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Abstract

Background Histone deacetylase (HDAC)-1, a Class-I HDAC family member, forms three types of complexes, the nucleo-
some remodeling deacetylase, Sin3, and CoREST complexes with the specific corepressor components chromodomain-
helicase-DNA-binding protein 3 (Mi2/CHD-3), Sin3, and REST corepressor 1 (RCOR1), respectively, in humans.
Objective To elucidate the functional relationships among the three transcriptional corepressors during embryogenesis.
Methods The activities of HDA-1, LET-418, SIN-3, and SPR-1, the homologs of HDAC-1, Mi2, Sin3, and RCORI1 in
Caenorhabditis elegans during embryogenesis were investigated through measurement of relative mRNA expression levels
and embryonic lethality given either gene knockdown or deletion. Additionally, the terminal phenotypes of each knockdown
and mutant embryo were observed using a differential-interference contrast microscope. Finally, the functional relationships
among the three corepressors were examined through genetic interactions and transcriptome analyses.

Results Here, we report that each of the corepressors LET-418, SIN-3, and SPR-1 are expressed and have essential roles in
C. elegans embryonic development. Our terminal phenotype observations of single mutants further implied that LET-418,
SIN-3, and SPR-1 play similar roles in promoting advancement to the middle and late embryonic stages. Combined analysis
of genetic interactions and gene ontology of these corepressors indicate a prominent overlapping role among SIN-3, SPR-1,
and LET-418 and between SIN-3 and SPR-1.

Conclusion Our findings suggest that the class-I HDAC-1 corepressors LET-418, SIN-3, and SPR-1 may cooperatively
regulate the expression levels of some genes during C. elegans embryogenesis or may have some similar roles but function-
ing independently within a specific cell.
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Introduction

During embryonic development, daughter cells generated
from fertilized eggs contain the same genomic informa-
tion as the progenitor cells when the cell division process is
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and hydrolases (Cavalli 2006). Histone acetyltransferases
promote this process to neutralize the positive charge of the
histone tail, thus acting as positive transcriptional regulators
by weakening the physical interaction between the histone
tail and DNA (Garcia-Ramirez et al. 1995). In contrast,
histone deacetylases (HDACSs) remove acetyl groups from
histones and negatively regulate transcription by enhancing
the physical interaction between the histone tail and DNA
(Cosgrove et al. 2004).

The 18 human HDAC proteins are divided into four
classes based on their sequence homologies with the four
yeast HDAC proteins (Vaquero et al. 2007; Yang and Seto
2008). Among four class-I HDACs members, HDAC-1
forms complexes with multiple components, such as tran-
scriptional corepressors and DNA binding proteins, and pro-
mote histone deacetylation to suppress the transcription of
target genes (Hayakawa and Nakayama 2011). The HDAC-1
transcriptional corepressor forms three types of complexes
in humans, the NuRD complex, Sin3 complex, and CoREST
complex, with specific corepressor components (Mi2/CHD3,
Sin3, and RCORI1, respectively) (Hayakawa and Nakayama
2011). These complexes are thought to function as transcrip-
tional repressors by inhibiting the transcription of their tar-
get genes (Hayakawa and Nakayama 2011). HDACs have
been implicated in regulating various vital processes, such
as DNA repair, lipid metabolism, cell cycle progression, and
the circadian rhythm (Feng et al. 2011; Knutson et al. 2008;
Miller et al. 2010; Sun et al. 2012; Wilting et al. 2010). Fur-
thermore, HDAC-1 proteins have been shown to play impor-
tant roles in the embryogenesis of multiple model organisms
(Mannervik and Levine 1999; Montgomery et al. 2007; Shi
and Mello 1998; Vecera et al. 2018). However, the mecha-
nism by which the interplay among the three HDAC-1 com-
plexes regulates embryonic development remains unknown.

The nematode Caenorhabditis elegans is a model multi-
cellular organism, for which the whole genome sequence and
entire cell lineage have been completely identified (Genome
sequence of the nematode C. elegans: a platform for inves-
tigating biology 1998; Sulston et al. 1983). Therefore, C.
elegans is a reliable model organism to analyze the regula-
tory mechanism of embryogenesis. The constituents of the
HDAC complex are also conserved in C. elegans (Wenzel
et al. 2011). Human HDAC-1 shares conserved sequences
with C. elegans ortholog of HDAC-1, HDA-1. Furthermore,
C. elegans hda-1 can help regulate vulval development
(Ranawade et al. 2013). LET-418, SIN-3, and SPR-1 are C.
elegans homologs of the human transcriptional corepressor
components Mi-2/CHD3, SIN3, and RCORI1, respectively,
and each corepressor has been shown to be involved in both
embryonic and post-embryonic development, driving spe-
cific functions, such as male sensory cell formation, gonadal
morphogenesis, and vulval development (Bender et al. 2007,
Beurton et al. 2019; Choy et al. 2007; Késer-Pébernard et al.
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2016; Passannante et al. 2010; Saudenova and Wicky 2018;
Solari and Ahringer 2000; von Zelewsky et al. 2000). How-
ever, the functional relationships among these three tran-
scriptional corepressors in C. elegans embryogenesis remain
unexplored.

