay occurs despite embryogenesis being accelerated in
spr-5; met-2 progeny versus wild type (Fig. S2). This indicates that
the larval delay is not just due to a general delay in all cell divisions.
By seven days post synchronized lay, a small number of spr-5, met-
2 progeny (35/876) developed into adults and the majority (31/35)
of these adults displayed protruding vulva (Fig. S1E-G; Kerr et al.,
2014). All 35 of the spr-5; met-2 mutant progeny that developed to
adulthood were sterile.

MES-4 germline genes are ectopically expressed in spr-5;
met-2 mutant soma

Previously we have shown that H3K4me2 is synergistically
increased in spr-5; met-2 progeny compared with spr-5 and met-2
single mutant progeny, and that this increase in H3K4me?2 correlates
with a synergistic increase in candidate germline gene expression in
somatic tissues (Kerr et al., 2014). To test the extent to which
germline genes are ectopically expressed in somatic tissues, we
examined somatic expression genome-wide. To do this, we
performed RNA-seq on spr-5; met-2 L1 progeny compared with
wild-type L1 progeny. We chose to perform this analysis on L1
larvae because this stage immediately precedes the L2 larval delay
that we observed in spr-3, met-2 progeny (see Fig. 1D). In addition,
L1 larvae are composed of 550 somatic cells and two germ cells.
Therefore, L1 larvae are primarily composed of somatic tissue. As a
control, we also performed RNA-seq on L1 progeny from spr-5 and
met-2 single mutants that were isolated from early generation
animals within the first five generations. These generations are well
before the onset of sterility that we previously reported (Katz et al.,
2009; Kerr et al., 2014).

We identified 778 differentially expressed transcripts in spr-5;
met-2 progeny compared with wild type (Figs S3A,B, S4C,F;
Table S4), many of which also overlap with genes differentially
expressed in spr-5 (113/343, hypergeometric test, P-value <6.88e-
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75) and met-2 single mutants (159/413, hypergeometric test,
P-value<7.15e-119) compared with wild type (Figs S3A,B,
S4A,B,D.E; Tables S2,S3). Gene Ontology (GO) analysis did not
identify any categories of genes misexpressed in the spr-5 or met-2
single mutants. However, the GO analysis revealed that genes
differentially expressed in spr-5,; met-2 progeny were significantly
enriched (based on Combined Score; Chen et al., 2013) for
biological processes and cellular components characteristic of the
germline; including meiosis, P-granules and negative regulation of
the cell cycle (Fig. S3C,D). Many of these germline functioning
genes are expressed in the germline of the parental generation,
bound by the H3K36 methyltransferase MES-4 in the early embryo,
and marked by H3K36me?2/3, independent of POL-II (referred to as
MES-4 germline genes) (Rechtsteiner et al., 2010). As a result, we
were interested in the potential overlap between genes that are
misregulated in spr-5,; met-2 progeny and MES-4 germline genes.

Rechtsteiner and colleagues identified approximately 200 MES-4
germline genes (Rechtsteiner et al., 2010). We reasoned that the
absence of SPR-5 and MET-2 reprogramming may cause these
germline genes to be aberrantly targeted by MES-4 in the soma,
leading to ectopic expression. To investigate this possibility,
we examined the overlap between differentially expressed genes
in spr-5; met-2 L1 progeny and MES-4 germline genes. Out of 196
MES-4 germline genes, 34 overlapped with genes upregulated in
spr-5; met-2 progeny compared with wild type (Fig. SS5A;
hypergeometric test, P-value<6.44e-20), whereas zero overlapped
with genes downregulated in spr-5,; met-2 progeny compared with
wild type (Fig. S5B). In addition, when we compared the log2 fold
change (FC) in expression of all of the MES-4 germline genes in
spr-5, met-2 and spr-5,; met-2 mutant progeny compared with wild
type, we observed that 108 of the MES-4 germline genes were
synergistically increased in spr-5; met-2 progeny compared with
single mutant progeny (Fig. S5C; Table S6).

During this initial RNA-seq analysis we had to genotype every
spr-3; met-2 L1 because the balancer chromosome (a chromosome
that blocks homologous recombination) that was available did not
completely balance spr-5. As a result, the RNA-seq was performed

met-2 spr-5; met-2

Fig. 1. spr-5; met-2 mutants display severe developmental
delay. (A-D) Representative 10x differential interference
contrast (DIC) images of wild-type (A), spr-5 (B), met-2 (C)
and spr-5; met-2 progeny (D) 72 h post synchronized lay.
(E) Percentage of wild-type, spr-5, met-2 and spr-5; met-2
progeny that reached the adult stage (% Adult Progeny) by
72 h post synchronized lay. Data are meanzs.d. from three
experiments. N, the total number of progeny 20-25
hermaphrodites scored over three experiments. n.s. indicates
a P-value >0.05 (two-tailed unpaired t-test). Scale bars:

100 pym.

using a low-input sequencing technique (see Materials and
Methods). However, during the course of the experiments, a new
balancer became available that completely balanced spr-5. This
enabled us to repeat the spr-5; met-2 RNA-seq experiments using
standard amounts of RNA. In the repeat spr-5; met-2 RNA-seq
experiment (referred to as repeat experiment two), we identified
significantly more differentially expressed genes compared with
wild type (4223 versus 778 in the initial low-input analysis,
Fig. S6A,B). However, despite the larger number of differentially
expressed genes, MES-4 germline genes remained similarly
enriched. Out of 196 MES-4 germline genes, 112 overlapped
with genes up-in spr-5; met-2 progeny compared with wild type
(Fig. 2A; hypergeometric test, P-value<l.20e-54; Fig. S6C,D;
Table S5), while only two overlapped with genes downregulated in
spr-5; met-2 progeny compared with wild type (Fig. 2B). We also
compared the 10g2FC in expression of all of the MES-4 germline
genes in spr-5,; met-2 mutant progeny compared with wild type.
This analysis revealed that the MES-4 germline genes in repeat
experiment two were similarly overexpressed in spr-5; met-2
progeny compared with wild type (Fig. 2C; Fig. S6E; Table S6).
Interestingly, although MES-4 germline genes were enriched in
both spr-5; met-2 RNA-seq experiments, there were some
differences in the specific MES-4 germline genes that were
overexpressed, and the extent to which they were overexpressed
(Fig. S6E; Table S6).

smFISH confirmation of MES-4 germline gene expression in
spr-5; met-2 mutant soma

To confirm that MES-4 germline genes are somatically expressed in
spr-5; met-2 L1 progeny, we performed single molecule fluorescent
in situ hybridization (smFISH) on two MES-4 germline targets,
htp-1 and cpb-1 (Fig. 3). Both of these genes were amongst the
genes that were ectopically expressed in spr-5; met-2 L1 progeny
compared with wild-type L1 progeny. In wild-type L1 larvae, htp-1
(Fig. 3A-C, insets) and ¢pb-1 (Fig. 3G-1, insets) were restricted to
the two primordial germ cells, Z2 and Z3, which go on to form the
entire adult germline. This confirms that these transcripts are
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confined to the germline as expected. In contrast, in spr-5; met-2
progeny, htp-1 was ectopically expressed throughout the soma
(Fig. 3D-F). This expression pattern is similar to what we observed
with the ubiquitously expressed subunit of RNA polymerase II,
ama-1 (Fig. S7), which was unchanged in our RNA-seq analysis.
cpb-1 was also ectopically expressed in spr-5; met-2 progeny,
though the ectopic expression was not as ubiquitous as hip-1
(Fig. 3J-L). To determine whether htp-1 is also ectopically
expressed in earlier embryonic stages, we performed smFISH on
the embryos of spr-5, met-2 progeny. In wild-type embryos, htp-1 is
restricted to Z2 and Z3 at the 200+ cell stage (Fig. S8A-C). In
contrast, in spr-5, met-2 progeny at the 200+ cell stage we detected
the ectopic expression of tp-1 (Fig. S§D-F), indicating that htp-1 is
ectopically expressed before the L1 larval stage.