In this study, we identified functional similarities and dif-
ferences among the transcriptional corepressors LET-418,
SIN-3, and SPR-1 to understand the functional relationships
of the related HDAC-1 corepressors during embryogenesis.
First, we determined whether hda-1, let-418, sin-3, and spr-1
participate in embryogenesis. Then, we analyzed the genetic
interactions between two corepressors to identify relation-
ships among all three corepressors. Finally, comprehensive
comparative analysis of the target genes of the LET-418,
SIN-3, and SPR-1 complexes was performed via RNA
sequencing (RNA-seq). We then combined our analysis of
genetic interactions with gene ontology (GO) analysis of
these corepressors, which suggests a prominent overlapping
role among SIN-3, SPR-1, and LET-418 and between SIN-3
and SPR-1.

Materials and methods
Caenorhabditis elegans strains

Caenorhabditis elegans strains were derived from the wild-
type (WT) Bristol strain (Brenner 1974). Worms were incu-
bated on nematode growth medium (NGM) and fed OP50
bacteria at 20 °C. When performing RNA-interference
(RNAI) experiments, the animals were fed dsSRNA-express-
ing Escherichia coli HT115 (DE3), which were maintained
at 20 °C.

Caenorhabditis elegans strains with the following puta-
tive null alleles were used for our analysis: sin-3(tml276)
(National BioResource Project, Japan), spr-1(ok2144) (C.
elegans Gene Knockout Consortium), and weak loss-of-
function allele let-418 (n3536) (Ceol et al. 2006) (Caeno-
rhabditis Genetics Center). To compare the gene functions
of these three corepressors under the same conditions, we
analyzed let-418(n3536) in a semi-permissive condition at
20 °C.

Sample preparation for RNA-seq

To isolate synchronized early C. elegans embryos, the fol-
lowing four steps were performed. (1) Adult worms (WT
and mutant) bearing fertilized eggs were treated with bleach
solution, and the eggs were extracted. (2) The eggs were
cultured in S-basal until all eggs hatched to synchronize
the developmental stage, and subsequently OP50 solution
was added to the S-basal. (3) The synchronized worms were
incubated until they grew to the young adult stage, capable
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of bearing 2-3 fertilized eggs. (4) The early embryos were
isolated by bleaching.

Total RNA extraction

For RNA-seq and reverse-transcriptase quantitative poly-
merase chain reaction (RT-qPCR) analyses, total RNA was
extracted from the WT, let-418(n3536), sin-3(tm1276), and
spr-1(ok2144) strains using the TRI Reagent (Molecular
Research Center, Inc., Cincinnati, OH). Following DNA
digestion, total RNA was extracted using an RNeasy Mini
Kit (Qiagen, Hilden). The extracted RNA was qualitatively
evaluated using a Bioanalyzer (Agilent Technologies, Palo
Alto, CA) and the Agilent RNA 6000 Nano Kit (Agilent
Technologies, Palo Alto, CA).

RT-qPCR analysis

Complementary DNA (cDNA) was synthesized from total
RNA from WT C. elegans at each developmental stage
(early-stage embryo, middle-stage embryo, late-stage
embryo, first larva, and young adult) using the PrimeScript
RT Reagent Kit (Takara, Kusatsu). RT-qPCR was performed
in a StepOnePlus™ qPCR system (Thermo Fisher Scientific,
Waltham, MA) using THUNDERBIRD SYBR qPCR Mix
(Toyobo, Osaka). The expression levels of hda-1, sin-3, let-
418, and spr-1 were normalized to those of a gene encoding
an iron binding protein (Y45F10D.4), which was previously
characterized as a reference gene because its expression is
stable during development in both WT and mutant strains
(Hoogewijs et al. 2008). The following primers were used
to amplify Y45F10D.1 (Y45F10D.4_F, 5'-GTCGCTTCA
AATCAGTTCAGC-3'; Y45F10D.4_R, 5'-GTTCTTGTC
AAGTGATCCGACA-3"), hda-1 (hda-1_F, 5'-GGTCAA
GGGCACGTCATGAAGCC-3"; hda-1_R, 5'-CTCGTCGCT
GTGAAAACGAGTC-3'), let-418 (let-418_F, 5'-GTGCTG
CTATCGGATTGACAGACG-3'; let-418_R, 5'-GGGTTT
GCCTCCAGTATTTGTGGC-3), sin-3 (sin-3_F, 5-GCA
ACCGTGGAATTGATGA-3'; sin-3_R, 5'-GTTGATTCG
GTGTTGTTCGAC-3"), and spr-1 (spr-1_F, 5'-CTCCAT
CTCCATATCCTGAAGC-3'; spr-1_R, 5'-GCACGGCAT
TCTGGACGATTCATCG-3).

Feeding RNAi

RNAI was performed using the feeding RNAi method with
freshly prepared RNAI feeding plates, as described previ-
ously (Kamath et al. 2001). Full-length hda-1, let-418, sin-
3, and spr-1 cDNA was isolated from a C. elegans cDNA
library and inserted into the feeding RNAi vector L4440
(Addgene, Cambridge, MA, USA). An L4440 vector lacking
an insert was used as a negative control. After confirming
that each inserted sequence was correct, the feeding vectors

were individually transformed into E. coli HT115(DE3)
cells, which were then seeded on NGM agar plates contain-
ing Luria—Bertani medium and 50 pg/mL ampicillin and cul-
tured for 12 h. Then, each culture was seeded onto a 60 mm
NGM agar feeding plate containing 50 ug/mL ampicillin
and 1 mM isopropyl -p-1-thiogalactopyranoside and then
incubated at 25 °C for 8 h. L4-stage worms were transferred
onto a feeding plate and cultured at 20 °C. The phenotypes
of the F2 embryos were analyzed, except for those fed RNAi
bacteria expressing double-stranded hda-1 RNA, which were
analyzed in the F1 embryos.