MES-4 germline genes maintain ectopic H3K36me3 in spr-5;
met-2 mutants

To test whether MES-4 germline genes that are ectopically
expressed in the soma of spr-5; met-2 progeny also ectopically
maintain H3K36me3, we performed H3K36me3 chromatin
immunoprecipitation (ChIP)-seq. MES-4 germline genes have low
levels of H3K36me3 in wild-type L1 progeny. However, compared
with wild-type L1 progeny, spr-5; met-2 L1 progeny displayed
increased enrichment for H3K36me3 across gene bodies at MES-4
germline genes (Fig. 4A-C; Fig. S9A-C,W,X). For example, the
MES-4 germline genes cpb-1, T05B9.1, Y18D10A.11, fbxa-101 and
htp-1 that are ectopically expressed in our RNA-seq analysis,
showed increased levels of H3K36me3 in spr-5; met-2 progeny
(Fig. 40-S; Fig. S90-S) compared with wild-type progeny
(Fig. 4G-K; Fig. S9G-K). As a control, we examined H3K36me3
enrichment at genes that are not affected in spr-5; met-2 progeny.

spr-5; met-2
down-regulated

1891

Fig. 2. MES-4 germline genes are ectopically expressed
in spr-5; met-2 mutant soma in RNA-seq repeat
experiment two. (A,B) Overlap between MES-4 germline
genes and genes upregulated (A) and downregulated (B) in
spr-5; met-2 L1 progeny (first repeat experiment shown in
Figs S3-86). Significant over-enrichment in A was
determined by the hypergeometric test (*P-value <1.20E-54).
(C) Volcano plot of log2 fold changes (FC) of 196 MES-4
germline gene expression (x-axis) in spr-5; met-2 L1 progeny
compared with wild-type L1 progeny by statistical significance
(-Log4g P-value; y-axis). Yellow dots represent significantly
downregulated genes and blue dots represent significantly
upregulated genes determined by DESEQ2 analysis (see
Materials and Methods). P-adj<0.05 (Wald test).

These control genes include: ceh-13, a gene enriched in hypodermal
and ventral nerve chord in L1 progeny (Fig. 4L,T; Fig. SOL,T),
ama-1, a subunit of RNA polymerase II that is expressed
ubiquitously (Fig. 4M,U; Fig. SOM,U), and act-1, which encodes a
ubiquitously expressed actin-related protein (Fig. 4N,V; Fig. SON,V).
Each of'these control genes displayed similar H3K36me3 enrichment
in both spr-5; met-2 and wild-type L1 progeny (compare Fig. 4T-V
and Fig. S9T-V with Fig. 4L-N and Fig. S9L-N, respectively). In
addition, we found that the enrichment in H3K36me3 is substantially
reduced when we examine H3K36me3 across all germline genes
(Fig. 4D-F; Fig. S9D-F). This suggests that the enrichment in
H3K36me3 is confined to the subset of germline genes that are
MES-4 targets.

MES-4 germline genes display H3K9me2 at their

promoter peaks

Recent work has discovered that some germline-specific genes
contain H3K9me2 peaks at their promoters in wild-type L1 progeny
(Rechtsteiner et al.,, 2019). This finding implicates H3K9me2
enrichment at promoters of germline genes as being a crucial
component for repressing germline genes in somatic tissues. If SPR-
5 and MET-2 are functioning to prevent MES-4 germline genes
from being ectopically expressed in somatic tissues, we would
expect MES-4 germline genes that are ectopically expressed in the
somatic tissues of spr-5; met-2 progeny to normally continue to be
targeted by H3K9 methylation in these tissues. To examine this
possibility, we re-analyzed L1 stage H3K9me2 Chip-seq data from
Rechsteiner et al. (2019). This re-analysis showed that many of the
MES-4 germline genes were enriched for H3K9me2 at their
promoters (Fig. S10A), including the majority of MES-4 germline
genes that were ectopically expressed in the soma of spr-5; met-2
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Fig. 3. spr-5; met-2 L1 progeny ectopically express MES-4 germline
genes in multiple somatic tissues. (A-L) Representative 40x smFISH
images of htp-1 (A,C,D,F) and cpb-1(G,l,J,L) endogenous mRNAs in wild-type
(A-C,G-l) and spr-5; met-2 (D-F,J-L) L1 progeny. DAPI was used as a nuclear
marker. Insets show high magnification images of the germ cells, Z2 and Z3, in
wild-type L1 progeny. Arrows (J,L) denote ectopic cpb-1 mRNA foci in somatic
cells. Scale bars: 40 ym.

progeny (Fig. S10B). For example, the MES-4 germline genes cpb-
1, T05B9.1, YI8DI0A.11, fbxa-101 and htp-1 that were
misexpressed somatically and accumulated ectopic H3K36me3 in
the somatic tissues of spr-5, met-2 progeny, had H3K9me?2 peaks at
their promoters (Fig. SI0C-G). In contrast, our control genes ceh-
13, ama-1 and act-1 that were not misexpressed were also not
enriched for H3K9me2 at their promoters (Fig. SI0H-J).

Knocking down MES-4 rescues ectopic expression of
germline genes in spr-5; met-2 mutant soma