Analysis of embryonic lethality

To analyze embryonic lethality, fertilized eggs were iso-
lated by dissecting 1-day-old adult worms, after which the
fertilized eggs were incubated at 20 °C for 24 h and the
ratio of the unhatched embryos was scored. To characterize
the timing of the terminal phenotype, we defined embry-
onic lethality in early embryos as those that died before the
ventral cleft-enclosure stage. Embryonic lethality in middle
embryos was defined as those that died between the ven-
tral cleft-enclosure stage and the comma stage. Embryonic
lethality in late embryos was defined as those that died
between the 1.5-fold stage and the threefold stage. To ana-
lyze the terminal phenotypes of the dead embryos, Nomarski
microscopy was performed using a Zeiss Axio Imager Al
microscope equipped with an EC Plan-Neofluar 40 X NA,
0.75 objective (Zeiss), AxioVision software (Zeiss), and an
AxioCam MRc digital camera. The images were processed
using Adobe Photoshop CS6.

Statistical analyses of embryonic lethality

P-values (determined using Fisher’s exact test) were used to
assess the significance of differences observed in terms of
embryonic lethality. To analyze the embryonic lethality of
let-418(n3536);control(RNAI), let-418(n3536), sin-3(RNAI),
let-418(n3536);spr-1(RNAi), sin-3(tm1276); control(RNAi),
sin-3(tml1276);let-418(RNAi), sin-3(tm1276);spr-1(RNAi),
spr-1(ok2114);control(RNAi), spr-1(ok2114);let-418(RNAi),
and spr-1(ok2114);sin-3(RNAi) strains, the numbers of
embryonic-lethal embryos and hatched (non-embryonic-
lethal) embryos were compared.

RNA-seq analysis

RNA-seq analysis (N =3) of the WT, sin-3(tml1276), let-
418(n3536), and spr-1(ok2144) strains was performed
using a MiSeq instrument (Illumina, San Diego, CA),
following the manufacturer’s recommended protocols
(available on the Illumina website). Library preparation
for RNA-seq was performed using the TruSeq Stranded

@ Springer



556

Genes & Genomics (2021) 43:553-565

Total RNA LT Sample Prep Kit (Illumina, San Diego,
CA). Next, the sample DNA was denatured using a MiSeq
Reagent Kit v3 (Illumina, San Diego, CA), diluted, and
subjected to paired-end sequencing (75 base pairs) in a
MiSeq instrument (Illumina, San Diego, CA). Although
the RNA-seq analysis of the sin-3 mutant has been
reported previously (Beurton et al. 2019), we analyzed
the gene expression profile of this mutant strain to com-
pare the gene expression between the WT and the three
corepressor mutants under the same conditions.

RNA-seq data analysis

The quality of raw sequence data obtained by RNA-
seq was checked using FastQC software. Trimmomatic
software (Bolger et al. 2014) was employed to trim
low-quality reads, and the sequence data were mapped
to a C. elegans reference genome (WormBase Version
261) using HISAT?2 software. The count data of WT and
mutants were compared using DESeq2 software (Love
et al. 2014) and differentially expressed genes (DEGs; p
value <0.01, log, fold-change; positive or negative) were
identified according to a previously described method
(Nomoto et al. 2019). To further analyze the DEGs, we
identified upregulated genes (log, fold-change > 1 and
p value <0.01) and downregulated genes (log, fold-
change < — 1 and p value < 0.01). Using the DAVID Bio-
informatics Resource database (version 6.8) (Dennis et al.
2003), GO enrichment analyses were performed to iden-
tify the specific functions of the DEGs.
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Fig.1 Comparison of the relative mRNA expression levels of hda-
1, let-418, sin-3, and spr-1 genes during development. The mRNA
expression levels of hda-1, let-418, sin-3, and spr-1 in the early-
embryo, middle-embryo, late-embryo, first-larva, and young-adult
stages in WT worms were analyzed by RT-qPCR (N=3). The
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Results

hda-1, sin-3, let-418, and spr-1 play a role in
C. elegans embryogenesis

The activities of hda-1, sin-3, let-418, and spr-1 during
embryonic development in C. elegans were confirmed
through determining relative mRNA expression levels and
embryonic lethality after either gene knockdown or dele-
tion. Changes in the relative mRNA expression levels of
hda-1, let-418, sin-3, and spr-1 in C. elegans during devel-
opment were analyzed by RT-qPCR at five developmental
stages—the early-embryo, middle-embryo, late-embryo,
first-larval, and young adult stages. We found that all ana-
lyzed genes were expressed throughout embryonic devel-
opment (Fig. 1). Our results showed that hda-1 expres-
sion started at the early embryonic stage in C. elegans is
consistent with previous results obtained with C. elegans,
zebrafish, and mice (Dufourcq et al. 2002; Ma and Schultz
2016; Pillai et al. 2004).

Because hda-1(el795) mutants are completely sterile
(Dufourcq et al. 2002), we used hda-1 feeding RNAi to
analyze the function of this gene during embryonic devel-
opment. During C. elegans embryogenesis, the effects of
HDA-1 and its corepressors were analyzed by observing the
embryonic lethality of Ada-1(RNAi), sin-3(tm1276) deletion,
spr-1(ok2144) deletion, and let-418(n3536) temperature-
sensitive weak allele. The results show that the embryonic
lethality of the let-418(n3536), sin-3(tmi1276), and spr-
1(0k2144) mutants (10.6%, 10.4%, and 5.3%, respectively)
was much higher than that of the WT strain (1.1%) (Fig. 2).

let-418 sin-3 [ spr-1

- 2 g

.
Illl & o i

Young adult

i
X

First larva

Y45F10D.4 (iron binding protein) gene was used as a reference. The
bars and error bars indicate the relative mRNA expression levels and
standard deviations, respectively, of hda-1 (gray), let-418 (orange),
sin-3 (green), and spr-1 (light blue) at each developmental stage
(color figure online)
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embryonic lethality

WT N =184
let-418(n3536) N=199
sin-3(tm1276) N =211
spr-1(ok2144) N = 301
control(RNAI) N =302
let-418(RNAI) N =314
sin-3(RNAI) N =255
spr-1(RNAI) N =304

let-418(n3536);control(RNAI) :l . N =684
let-418(n3536);sin-3(RNAI) :I %ok N =335
let-418(n3536);spr-1(RNAI) N =382
sin-3(tm1276);control(RNAI) ] . N =562
sin-3(tm1276);let-418(RNAI) :I NS N = 266
sin-3(tm1276);spr-1(RNAI) N =614
spr-1(ok2144);control(RNAI) :I ok N = 352
spr-1(ok2144);let-418(RNAI) :|NS N =144
spr-1(ok2144);sin-3(RNAI) N =477
0 10 20 30 40 50 (%)

Fig.2 Genetic interactions among the sin-3, let-418, and spr-
1 mutants. Embryonic lethality of the WT, let-418(n3536), sin-
3(tm1276), and spr-1(ok2144) strains (single and double mutants)
was analyzed by performing RNAi-based knockdown analy-
sis. Each gray box indicates the embryonic lethality of the WT

Similarly, hda-1(RNAi) showed higher embryonic lethality
(99.7%, N =352; data not shown) compared to the control
(RNAi) (4.6%) (Fig. 2). The embryonic lethality of hda-
1(RNAi) and sin-3(tml276) mutants was consistent with the
findings of previous reports, whereas the embryonic lethality
of the let-418(n3536) strain under semi-permissive condi-
tions (maintained at 20 °C) was inconsistent (Beurton et al.
2019; Shi and Mello 1998; Turcotte et al. 2018). Overall,
relative mRNA expression levels and embryonic lethality
rates indicate that hda-1, sin-3, let-418, and spr-1 play a role
in C. elegans embryogenesis.

Additionally, we observed the terminal phenotypes of
knockdown and mutant embryos using a differential-inter-
ference contrast microscope. Similar to that in hda-1(RNAi)
embryos, which was described previously (Shi and Mello
1998), the development of most embryonic-lethal embryos
stopped between the ventral cleft-enclosure stage and the
threefold stage in the let-418(n3536), sin-3(tm1276), and
spr-1(ok2144) mutants (Fig. 3, Table 1). These results indi-
cate that each corepressor is crucial for progression to the
middle- and late embryonic developmental stages of C.
elegans. However, the developmental timing of the embry-
onic lethality showed no difference. Thus, we could not
check the epistatic relationship among the three corepressor

strain and the indicated mutant. p values are indicated for Fisher’s
exact test comparisons with sin-3(tml1276);control(RNAi), let-
418(n3536);control(RNAi), or spr-1(ok2144);control(RNAi). **p
value < 0.01. NS, not significant. N, number of embryos observed

components because of the similar terminal phenotypes
results.

Genetic interactions among let-418, sin-3, and spr-1
during embryonic development suggest possible
overlapping roles among these genes

To identify the functional relationships among sin-3, spr-
1, and let-418, we analyzed the genetic interactions among
these corepressors by examining the rates of embryonic
lethality in strains containing an RNAi-mediated knock-
down of a specific gene in a distinct gene deletion back-
ground. In an spr-1(ok2144) deletion background and a sin-
3(tm1276) deletion background, the embryonic lethality
of the sin-3(tm1276);spr-1(RNAi) and spr-1(ok2144);sin-
3(RNAi) mutants (9.9% and 13.6%, respectively) was
comparable to that of sin-3(tmli1276);control(RNAi)
and spr-1(ok2144);control(RNAi) strains (8.9% and
7.7%, respectively). These results suggest that sin-3
and spr-1 may have prominent overlapping roles in C.
elegans during embryogenesis. In contrast, the embry-
onic lethality of the sin-3(tml1276);let-418(RNAi)
and spr-1(ok2144);let-418(RNAi) mutants (29.3%
and 37.5%, respectively) was significantly higher
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Fig.3 Microscopic images

of the terminal phenotypes

of let-418, sin-3, and spr-1
mutants with embryonic lethal-
ity. Differential-interference
contrast micrographs of the
let-418(n3536) (a, b), sin-
3(tm1276) (c, d), and spr-
1(0k2144) (e, f) mutants. a—f
The middle-stage (a, ¢, e) and
late-stage (b, d, f) embryos that
exhibited a terminal phenotype
of embryonic lethality are indi-
cated. The green dotted lines
outline the embryos in each
panel. White scale bar, 50 pm
(color figure online)