To test whether the ectopic expression of MES-4 germline genes in
spr-5; met-2 progeny is dependent on the ectopic H3K36me3, we
examined whether the expression of these genes was dependent
upon MES-4. We performed quantitative real-time PCR (QRT-PCR)
on L1 progeny from spr-5; met-2 hermaphrodites fed control
(L4440) RNAI versus mes-4 RNAi (Fig. 5). For this analysis, we
selected candidate MES-4 germline genes that were ectopically
expressed and displayed an ectopic H3K36me3 peak in spr-5, met-2
L1 progeny compared with wild-type L1 progeny. Consistent with
our RNA-seq analysis, all nine of the candidate MES-4 germline
genes that we examined were ectopically expressed >2-fold in
spr-5; met-2 L1 progeny compared with wild-type L1 progeny
(Fig. 5). Strikingly, the ectopic expression of the nine MES-4
candidate germline genes was dependent upon MES-4. Nine out of

nine of these genes were significantly decreased in L1 progeny from
spr-5; met-2 hermaphrodites treated with mes-4 RNA1 (Fig. 5; two-
tailed unpaired r-test, P-value <0.001), and all but one (705B9.1)
were reduced to levels that were similar to wild-type L1 progeny.
During this analysis, expression levels were normalized to the
ubiquitously expressed large subunit of RNA polymerase (AMA-1),
which was unaffected. This suggests that the effects of mes-4 RNAi
are confined to the ectopically expressed MES-4 germline genes. In
addition, to confirm that the reduced expression of MES-4 germline
genes in spr-5,; met-2 progeny treated with mes-4 RNAi was due to
the elimination of the ectopic expression of MES-4 germline genes,
we performed smFISH on the two MES-4 germline targets, htp-1
and ¢pb-1, in L1 progeny from spr-5; met-2 hermaphrodites fed
control (L4440) RNAI versus mes-4 RNAIi (Fig. S11). mes-4 RNAi
eliminated the ectopic smFISH signal. This demonstrated that the
expression of these two MES-4 germline targets in somatic tissues
was dependent upon MES-4.

MES-4 is not ectopically expressed in spr-5; met-2 progeny

It is possible that SPR-5 and MET-2 may target MES-4 germline
genes directly. Alternatively, SPR-5 and MET-2 could target the
mes-4 locus, resulting in indirect effects on MES-4 germline
genes. To distinguish between these possibilities, we
determined whether MES-4 is ectopically expressed in spr-5;
met-2 progeny by examining the expression of a mes-4::GFP
transgene in these animals. We do not detect any ectopic
expression of MES-4 in spr-5,; met-2 progeny (Fig. S12). This
suggests that SPR-5 and MET-2 do not function indirectly by
repressing mes-4.

Knocking down MES-4 rescues developmental delay in spr-5;
met-2 progeny

To test whether the developmental delay phenotype that we
observed in spr-5; met-2 progeny is also dependent on the ectopic
expression of MES-4 germline genes, we fed spr-5; met-2
hermaphrodites mes-4 RNAi and monitored their progeny for
72 h after a synchronized lay. If the developmental delay is
dependent upon the ectopic expression of MES-4 germline genes, it
should be suppressed when this ectopic expression is eliminated via
mes-4 RNAi. By 72h, all of the wild-type progeny from
hermaphrodites fed either L4440 control (1089/1089) or mes-4
(1102/1102) RNA1 were adults (Fig. 6A,B,G). Also, consistent with
our previous observations, all but one of the spr-5; met-2 mutant
progeny (729/730) from hermaphrodites fed control RNAi
remained in the L2-L3 larval stages (Fig. 6D,G). In contrast, most
of spr-5; met-2 progeny (569/618) from hermaphrodites fed mes-4
RNAI developed to adults (Fig. 6E,G; unpaired #-test, P<0.0001).
Though, as expected, these animals remained sterile owing to the
mes-4 RNAI preventing any germline formation.

Knocking down SET-2 rescues spr-5; met-2

developmental delay

If the developmental delay of spr-5; met-2 mutants is caused by
ectopic inheritance of H3K4me2 driving the expression of MES-4
germline genes in somatic tissues, we would expect the
developmental delay of spr-5; met-2 progeny to be dependent
upon the H3K4 methyltransferase SET-2. To test this, we monitored
the development of progeny of spr-5; met-2 hermaphrodites fed set-
2 RNAI for 72 h after a synchronized lay. Identical to wild-type
progeny from hermaphrodites fed control RNAI, sez-2 RNAi had no
effect on the development of wild-type animals, as all of the wild-
type progeny from hermaphrodites fed set-2 RNAi developed to
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Fig. 4. MES-4 germline genes display ectopic H3K36me3 in spr-5; met-2 L1 progeny. (A,B) Heatmap of H3K36me3 ChlIP-seq reads normalized to
RPKM over the gene bodies of 196 MES-4 germline genes in wild-type (A) versus spr-5; met-2 (B) L1 progeny (second replicate in Fig. S9). (C) Plot profile
corresponding to heatmaps in A (wild type, brown) and (B) (spr-5; met-2, blue). (D,E) Heatmap of H3K36me3 ChlP-seq reads normalized to RPKM over the gene
bodies of all germline genes in wild-type (D) versus spr-5; met-2 (E) L1 progeny. (F) Plot profile corresponding to heatmaps in D (wild type, brown) and E (spr-5;
met-2, blue). Gene bodies were pseudoscaled to 1 kb with 500 bp borders separated by orange bars that represent the transcriptional start site (TSS) and
transcriptional end site (TES). (G-V) Integrative genome viewer (IGV) image of H3K36me3 ChlP-seq reads normalized to RPKM at MES-4 germline genes
(G-K,0-S) and control genes (L-N,T-V) in wild-type (G-N) versus spr-5; met-2 (O-V) L1 progeny. RPKM IGV windows were scaled between 0 and 202 RPKM for all

genes.

adults by 72 h (1114/1114) (Fig. 6C,G). However, in contrast to
spr-5; met-2 progeny fed control RNAi that were developmentally
delayed, most of the progeny from spr-5; met-2 hermaphrodites fed
set-2 RNAI developed to adults (347/384) (Fig. 6F,G; unpaired #-
test, P<0.0001).

spr-5; met-2 progeny acquire transgene silencing in

somatic tissues

The somatic expression of MES-4 germline genes involved in
germline transgene silencing (Figs S4C and S5C) raises the
possibility that the somatic tissues in spr-5; met-2 progeny may

6
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acquire the ability to silence transgenes, a function normally
restricted to germline cells. To test this, we examined the somatic
expression of an extrachromosomal multicopy let-858 transgene
that is normally silenced in the germline by both transcriptional and
posttranscriptional germline silencing mechanisms (Kelly and Fire,
1998). This analysis was performed in spr-5; met-2 mutant L2
larvae that were undergoing developmental delay. In wild type,
most of the L2 progeny (117/132) expressed ubiquitous high levels
of LET-858::GFP throughout the entire soma (Fig. 7A,B,K),

mes-4 RNAI set-2 RNAI

control RNAI

spr-5; met-2

whereas the remaining progeny (15/132) expressed what we
described as a ‘faint” level of expression (Fig. 7C,D.K). In
contrast, almost none of the spr-5; met-2 L2 progeny (2/87)
displayed a high level of transgene expression comparable with the
high level seen in most wild-type progeny (Fig. 7E,F,K). Instead,
the majority of spr-5; met-2 progeny (64/87) had faint LET-858::
GFP expression that is comparable with the faint expression
observed in wild-type progeny (Fig. 7G,H.K). The remaining 21
spr-5; met-2 progeny had no LET-858::GFP expression. Because

Fig. 6. Knocking down MES-4 rescues developmental
delay in spr-5; met-2 progeny. (A-F) DIC images of wild-
type (A-C) or spr-5; met-2 (E-F) progeny from
hermaphrodite parents treated with control (L4440 vector
only) RNAI (A,D), mes-4 RNAI (B,E) or set-2 RNAi

(C,F) 72 h post synchronized lay. (G) Quantification of the
number of progeny (represented as % Adult Progeny)
from A-F that made it to adults by 72 h. Data are meant
s.d. from two or three experiments. N represents the total
number of progeny from 30-40 hermaphrodites scored
across independent experiments. *P<0.05, ****P<0.0001
(two-tailed unpaired t-test). n.s. represents P>0.05. Scale
bars: 100 pm.