sin-3(tm1276)

spr-1(ok2144)

let-418(n3536)

middle embryo

late embryo

Table 1 Timing of embryonic

o . Before ventral cleft Ventral cleft enclosure to 1.5-fold to 3-fold Total
lethality in ler-418, sin-3, and enclosure (Early comma (Middle embryo) (Late embryo) number of
spr-1 mutants embryo) embryos

let-418(n3536) 1 (2.4%) 25 (61.0%) 15 (36.6%) 41
sin-3(tm1276) 2 (4.0%) 36 (72.0%) 12 (24.0%) 50
spr-1(ok2144) 0 (0%) 23 (65.7%) 12 (34.3%) 35

than that of sin-3(tml1276);control(RNAi) and spr-
1(0k2144);control(RNAi) (8.9% and 7.7%, respectively)
(Fig. 2). These results suggest that let-418 has a prominent
specific role distinct from that of either sin-3 or spr-1. To
further evaluate a possible functional relationship among
sin-3, spr-1, and let-418, we also examined the rate of
embryonic lethality in strains containing RNAi-mediated
knockdown of sin-3 and spr-1 in a let-418(n3536) weak
allele background. The embryonic lethality of the lez-
418(n3536);sin-3(RNAi) and let-418(n3536);spr-1(RNAi)
mutants (19.4% and 19.1%, respectively) was significantly
higher than that of let-418(n3536); control(RNAi) (8.0%);
these results also suggest that let-418 has a prominent spe-
cific role distinct from that of either sin-3 or spr-1 (Fig. 2).
In contrast, the comparable embryonic lethality results of
the let-418(n3536); sin-3(RNAi) and let-418(n3536); spr-
1(RNAi) mutants may also indicate a possible overlapping
role among these three genes. Taken together, our genetic
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interaction analyses suggest a prominent overlapping role
among sin-3, spr-1, and let-418 and between sin-3 and
spr-1, and a prominent exclusive role of let-418 compared
to that of either sin-3 or spr-1.

Analysis of transcriptionally regulated genes
in let-418, sin-3, and spr-1 mutants

To identify genes that were transcriptionally regulated by
the three HDAC-1 complexes, we identified groups of genes
for which expression levels significantly fluctuated among
the corepressor mutants (Fig. 4, Supplementary Fig. 1-3,
Supplementary Table 1). Expression-level information
for 46,756 transcripts in early WT, let-418(n3536), sin-
3(tm1276), and spr-1(ok2144) mutant (N =3) embryos was
obtained by performing RNA-seq analysis. Differentially
expressed genes (DEGs) in each mutant strain compared to
those in the WT were defined as those for which expression
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Fig.4 Comparison of mRNA
expression levels in corepres-
sor mutants by RNA-seq. Venn
diagrams showing overlap-
ping upregulated genes (a)

and downregulated genes (b)
in let-418 embryos (green),
sin-3 embryos (blue), spr-1
embryos (red), let-418 and sin-3
embryos (purple), let-418 and
spr-1 embryos (yellow), sin-3
and spr-1 embryos (magenta)
and let-418, sin-3, and spr-1
embryos (gray) (color figure
online)

sin-3

899 2262

1097

N53-148
let-418

levels were significantly upregulated (p value <0.01 and
log, fold-change > 1) or significantly downregulated (p
value <0.01 and log, fold-change < 1) (Fig. 4). Genes for
which expression levels were significantly upregulated or
downregulated in the corepressor mutants were defined as
transcriptionally repressed and promoted genes, respectively
(Supplementary Table. 2).

The transcriptionally repressed genes showed notice-
ably higher expression levels than the promoted genes in
all DEGs results of corepressors, which is consistent with
the role of HDAC complexes in negatively regulated tran-
scription. A Venn diagram of the transcriptionally repressed
and promoted genes among corepressors showed a similar
pattern. Consistent with our observations in genetic interac-
tions analyses, sin-3 and spr-1 showed highly overlapped
targets in both transcriptionally repressed and promoted
genes. The overlapped targets between sin-3, spr-1, and let-
418 were also high, both in the transcriptionally repressed
and promoted genes, but less common than the sin-3 and
spr-1 shared targets; this indicates that the related repressor
complexes of each of the three corepressor components may
cooperatively regulate some expression levels or may have
compensatory relationships during C. elegans embryogen-
esis. Considering the utilization of standard bulk RNA-seq
analysis in this study, another possibility is that the related
repressor complexes of the three corepressor components
may have some similar roles, but each repressor complex
independently plays the role within a specific cell.

The DEGs were not consistent with our genetic interac-
tions analyses for let-418 specific targets. The DEG results
showed that expression of the let-418 specific targets was
noticeably lower, indicating an implausible single promi-
nent role compared to either sin-3 or spr-1. Basically, the
fluctuated expression levels recorded in let-418 mutants
were less frequent compared to those of either sin-3 or spr-1

Up-regulated genes

Down-requlated genes

sin-3

spr-1 spr-1

255

973 1123 195

234

20
\87763
let-418

51

mutants. Indeed, usage of the weak loss-of-function let-418
mutants was likely a major factor for the less prominent than
expected RNA-seq results and might overshadow the actual
outcomes. However, the results from this /ez-418 mutant may
still reflect the genes strongly related to ler-418. Overall, the
DEGs results indicate the occurrence of prominent shared
roles among sin-3, spr-1, and let-418 and between sin-3 and
spr-1, of which the fluctuated genes groups were determined
as LET-418-SIN-3-SPR-1 and SIN-3-SPR-1, respectively.

GO enrichment analysis of transcriptionally
regulated genes in the LET-418-SIN-3-SPR-1, SIN-3-
SPR-1, and LET-418 pathways

As shown above, our genetic interaction and DEG analyses
agree on the shared roles between sin-3 and spr-1 and among
sin-3, spr-1, and let-418, but were inconsistent regarding
the let-418 specific role. Genetic interactions indicate that
let-418 may have prominent unique functions, whereas
DEG analysis identified genes with low, fluctuating expres-
sion levels that are specific to let-418. To confirm these, we
conducted GO enrichment analysis in both transcription-
ally repressed and promoted genes for the fluctuating genes
groups in LET-418-SIN-3-SPR-1, SIN-3-SPR-1, and the
fluctuating genes from let-418(n3536) that did not overlap
with other corepressors, determined as LET-418 (Fig. 4,
Supplementary Table.3). We highlighted the GO enrichment
results related to embryogenic development, cell specifica-
tion, cell differentiation, cellular function, gene expression,
and molecular function. We focused on differences and simi-
larities in GO terms to gain further insight into the overlap-
ping and non-overlapping roles among corepressors in C.
elegans embryogenesis.

The resulting upregulated genes from each compressor
mutant may be directly or indirectly associated with negative
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Fig.5 Gene ontology (GO) analysis of genes dysregulated by the
LET-418-SIN-3-SPR-1, SIN-3-SPR-1, and LET-418 pathways. GO
terms of the gene groups that were elucidated based on upregulated
genes (a—c) and downregulated genes (d-f) from the corepressor
mutants are indicated. a GO terms associated with genes that were
transcriptionally repressed by the LET-418-SIN-3—SPR-1 pathway. b
GO terms associated with genes that were transcriptionally repressed
by the SIN-3-SPR-1 pathway. ¢ GO terms associated with genes
that were transcriptionally repressed by the LET-418 pathway. d GO
terms associated with genes that were transcriptionally promoted by
the LET-418-SIN-3-SPR-1 pathway. e)GO terms associated with
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Down-regulated genes (let-418, sin-3, and spr-1)
mRNA destabilization (8)

Embryo development (56)

Embryo development ending
in birth or egg hatching (54)
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expression (8)
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genes that were transcriptionally promoted by the SIN-3—-SPR-1 path-
way. f GO terms associated with genes that were transcriptionally
promoted by the LET-418 pathway. The terms indicated with black
text were identified as common GO terms between the LET-418-
SIN-3-SPR-1 pathway and the SIN-3-SPR-1 pathway. The red text
indicates specific GO terms associated with the LET-418-SIN-3—
SPR-1 pathway, the SIN-3-SPR-1 pathway, and the LET-418 path-
way. The p values of the GO terms were determined to evaluate the
potential relevance of the associated biological pathways. The num-
bers in each set of parentheses indicate the numbers of genes that
were associated with each GO term (color figure online)
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gene regulation role of each corepressor. The GO enrichment
results of LET-418-SIN-3—SPR-1 clearly indicate that the
interplay among sin-3, spr-1, and let-418 may be essential to
negatively regulate embryonic morphogenesis, cell fate com-
mitment, and positive regulation of gene expression (Fig. 5).
The interplay among sin-3, spr-1, and let-418 is also sig-
nificantly related to cell adhesion, epithelium/epithelial and
muscle cells development, and actin cytoskeleton organi-
zation, but without let-418, the interplay among sin-3 and
spr-1 is still able to regulate these biological processes. In
contrast, SIN-3—SPR-1 is specifically associated with numer-
ous biological processes such as cilium morphogenesis, ion
transport, cell morphogenesis, nervous system develop-
ment, cell—cell signaling, establishment of localization along
microtubule, and regulation of cell communication (Fig. 5).
Although the upregulated genes of LET-418 were associ-
ated with GO terms such as lipid storage, transmembrane
transport, and intracellular signal transduction, the p-values
did not reflect statistically significant differences (Fig. 5).

Because the corepressors are mainly associated with the
negative regulation of gene expression, the downregulated
genes resulting from either corepressor mutant are supposed
to be transcriptionally promoted genes caused by repressing
activity on other genes (indirectly promoted from repress-
ing activity on other targets). The GO enrichment in the
downregulated genes from LET-418-SIN-3-SPR-1 group
yielded unique biological processes such as mRNA desta-
bilization and positive regulation of gene expression. Addi-
tionally, the GO enrichment in LET-418-SIN-3-SPR-1 had
similar results with SIN-3—-SPR-1 on embryo development,
embryo development ending in birth or egg hatching, germ
cell development, and cell cycle, indicating that the inter-
play between sin-3 and spr-1 with let-418 in these biological
processes may be compensated in the absence of let-418. In
contrast, the downregulated genes of SIN-3—SPR-1 were sig-
nificantly associated with nuclear division, negative regula-
tion of gene expression, chromosome segregation, and post-
transcriptional gene silencing. Although genes specifically
downregulated in the let-418 mutant were associated with
GO terms such as cellular response to endogenous stimulus,
intracellular signal transduction, response to nutrient levels,
lipid phosphorylation, and regulation of cell communica-
tion, the p-values did not indicate that these associations
were statistically significant (Fig. 5). These results imply
that relatively few transcripts in let-418(n3536) are affected
at a semi-permissive temperature.