G
WT (control RNAI)- IN=1089
WT (mes-4 RNAi)- HN = 1102
WT (set-2 RNAI)- IN=1114
spr-5; met-2 (control RNAi)-] N =730 . I
spr-5; met-2 (mes-4 RNAI)- —iN=618 y
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less than 50% of progeny inherited the ler-858 transgene, we
normalized the percentage of progeny scored as ‘off” for LET-858::
GFP to the presence of the let-858 transgene based on genotyping
for gfp (see Materials and Methods). For wild type, all of the 60 L2
progeny that were scored as ‘off” failed to inherit the ler-858
transgene, indicating that the transgene is never silenced in wild-
type progeny. However, for spr-5, met-2 L2 progeny, eight out of 50
progeny that were scored as ‘off” inherited the let-858 transgene,
indicating that the /er-858 transgene can be completely silenced in
some spr-5,; met-2 progeny. After normalization for the transgene
inheritance, we observed that 21/87 of spr-5; met-2 progeny
displayed no visible expression of the let-858::GFP transgene
(Fig. 71,1,K).

DISCUSSION

spr-5; met-2 maternal reprogramming prevents
developmental delay by restricting ectopic MES-4
bookmarking

SPR-5 and MET-2 act maternally to reprogram histone methylation
and prevent the transcriptional state of the parent from being
inappropriately transmitted to the offspring (Kerr et al., 2014). In
this study, we found that the loss of SPR-5 and MET-2 maternal
reprogramming led to a severe developmental delay that was
associated with the ectopic expression of MES-4 germline genes in
somatic tissues. This finding raises the possibility that SPR-5 and
MET-2 reprogramming blocks the ectopic expression of MES-4

DIC

Fig. 7. let-858 transgene silencing in

the soma of spr-5; met-2 mutants.

(A-J) Representative 40x differential
contrasting interference (DIC) (A,C,E,G,l)
and immunofluorescent (B,D,F,H,J) images
of wild-type (A-D) and spr-5; met-2 (E-J) L2
progeny. Arrows denote faint expression of
LET-858::GFP. (K) Percentage of animals in
which the expression level of LET-858::GFP
was scored as either bright expressing (bright
green, representatives shown in panels B
and F), faint expressing (dark green,
representatives shown in panels D and H) or
not expressing (black, representative shown
in panel J) in wild-type (N=132) versus spr-5;
met-2 (N=87) progeny. The quantification
represents the percentages of LET-858::GFP
expressing progeny from two independent
experiments. To control for the segregation of
the let-858 transgene, progeny scored as ‘off’
were normalized for the presence of the
let-858 transgene in animals as detected by
PCR (see Materials and Methods). Scale
bars: 50 ym.

LET-858::GFP

bright

21/87

germline genes by preventing the accumulation of MES-4-
dependent H3K36me3 at a subset of germline genes in somatic
tissues. Consistent with this possibility, most of the MES-4
germline genes were increased in spr-5; met-2 mutants
compared with wild type in L1 larvae. Using smFISH, we
confirmed the somatic expression of two ectopically expressed
MES-4 germline genes, htp-1 and cpb-1. Although htp-1 mRNA
was ectopically detected in many somatic tissues, the ectopic
expression of cpb-I mRNA was more restricted, suggesting that
the extent of ectopic expression is dependent upon the locus.
However, further experiments are required to determine why
some MES-4 germline genes may be more ectopically expressed
than others.

In the absence of SPR-5 and MET-2 reprogramming, MES-4
germline genes accumulate ectopic H3K36me3 in the soma. This
suggests that, without SPR-5 and MET-2 reprogramming, MES-4
ectopically maintains H3K36me3 at these genes in somatic tissues.
Consistent with this finding, Greer et al. have previously reported
that there are elevated bulk levels of H3K36me3 in mixed
populations of spr-5 single mutants (Greer et al., 2014). Of note,
we observed a low level of H3K36me3 at germline genes in the
somatic tissues of wild-type progeny. It is unclear why there is a low
level of H3K36me3 normally in somatic tissues in wild-type
animals. Nevertheless, the absence of transcription associated with
this low level of H3K36me3 indicates that an increased level of
H3K36me3 is necessary to cause ectopic transcription.
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If the ectopic maintenance of H3K36me3 in the soma of spr-5;
met-2 mutant progeny is causing the developmental delay, then
removal of MES-4 should rescue the ectopic expression and
developmental delay. Indeed, we found that the removal of MES-4
rescued both the ectopic transcription of MES-4 germline genes in
the soma of spr-5; met-2 progeny, and the developmental delay.
Taken together, our data provide evidence that the developmental
delay of spr-5, met-2 progeny is caused by the ectopic expression of
MES-4 germline genes.

How does an ectopic transcriptional program interfere with
developmental timing?
How does the ectopic expression of germline genes interfere with
somatic tissues to cause developmental delay? One possibility is
that the ectopic expression of MES-4 germline genes causes the
soma to take on germline characteristics. To begin to address this,
we asked whether spr-5; met-2 double mutants can silence an
extrachromosomal array in somatic tissues. The silencing of
extrachromosomal arrays is normally restricted to the germline
(Kelly and Fire, 1998). However, we found that spr-5; met-2
progeny acquired some ability to silence an extrachromosomal
multicopy array in somatic cells. Consistent with this finding, loss of
the somatic repressor LIN-35 also resulted in the somatic silencing
of'a GFP transgene (Wang et al., 2005), suggesting that LIN-35 also
contributes to the repression of germline genes in somatic tissues.
In the spr-5; met-2 mutant RNA-seq we detected the ectopic
expression of RNA-dependent RNA polymerase genes (e.g. 77/~1 and
gld-2) as well as genes involved in the RNAI effector complex (e.g.
hrde-1 and ppw-1) (Table S13). These pathways have previously
been implicated in gene silencing (Buckley et al., 2012; Sijen et al.,
2001; Tijsterman et al., 2002). Thus, similar to what has been found
in /in-35 mutants (Wang et al., 2005), it is possible that the somatic
silencing of the transgene in spr-5; met-2 mutants is due to the
induction of the germline small RNA pathway. In a reciprocal
fashion, heritable silencing via small RNAs requires MET-2 (Lev
etal., 2017). This interaction between MET-2 and small RNAs in the
germline is consistent with the possibility that the chromatin and
small RNA pathways may also be functioning together in the soma.
Normally in L1 larvae, the primordial germ cells, Z2 and Z3, are
arrested at the G2/M checkpoint (Fukuyama et al., 2006). In the
spr-5; met-2 mutant RNA-seq, we detected the ectopic expression
of genes involved in the negative regulation of proliferation and the
cell cycle, as well as G2/M checkpoint genes. Thus, it is possible
that ectopic expression of germline genes normally expressed only
in Z2 and Z3 contributes to the developmental delay through
the ectopic activation of germline cell cycle control. Regardless, the
silencing of the extrachromosomal multicopy array suggests that the
somatic tissues in spr-5; met-2 progeny make functional proteins
that can perform some germline functions. We propose that either
ectopic germline transcription, or an ectopic germline function
resulting from this ectopic transcription, interferes with the ability of
somatic cells to properly enact their transcriptional program. This
background noise delays the proper adoption of cell fate, leading to
an overall delay in the development of the tissue.