We also identified the genes that were significantly upreg-
ulated and downregulated in a single mutant of either sin-
3, spr-1, and let-418 and related to embryogenesis based
on the previous GO enrichment results (See Supplemen-
tary Fig. 1-3 for the 10 most significantly upregulated and
downregulated genes). ECM-related genes were among the
most upregulated genes in all three mutants. Genes encoding

extracellular matrix (ECM) components, noah-1, lam-2,
and lam-3, an ECM receptor, dgn-1, and a putative matrix
proteinase inhibitor, mig-6, were among the most signifi-
cantly upregulated genes in the let-418(n3536) mutant. In
sin-3(tm1276), three ECM genes, noah-1, lam-3, and nid-1,
as well as mig-6, were significantly upregulated. In addition,
three ECM genes, noah-2, lam-3, and nid-1, and mig-6 were
upregulated in the spr-1(ok2144) mutant. In contrast to the
upregulated genes, we did not identify any similarly down-
regulated genes among the three mutants. These results indi-
cate that all three class- HDAC-1 corepressors significantly
repress the expression of ECM-related genes.

Discussion

During embryogenesis, cells actively undergo division and
differentiation by following highly regulated genetic and epi-
genetic mechanisms. HDAC, a class of epigenetic regulators,
catalyzes heterochromatin formation on specific genomic
regions by removing acetyl groups from histone tails that
results in transcriptional inhibition. The two members of
Class-1 HDAC, HDAC-1 and -2, are essential for accurate
cell division and the pluripotency of embryonic stem (ES)
cells. However, only HDAC-1 is essential for controlling
ES cell differentiation (Dovey et al. 2010; Jamaladdin et al.
2014). In C. elegans, HDAC-1 is able to form a complex
with three distinct corepressor components, SIN-3, SPR-1,
and LET-418. HDAC-1 forms the Sin3 and CoREST com-
plexes while interacting with SIN-3 and SPR-1, respectively
(Hayakawa and Nakayama 2011). Furthermore, HDAC1
interaction with LET-418 can form two distinct complexes,
MEC and NuRD, depending on the presence of the other
components (Passannante et al. 2010). Here, we initially
confirmed that hda-1, sin-3, spr-1, and let-418 play a role
during embryogenesis in C. elegans through mRNA expres-
sion, embryonic lethality given either gene knockdown or
deletion, and terminal phenotype analyses. Further, our
terminal phenotype observations demonstrate that either
gene is similarly crucial during the middle- and late embry-
onic developmental stages. The similar terminal phenotype
results, however, complicate the determination of epistatic
relationships among these corepressor components. Further
studies are required to identify the signal transduction cas-
cades activated by these corepressors in each pathway.
Although HDAC-1 is known to be essential protein during
embryogenesis, the functional relationships among its com-
plexes remain unclear. Here, we sought to elucidate those
through genetic interactions and DEG analyses. Our results
suggest prominent shared roles between sin-3 and spr-1 and
among sin-3, spr-1, and let-418. In contrast, genetic inter-
actions indicate let-418 as having a prominent independent
role, whereas DEG analysis of the /er-418 mutant identified
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only genes with low, fluctuating gene expression that did
not overlap with either sin-3 or spr-1 (Fig. 4). A possible
explanation for these results is that the repressor complex
involving LET-418 may be regulated by another repressor
complex or may frequently function dependent on another
repressor complex. However, it should be noted that the lez-
418 mutant used in this study is a weak allele of le-418, and,
therefore, the transcriptome analysis may not fully reflect the
normal function of this gene during embryonic development.

Comparative GO analysis of the fluctuated genes
among the three specified groups, LET-418-SIN-3-SPR-
1, SIN-3-SPR-1, and LET-418, indicates that similar GO
terms were enriched between the LET-418-SIN-3-SPR-1
group and the SIN-3-SPR-1 group but not the LET-418
group. Further analyses of the GO terms indicate that
many of the suppressed genes are related to neuronal, epi-
thelial, and muscle development and actin-structure regu-
lation. Enhanced expression of genes related to embry-
onic and germ cell development and cell cycle progression
was identified as a common feature between the fluctu-
ated genes in LET-418-SIN-3-SPR-1 and SIN-3-SPR-1

LET-418-SIN-3-SPR-1 pathway

SIN-3-SPR-1 pathway

CoREST Complex

groups (Fig. 6). There are several possibilities that can
explain the overlapping fluctuating genes either in LET-
418-SIN-3-SPR-1 group or SIN-3-SPR-1 group. First,
the related repressor complexes may cooperatively regu-
late some expression levels or may have compensatory
relationships. This possibility implies that the cooperative
regulation of gene expression among the related repres-
sor complex is important for the precise regulation dur-
ing embryonic development. Second, the related repressor
complexes may have similar functions but each repressor
complex independently plays a role within a specific cell.
Further investigation is needed to clarify this issue.