A model for how the inheritance of histone methylation is
balanced to specify germline versus soma

By linking maternal spr-5; met-2 reprogramming to the MES-4
germline inheritance system, our data provide a rationale for the
existence of MES-4 bookmarking, through the following model.
spr-5; met-2 reprogramming prevents H3K4me2 transcriptional
memory from being inappropriately propagated from one

generation to the next. MES-4 antagonizes this reprogramming to
help germline genes reactivate in the embryonic germline. When
spr-5; met-2 reprogramming is defective, MES-4 ectopically
maintains H3K36me3 in the soma, causing developmental delay.

The model that we are proposing is based on the following
evidence. In the germline, transcriptional elongation is blocked by
PIE-1, which segregates to germline blastomeres during
embryogenesis (Batchelder et al., 1999; Mello et al., 1992; Seydoux
etal., 1996) (Fig. 8A,B). In the soma of the early embryo, there is also
very little transcription, because the bulk of zygotic transcription does
not begin until approximately the 60-cell stage. This stage is just
before when the primordial germ cells, Z2 and Z3, are specified
(Sulston et al., 1983). Thus, in C. elegans, germline versus soma is
largely specified without transcription.

During normal maternal reprogramming, SPR-5 and MET-2 are
deposited into the oocyte. At fertilization they facilitate the
reprogramming of previously expressed genes from an active
chromatin state to a repressed chromatin state by removing
H3K4me2 and adding H3K9me2 (Kerr et al., 2014) (Fig. 8A).
This reprogramming is necessary to prevent the transcriptional
memory of the previous generation from being inappropriately
propagated to the progeny. Genes epigenetically reprogrammed by
SPR-5 and MET-2 include ubiquitously expressed genes and
germline-expressed genes, a subset of which are MES-4 germline
genes. The MES-4 germline genes are subsequently targeted by the
transcription-independent H3K36 methyltransferase, MES-4, to
maintain H3K36me3 in the germ lineage during embryogenesis
(Fig. 8A,B). We propose that H3K36 methylation bookmarking
antagonizes the repression caused by the erasure of H3K4me2 and
the addition of H3K9me2. Without the transcription-independent
maintenance of inherited H3K36 methylation from the mother to
antagonize this repression, the germline fails to proliferate and
animals are sterile (Capowski et al., 1991; Garvin et al., 1998). The
failure to proliferate and sterility caused by loss of MES-4 may be in
part because germline genes that are targeted by MES-4 fail to
reactivate, though it has yet to be demonstrated. Thus, the MES-4
bookmarking system may be necessary for crucial germline genes to
bypass the global epigenetic reprogramming that occurs at
fertilization to prevent transgenerational inheritance. We refer to
this initial phase of filtering inherited histone methylation at
fertilization as the establishment phase. Importantly, as multiple
studies have shown that small RNAs are required for transgenerational
inheritance (Ashe et al., 2012; Buckley et al., 2012; Lev et al., 2017), it
is possible that small RNAs facilitate the inheritance of MES-
4-dependent H3K36 methylation. The ectopic expression of some
RNA machinery in spr-3,; met-2 double mutants hints at this potential
connection. However, no direct link has been found yet between small
RNAs and the MES-4 inheritance system.

Following this establishment phase, a maintenance phase is
required to propagate this initial pattern of histone methylation
throughout embryogenesis. The MES-4 bookmarking system is
localized primarily to the primordial germ cells in later embryonic
development (Furuhashi et al., 2010; Rechtsteiner et al., 2010). This
concentration of MES-4 to the germline helps to maintain MES-4
bookmarking for germline specification later in embryonic
development. However, MES-4 is also present in somatic cells
(Furuhashi et al., 2010; Rechtsteiner et al., 2010). This makes
germline genes targeted by MES-4 vulnerable to the ectopic
maintenance of H3K36me3 bookmarking by MES-4 in the soma.
Consistent with MES-4 being present in somatic cells during
embryogenesis, we first detected the ectopic expression of Ztp-1 in
the embryo after zygotic genome activation. The presence of MES-4
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Fig. 8. A model for how maternal reprogramming of inherited histone methylation helps to specify germline versus soma. (A) During development,
SET-2 and MET-1 add transcriptionally coupled H3K4me1/2 and H3K36me2/3 to germline-expressed genes in the parental germline, respectively. At fertilization,
these germline-expressed genes undergo maternal epigenetic reprogramming (establishment phase) by SPR-5 and MET-2 to remove H3K4me1/2 and add
H3K9me1/2. In the germline blastomeres of the embryo, PIE-1 prevents global transcription by inhibiting POL-II. In the absence of transcription, MES-4 maintains
H3K36me2/3 at MES-4 germline genes that have acquired transcriptionally coupled H3K36me2/3 in the previous germline. This enables these genes to avoid
being repressed by maternal spr-5; met-2 reprogramming and ensures that these genes remain bookmarked for re-expression once the germline begins to
proliferate later in development. In addition, multiple systems, such as LIN-15B and LIN-35, as well as MEP-1 and LET-418, function in somatic tissues to further
antagonize H3K36 bookmarking by MES-4 (maintenance phase). (B) Without SPR-5 and MET-2 maternal reprogramming, H3K4me1/2 is inappropriately
inherited in somatic tissues, allowing MES-4 to ectopically add H3K36me2/3 at these germline genes. This leads to ectopic expression of MES-4 germline genes
in somatic tissues and a severe developmental delay. Orange circles represent somatic cells, gray circles outlined in blue dashed-lines represent germ cells and
orange circles outlined in dashed-blue lines depict somatic cells that ectopically express MES-4 germline genes. P-lineage germline blastomeres are indicated by

the letter P, and the primordial germline cells are indicated by Z2 and Z3.

in somatic cells during embryogenesis may explain why additional
transcriptional repressors, such as LIN-15B and LIN-35, as well as
MEP-1 and LET-418, function in somatic tissues to restrict H3K36
bookmarking by MES-4 to the germline. Thus, in the maintenance
phase, the balance of MES-4 and the pathways that somatically
antagonize MES-4 maintain the histone methylation pattern that is
initiated during the establishment phase. Interestingly, LET-418
may also help to maintain SPR-5 repression in the C. elegans
germline, as SPR-5 and LET-418 have been shown to function
synergistically to prevent somatic reprogramming of germline stem
cells (Kédser-Pébernard et al., 2014). Taken together, we propose
that SPR-5, MET-2 and MES-4 carefully balance the inheritance of
three different histone modifications, H3K4, H3K9 and H3K36
methylation, to ensure the proper specification of germline versus
soma in the absence of transcription.

The model that we have proposed makes the following two
predictions. First, MES-4 germline genes should normally be
targeted for continued silencing by H3K9me?2 in somatic tissues. It
has recently been shown that a subset of germline-specific genes
contain H3K9me2 at their promoters in somatic tissues
(Rechtsteiner et al., 2019). We re-examined the H3K9me2 ChIP-
seq dataset from this work and found that the MES-4 germline genes
that are ectopically expressed in the somatic tissues of spr-5; met-2
progeny also displayed unique H3K9me2 promoter peaks. This
confirms that MES-4 germline genes are normally repressed by
H3K9me2 in somatic tissues.

The second prediction from our model is that the ectopic
inheritance of H3K4 methylation at MES-4 germline genes
overwhelms the somatic repression systems. Despite the presence
of these transcriptional repressor complexes and chromatin

10

DEVELOPMENT



RESEARCH ARTICLE

Development (2021) 148, dev196600. doi:10.1242/dev.196600

remodelers to antagonize MES-4 bookmarking in the soma, loss of
spr-5; met-2 maternal reprogramming results in the somatic
expression of MES-4 germline genes. This suggests that the
failure to add H3K9me?2, as well as the inappropriate retention of
H3K4me2, results in a chromatin environment that is permissive for
the ectopic maintenance of H3K36me3 in the soma, even in the
presence of the pathways that repress MES-4 bookmarking
somatically (Fig. 8B). If this is the case, then the developmental
delay in spr-5; met-2 progeny should also be dependent upon the
activity of the H3K4 methyltransferase. We found that RNAi-
mediated depletion of SET-2, the H3K4mel/2 methyltransferase,
rescued the developmental delay that we observed in spr-5; met-2
progeny. These findings suggest that the inheritance of ectopic
H3K4 methylation enables the ectopic accumulation of MES-4-
dependent H3K36me3, and the subsequent ectopic expression of
MES-4 germline genes in somatic tissues of spr-5; met-2 progeny.
Consistent with SPR-5 and MET-2 functioning directly at MES-4
targets, we found no evidence of ectopic MES-4 in spr-5; met-2
progeny. It is not entirely clear how the subsequent ectopic
maintenance of H3K36me3 facilitates ectopic expression. However,
it should be noted that there were some differences in which MES-4
germline genes were ectopically expressed between our two spr-35;
met-2 RNA-seq experiments. This stochasticity is consistent with
H3K36me3 being permissive, rather than instructive, for
transcription. If this is the case, it is doubtful that the spr-5,; met-2
developmental delay is caused by the inappropriate expression of
any single MES-4 germline gene. Rather, it is likely that the
developmental delay is caused by either the inappropriate
expression of multiple MES-4 germline genes, or the ectopic
activation of the MES-4 germline program.

The model that we have presented here is composed of two phases,
an initiation phase and a maintenance phase. The timing of these two
phases is consistent with the known expression patterns of the
enzymes in C. elegans. For example, maternal SPR-5 is present in the
early embryo up to the eight-cell stage, but gone in later embryos
(Katz et al., 2009). In contrast, maternal MES-4 continues to be
expressed in much later-staged embryos (Rechtsteiner et al., 2010).
The timing presented in our model is also partially based on the
known requirement for maternal LSD1 (vertebrate SPR-5 ortholog)
to function between fertilization and the two-cell stage in mice
(Wasson et al., 2016). Nevertheless, no definitive evidence exists that
the two phases are distinct timing wise. Thus, further investigation
will be required to substantiate the proposed timing in our model.

Conservation of maternal epigenetic reprogramming
between invertebrates and vertebrates
Epigenetic reprogramming at fertilization is a problem that all sexually
reproducing organisms must solve (Lee and Katz, 2020). Thus, it is
possible that the mechanisms of epigenetic reprogramming may be
conserved. Along with the Heard lab, we have previously
demonstrated that progeny from mice that lack maternal LSDI1
ectopically maintain the expression of germline genes in the embryo,
leading to embryonic arrest at the two-cell stage (Ancelin et al., 2016;
Wasson et al., 2016). Similarly, maternal loss of the MET-2 ortholog
SETDBI1 or the MES-4 ortholog NSD1 in mice results in early
embryonic lethality (Kim et al., 2016; Rayasam et al., 2003). Together,
these results underscore the developmental importance of properly
regulating histone methylation between generations and raise the
possibility that the mechanism we have uncovered is conserved in
mammals.

The model that we have proposed may also help explain the
mechanism underlying patients harboring mutations in various

histone-modifying enzymes. Recent genome sequencing has
revealed that several neurodevelopmental disorders are caused by
mutations in histone-modifying enzymes (extensively reviewed by
Kim et al., 2017). These include mutations in: (1) the H3K36
methyltransferase SETD2 and the H3K27 demethylase KDMG64,
which cause Kabuki Syndrome (Lederer et al., 2012); (2) the human
ortholog of spr-5, LSD1, which causes a Kabuki-like Syndrome
(Chong et al.,, 2016; Tunovic et al., 2014); (3) the H3K36
methyltransferase NSDI which causes Sotos Syndrome (Kurotaki
et al., 2002). Similar to what we observed in spr-3; met-2 mutant
progeny, many of the human patients with mutations in these
histone modifying enzymes suffer from global developmental delay.
Based on our model, it is possible that the developmental delay in
these patients may be caused by the failure to properly regulate histone
methylation during crucial developmental transitions. The resulting
inappropriate inheritance of histone methylation could result in the
ectopic expression of a developmental program in an inappropriate
tissue, leading to background noise and developmental delay.

MATERIALS AND METHODS

Strains

All C. elegans strains were grown and maintained at 20°C under standard
conditions, as previously described (Brenner, 1974). The C. elegans spr-5
(by101)(1) strain was provided by R. Baumeister (Albert Ludwig University of
Freiburg, Germany). The N2 Bristol wild-type (wild type) strain was provided
by the Caenorhabditis Genetics Center. The met-2 (n4256)(1ll) strain was
provided by R. Horvitz (Massachusetts Institute of Technology, MA, USA).
The mes-4(bnl149(mes-4::gfp::ha.:6xhis))(V) strain was provided by Susan
Strome (The University of California, Santa Cruz, CA, USA). The h72 /bli-
4(e937)let-?(q782)qls48] (I;111) balancer strain was used to maintain spr-5
(by101)(1); met-2 (n4256)(1ll) double-mutant animals as heterozygotes.
Because the hT2 [bli-4(e937)let-? (q782)qls48] (1;11]) balancer allele does not
extend completely to the spr-5 locus on chromosome I, the FO animals used to
generate F1 spr-5; met-2 progeny were cloned out and genotyped to confirm
the presence of the spr-5 (by101)(I) allele. For genotyping, single animals
were picked into 5-10 ul of lysis buffer [S0 mM KCl, 10 mM Tris-HCI (pH
8.3), 2.5 mM MgCl,, 0.45% NP-40, 0.45% Tween-20, 0.01% gelatin] and
incubated at 65°C for 1 h followed by 95°C for 30 min. PCR reactions were
performed with AmpliTaq Gold (Invitrogen) according to the manufacturer’s
protocol and reactions were resolved on agarose gels (see Table S9 for
genotyping primer sequences). Before completing this study we acquired the
FX30208 tmC27 [unc-75(tmls1239)](1) from the Caenorhabditis Genetics
Center that completely covers the spr-5 locus on chromosome 1. The gC/
[qls26 (lag2::GFP+rol-6(sul006)](Ill) strain was obtained from W. Kelly
(Emory University, GA, USA) and crossed to met-2 (n4256)(I1l) to maintain
met-2(n4256)(1l) as heterozygotes. The spr-5 (by101)(1)/tmC27 [unc-
75(tmls1239)](1);  met-2(n4256)(Il1)/qC1  [qls26  (lag2::gfp+  rol-
6(sul006))](I11) strain was then re-created for this study to maintain spr-5
(by101)(I); met-2 (n4256)(11l) double-mutant animals as balanced
heterozygotes. The LET-858::GFP [pha-1(e2123ts)(1ll); [let-858::gfp
(ccEx7271)] (Kelly and Fire, 1998) transgenic strain used in somatic
transgene silencing assays was acquired from W. Kelly.