GO enrichment analysis of the repressed genes in the
SIN-3-SPR-1 group indicates that they are related to cell
morphogenesis, intracellular communication, and micro-
tubule-related transport (Fig. 6). In contrast, the pro-
moted genes of this group are related to nuclear-related
cell division and negative regulation of gene expression
(Fig. 6). How the SIN-3-SPR-1 group regulates these
biological functions? Interestingly, mSin3A and CoR-
EST are co-expressed in mouse embryos at E11.5, and

ceII morphogenesis and communication I
- microtubule-related transport I

.......................................

- embryonic and germ cell development !
e g : cell cycle

LET-418 pathway

' mRNA stabilization i

b gie . .
; positive regulation of gene expression :
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Fig.6 Model of the functional relationships among the LET-418—
SIN-3-SPR-1, SIN-3-SPR-1, and LET-418 pathways. The LET-418-
SIN-3-SPR-1, SIN-3-SPR-1, and LET-418 pathways positively and
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mSin3A has been shown to act as a functional component
of the REST-CoREST suppressor complex (Grimes et al.
2000). Thus, negative transcriptional regulation of the
SIN-3—CoREST suppressor complex may be conserved
in both vertebrates and invertebrates.

GO enrichment analysis indicates that the repressed
genes in LET-418-SIN-3-SPR-1 group are related to cell
morphogenesis, cell fate specification, cell migration, and
negative regulation of gene expression (Fig. 6). Although
hda-1 has been shown to positively regulate neuronal and
distal-tip cell migration during post-embryonic develop-
ment in C. elegans (Dufourcq et al. 2002; Zinovyeva et al.
2006), here we show that the related repressor complexes of
LET-418, SIN-3, SPR-1 likely modulate the negative regu-
lation of cell migration during embryonic development. In
contrast, the promoted genes in LET-418-SIN-3-SPR-1
group are related to mRNA stabilization and positive regu-
lation of gene expression. Differences in gene expression
and mRNA stabilization occur in somatic and germ cell
linages throughout embryonic development in C. elegans,
which might reflect the function of LET-418, SIN-3, and
SPR-1. Taken together, our results indicate that the three
corepressor components positively and negatively regulate
cell type-specific functions during embryogenesis. However,
the exact mechanism of the LET-418-, SIN-3-, and SPR-
1-related repressor complexes in negatively regulating cell
differentiation and movement, promoting cell type-specific
gene stabilization, and positively and negatively regulating
the expression levels of different genes remains unknown.

The repressed genes in the LET-418-specific group are
related to the control of cellular transport and signaling.
In contrast, the promoted genes are related to controlling
cell-cell communication, cellular responses to endogenous
and environmental stimuli, and intracellular transport
(Fig. 6). Our results are inconsistent with previous studies on
LET-418 function during embryogenesis, which are related
to the prevention of germline development and repressing
the neuronal fate during embryonic development (Kiser-
Pébernard et al. 2016; Unhavaithaya et al. 2002). We used a
weak allele of the let-418 mutant, and further studies with a
strong loss-of-function let-418 mutant are required to con-
firm its normal cellular roles.

We also highlighted several mostly fluctuating genes in
DEG analyses (Supplementary Fig. 1-3). Similar to previ-
ous findings indicating that ECM genes are upregulated in
hda-1(RNAi) embryos (Whetstine et al. 2005), we found that
genes encoding ECM- and ECM-related mRNAs are signifi-
cantly upregulated in the C. elegans HDAC-1 corepressor
mutants, specifically let-418(n3536), sin-3(tm1276), and
spr-1(ok2144). The upregulated ECM genes (noah-1, noah-
2, nid-1, lam-2, and lam-3) and ECM-related genes (dgn-1
and mig-6) play important roles in embryonic morphogen-
esis or neuronal patterning (Huang et al. 2003; Johnson

et al. 2006; Kao et al. 2006; Kawano et al. 2009; Kim and
Wadsworth 2000; Vuong-Brender et al. 2017), and, there-
fore, their temporal suppression is important for the regula-
tion of embryonic development. Thus, we speculate that all
three corepressors serve a common role that is required for
the negative regulation of genes encoding ECM- and ECM-
related proteins.

Conclusions

Using combined analyses of genetic interactions and tran-
scriptome levels, we identified the overlapping functions
among the C. elegans homologs of the HDAC-1 corepres-
sors, LET-418, SIN-3, and SPR-1. Our genetic interaction
and DEG analyses were consistent regarding the shared roles
between sin-3 and spr-1 and among sin-3, spr-1, and let-418,
but inconsistent regarding the let-418-specific role. Our ter-
minal phenotype analyses show that sin-3, spr-1, and let-418
are crucial for the progression to the middle- and late embry-
onic developmental stages of C. elegans, which is similar to
previously described hda-1(RNAi) embryos. Finally, com-
parative RNA-seq analysis of these three corepressor com-
ponents indicates that approximately half of upregulated and
downregulated genes were associated with the SIN-3—SPR-1
group. Similarly, 10-20% of the upregulated and downregu-
lated genes were associated with the LET-418—SIN-3—-SPR-1
group. Taken together, our findings suggest that the class-
I HDAC-1 corepressors, LET-418, SIN-3, and SPR-1 may
cooperatively regulate the expression levels of some genes
during C. elegans embryogenesis, or may have some similar
roles but function independently within a specific cell.
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