Scoring developmental delay

C. elegans adult hermaphrodites were allowed to lay embryos for 2-4 h and
then removed in order to synchronize the development of progeny. Progeny
were then imaged and scored for development to the adult stage at either
72 h or seven days after synchronized lay, depending on the experiment. To
monitor embryogenesis, C. elegans adult hermaphrodites were dissected
and the four-cell stage was established as the starting point, 0 min, for each
strain. Subsequently, time-lapse images were obtained at 30 min, 60 min
and 120 min.

RNA-seq and analysis

Total RNA was isolated using TRIzol reagent (Invitrogen) from 200-250
starved L1 larvae born at room temperature (21°C-22°C) overnight in M9
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Buffer. Owing to the difficulty in isolating large numbers of spr-5; met-2
double-mutant progeny from the h72 [bli-4(e937)let-?(q782)qls48](I;111)
balancer strain, we submitted total RNA to the Genomic Services
Laboratory, HudsonAlpha Institute for Biotechnology (GSL) for low
input RNA-seq services. This service uses the Ovation RNA-Seq System V2
kit (Nugen) for initial RNA amplification before library preparation and
sequencing (Illumina HiSeq v4, 50 bp paired-end reads). For each genotype,
two biological replicates were obtained. During the course of these
experiments, the FX30208 tmC27 [unc-75(tmls1239)](I) balancer became
available from the Caenorhabditis Genetics Center. This balancer
completely covers the spr-5 locus on chromosome I. Using this balanced
strain, we performed a repeat spr-5; met-2 RNA-seq experiment with three
additional biological replicates of spr-5, met-2 versus wild-type L1 progeny.
We submitted the total RNA from new replicates of the repeat RNA-seq to
Georgia Genomics and Bioinformatics Core (University of Georgia, GA,
USA) for standard Poly-A RNA-seq services (Illumina Nextseq, 50 bp
paired-end reads). Downstream quality control and analysis were performed
identically for both RNA-seq experiments. For both the low-input and
repeat standard RNA-seq, sequencing reads were checked for quality using
FastQC (Wingett and Andrews, 2018), filtered using Trimmomatic (Bolger
et al., 2014) and remapped to the C. elegans transcriptome (cel0, WS220)
using HISAT2 (Kim et al., 2015). Read count by gene was obtained by
FeatureCounts (Liao et al., 2014). Differentially expressed transcripts for the
low-input RNA-seq experiment (significance threshold, Wald test, P-value
<0.05) and the repeat RNA-seq experiment (significance threshold, Wald
test, P-adj<0.05) were determined using DESEQ2 (v.2.11.40.2) (Love et al.,
2014). Transcripts per million (TPM) values were calculated from raw data
obtained from FeatureCounts output. Subsequent downstream analysis was
performed using R with normalized counts and P-values from DESEQ2
(v.2.11.40.2). Heatmaps were produced using the ComplexHeatmap
R Package (Gu et al., 2016). Data were scaled and hierarchical clustering
was performed using the complete linkage algorithm. In the linkage
algorithm, distance was measured by calculating pairwise distance. Volcano
plots were produced using the EnhancedVolcano package (v.0.99.16). In
addition, GO Pathway analysis was performed using the online platform
WormEnrichr (Chen et al., 2013; Kuleshov et al., 2016). R scripts for
heatmaps, volcano plots and GO analysis have been deposited into GEO
under accession code GSE143839. Rechtsteiner and colleagues identified
214 MES-4 germline genes (Rechtsteiner et al., 2010): 17 of these genes are
pseudogenes that we were unable to convert from Ensembl transcript IDs to
RefSeq mRNA accession, and another gene was duplicated, so we removed
those genes. This leaves 196 MES-4 germline genes that we used for our
analysis. An additional heatmap comparison of differentially expressed
genes between spr-3, met-2 and spr-5; met-2 progeny compared with wild-
type progeny was generated in Microsoft Excel using log2 fold change
values from the DESEQ2 analysis. Because transcript isoforms were
ignored, we discuss the data in terms of ‘genes expressed’ rather than
‘transcripts expressed’.

ChlP-seq and analysis

ChIP experiments were performed as described by Katz et al. (2009).
Briefly, 600 starved L1 larvae born at room temperature (21°C-22°C)
overnight in M9 Buffer were collected, frozen in liquid nitrogen and stored
at —80°C before homogenization. Frozen pellets were disrupted by a glass
Dounce homogenizer, fixed with formaldehyde (1% final concentration)
and quenched with glycine. ChIP samples were processed with a Chromatin
Immunoprecipitation Assay Kit (Millipore), according to the
manufacturer’s instructions. Samples were sonicated using a Diagenode
Bioruptor UCD-200 at 4°C on the ‘high’ setting for a total of 30 min with a
cycle of 45 son and 15 s off. A total of 12.5 pL (5 ng) H3K36me3 antibody
(61,021; Active Motif) was used for immunoprecipitation. The GSL
performed library preparation and sequencing (Illumina HiSeq v4, 50 bp
single-end reads). Reads were checked for quality using FastQC (Wingett
and Andrews, 2018) and remapped to the C. elegans transcriptome (cel0,
WS220) using Bowtie2 (Langmead and Salzberg, 2012; Langmead et al.,
2009) under default parameters. bamCoverage in deepTools2 (Ramirez
etal., 2016) was used to generate bigwig coverage tracks in 50 bp bins, with
blacklisted regions from McMurchy et al. (2017) excluded, using the

following parameters: -bs 50, —normalizeUsing RPKM (McMurchy et al.,
2017). MACS2 (Feng et al., 2012; Zhang et al., 2008) default parameters
were used to call peaks and create bedgraph files for sequenced and mapped
H3K36me3 ChIP samples and input DNA samples with the following
adjustments to account for H3K36me3 broader domains: Broad-cutoff =
0.001. Blacklisted regions from McMurchy et al. (2017) were excluded for
this analysis. Using published H3K36me3 modMine Chip-chip called broad
peaks (modENCODE_3555) from wild-type L1 larvae as a guide, we then
merged called broad peaks within 1200 bp using Bedtools: MergeBED
(Quinlan and Hall, 2010). H3K9me2 bedgraph files used in our analysis
were from a published dataset (Rechtsteiner et al., 2019). Integrative
Genome Viewer (IGV) was used to visualize H3K36me3 reads normalized
to reads per kilobase millions (RPKM) and H3K9me?2 reads normalized to
15 million reads (genome-wide coverage of H3K9me2; Rechtsteiner et al.,
2019).

RNAi methods

RNAI by feeding was carried out using clones from the Ahringer library
(Kamath and Ahringer, 2003). Feeding experiments were performed on
RNAI plates (NGM plates containing 100 pg/ml ampicillin, 0.4 mM IPTG,
and 12.5 pg/ml tetracycline). FO worms were placed on RNAI plates as L2
larvae and then moved to fresh RNAi plates 48 h later where they were
allowed to lay embryos for 2-4 h. FO worms were then removed from plates
and sacrificed or placed in M9 buffer overnight so that starved L1 progeny
could be isolated for quantitative PCR (qPCR). F1 progeny were scored 72 h
after the synchronized lay for developmental progression. For each RNAi
experiment, pos-/ RNAi was used as a positive control. For each RNAi
experiment reported here, pos-I RNAi resulted in >95% embryonic
lethality, indicating that RNAI plates were optimal.

Real-time expression analysis

Total RNA was isolated using TRIzol reagent (Invitrogen) from
synchronized Lls born at room temperature (21°C-22°C). cDNA
synthesis and qPCR were carried out as previously described (Kerr et al.,
2014). A total of two biological replicates were performed and for both
biological replicates experiments were performed in triplicate and
normalized to ama-I mRNA expression (see Table S10 for RT-PCR
primer sequences).

Differential interference contrast microscopy

Worms were immobilized in 0.1% levamisole and placed on a 2% agarose
pad for imaging at either 10x or 40x magnification. The 40x DIC images
were overlaid together using Adobe Photoshop to generate high resolution
images of whole worms. For the embryogenesis time course, dissected four-
cell embryos were mounted on a 2% agarose pad, covered with a coverslip
and sealed with petroleum jelly. Embryos were imaged at 100x
magnification.

smFISH

Quasar 570-labeled smFISH probe sets for Afp-1 and cpb-1 were designed
using Stellaris Probe Designer (Biosearch) (see Tables S7,S8 for probe
sequences). The htp-1 smFISH probes were designed using the complete
1059nt Atp-1 protein-coding sequence. Likewise, the cph-1 smFISH probes
were designed using the complete 1683nt cpb-1 protein-coding sequence. In
addition, an smFISH fluorescent probe set for ama-1 was purchased from
the DesignReady catalog (VSMF-6002-5, Biosearch). Synchronized L1
larvae for smFISH were obtained by bleaching 300-500 gravid
hermaphrodites and allowing embryos to hatch overnight on 6 cm NGM
plates lightly seeded with OP50 bacteria. L1 larvae were then washed into
1.5 ul Eppendorf tubes using nuclease-free M9 buffer. Fixation and
hybridization steps followed the Stellaris RNA FISH protocol for C. elegans
adapted from the Raj lab protocol (Raj and Tyagi, 2010). In brief, we
resuspended L1 larvae in fixation buffer (3.7% formaldehyde in 1xPBS) for
15 min at room temperature then transferred tubes to liquid nitrogen.
Samples were thawed in water and placed on ice for 20 min. We obtained
better fluorescent signal by freeze cracking L1 larvae. Following fixation,
L1 larvae were resuspended in 70% EtOH and stored at 4°C for 24-48 h. For
all probe sets, we incubated L1 larvae in 100 pl hybridization buffer
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(containing 10% formamide and 125 nm probe) for 4 h at 37°C. After
hybridization, samples were washed in wash buffer at 37°C for 30 min,
incubated in 50 ng/mL DAPI in wash buffer at 30°C for 30 min, washed
once in 2x SSC for 2 min at room temperature and mounted in Vectashield
mounting medium. Mounted slides were imaged immediately using a 100x
objective on a spinning-disk confocal Nikon-TiE imaging system. Images
were captured using NIS-Elements software (Nikon), and Imagel (http:/
imagej.nih.gov/ij/) was used for viewing. ImageJ maximum projection was
used to project z-stack images to a single plane. The fluorescent intensity of
smFISH dots were >2-fold above background as expected (Ji and van
Oudenaarden, 2012).

Immunofluorescence staining

L1 larvae were permeabilized on slides using the freeze-crack method and
immediately fixed with methanol/acetone as previously described (Duerr,
2013). Following fixation, slides were washed once with 1x PBST
(phosphate buffer saline with 0.1% Tween-20) then blocked for 30 min in
Antibody Buffer (1x PBST with 0.5% bovine serum albumin and 0.01%
sodium azide). Primary antibody staining to detect the mes-4(bnl49(mes-4::
gfp::ha::6xhis))(V) allele was performed overnight at room temperature
using a rabbit polyclonal anti-GFP antibody (ab6556, Abcam) at a 1:500
dilution. After three washes with 1x PBST, secondary antibody staining was
performed for 1 h at room temperature using an Alexa Fluor 594-conjugated
goat anti-rabbit antibody (A32740, Invitrogen) at a 1:500 dilution.
Following incubation with secondary antibody, slides were washed twice
with 1x PBST and once with 1x PBST containing 200 ng/ml DAPI. After
three washes with 1x PBST, slides were mounted in Vectashield mounting
medium and imaged immediately using a 100x objective on a spinning-disk
confocal Nikon-TiE imaging system.

LET-858::GFP transgene silencing assay

First generation spr-5; met-2 hermaphrodites were crossed to let-858
transgenic males to generate spr-5/+; met-2/+; let-858::gfp animals. The
let-858 transgene is an extrachromosomal multicopy let-858 array (Kelly
and Fire, 1998). From these animals we generated spr-5; met-2; let-858::gfp
animals and scored them for somatic expression of LET-858::GFP using a
standard stereoscope. L2 progeny from wild-type and spr-5; met-2 progeny
expressing the let-858::GFP transgene were scored as ‘bright’ (high level
ubiquitous expression), ‘faint’ (barely visible and ubiquitous expression) or
‘off” (no expression). Because <50% of progeny inherited the let-858
transgene, we normalized the percentage of progeny scored as ‘off” for LET-
858::GFP to the presence of the /et-858 transgene based on genotyping for
gfp. For wild type, 0 out of 60 progeny that were scored as ‘off” failed to
inherit the /et-858 transgene, indicating that the transgene is never silenced
in wild-type progeny (see Table S9 for gfp genotyping primer sequences).
For spr-5; met-2 progeny, 8 out of 50 progeny that were scored as ‘off’
inherited the /let-858 transgene, indicating that the le-858 transgene is
completely silenced in some spr-5, met-2 progeny.
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