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Sinhcaf-dependent histone deacetylation is
essential for primordial germ cell specification
Binbin Tao1,† , Hongling Hu1,† , Ji Chen1, Lu Chen1,2, Daji Luo1 , Yonghua Sun1, Feng Ge1 ,

Zuoyan Zhu1 , Vance L Trudeau3 & Wei Hu1,2,4,*

Abstract

Primordial germ cells (PGCs) are the progenitor cells that give rise
to sperm and eggs. Sinhcaf is a recently identified subunit of the
Sin3 histone deacetylase complex (SIN3A-HDAC). Here, we provide
evidence that Sinhcaf-dependent histone deacetylation is essential
for germ plasm aggregation and primordial germ cell specification.
Specifically, maternal-zygotic sinhcaf zebrafish mutants exhibit
germ plasm aggregation defects, decreased PGC abundance and
male-biased sex ratio, which can be rescued by re-expressing
sinhcaf. Overexpression of sinhcaf results in excess PGCs and a
female-biased sex ratio. Sinhcaf binds to the promoter region of
kif26ab. Loss of sinhcaf epigenetically switches off kif26ab expres-
sion by increasing histone 3 acetylation in the promoter region.
Injection of kif26ab mRNA could partially rescue the germ plasm
aggregation defects in sinhcaf mutant embryos. Taken together,
we demonstrate a role of Sinhcaf in germ plasm aggregation and
PGC specialization that is mediated by regulating the histone acet-
ylation status of the kif26ab promoter to activate its transcription.
Our findings provide novel insights into the function and regula-
tory mechanisms of Sinhcaf-mediated histone deacetylation in
PGC specification.
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Introduction

Germline stem cells (GSCs), primordial germ cells (PGCs) are estab-

lished in early development. Specified PGCs migrate to the genital

ridge (Raz, 2003; Saitou & Yamaji, 2012), proliferate, and differentiate

into spermatogonia and oogonia, which give rise to the gametes—

sperm and eggs. Mammalian GSCs help maintain spermatogenesis

throughout the lifetime of mature males, but whether females have

the capacity to generate new oocytes after birth has until very recently

(Martin et al, 2019) been highly controversial (Grieve et al, 2015). In

non-mammalian animals, GSCs persist into adulthood and continue

to produce new gametes throughout reproductive life (Marlow, 2015).

The survival of species is dependent upon PGCs in sexually reprodu-

cing organisms because they are the founder cells for the germline

(Cinalli et al, 2008). Abnormalities in this developmental process can

cause embryonic depletion of germ cells, leading to infertility in the

adult (Agoulnik et al, 2002).

In Caenorhabditis elegans, Drosophila melanogaster, Xenopus

laevis, and the zebrafish Danio rerio, PGCs are specified by inheri-

tance of maternal germ plasm during early embryogenesis

(Illmensee & Mahowald, 1974; Hird et al, 1996; Yoon et al, 1997;

Lehmann, 2016). The germ plasm is characterized by the presence

of germ granules: electron-dense structures that contain specific

RNA (e.g., vasa, dead end, nanos3, dazl mRNA) and protein (e.g.,

Buc, Tdrd6a, Oskar) molecules (Houston & King, 2000; Bontems

et al, 2009; Kistler et al, 2018; Krishnakumar et al, 2018). Zebra-

fish germ plasm aggregates into cleavage furrows in cleavage

stage embryos (Eno et al, 2019). Ablation of germ plasm from

cleavage furrows results in a severe reduction in the number of

PGCs (Hashimoto et al, 2004). Germ plasm thus is both sufficient

and necessary for zebrafish PGC specification. Germ plasm accu-

mulation at cleavage furrows requires coordination of microtu-

bules, actin cytoskeletons, and molecular motors (Nair et al,

2013; Sinsimer et al, 2013), yet how this process is regulated

remains poorly understood.

Histone deacetylases (HDACs) catalyze the removal of acetyl res-

idues from core histones and other proteins (Karantzali et al, 2008;

Dovey et al, 2010a; Adams et al, 2018). Various critical physiologi-

cal roles have been assigned to HDACs or histone deacetylation,

including those related to signal transduction (Kao et al, 1998), cell

survival and differentiation (Yeung et al, 2004; Dovey et al, 2010b),

cell cycle regulation (Zhang et al, 2000), and cancer development
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(Li & Seto, 2016), but whether HDACs or histone deacetylation func-

tions in germ plasm aggregation has not been studied.

The HDACs exist in large, multi-subunit protein complexes, and

Sinhcaf (SIN3A and HDAC-associated factor, HUGO nomenclature,

previously called Fam60a) is a new component of the SIN3A-HDAC

complex (Streubel et al, 2017), but little is known about its function.

The sinhcaf gene is found on chromosome 12 in humans and chro-

mosome 4 in zebrafish. The sinhcaf gene respectively codes for 221

and 245 amino acid polypeptides in humans and zebrafish, exhi-

biting high sequence similarity (~80% identity). The earliest in vitro

studies of Sinhcaf/Fam60a revealed involvement in cell cycle regu-

lation and cell migration (Munoz et al, 2012; Smith et al, 2012).

Genome-wide association studies suggest the involvement of

Sinhcaf/Fam60a in type 2 diabetes (Imamura et al, 2016). It was

shown that Sinhcaf/Fam60a is required for self-renewal of embry-

onic stem cells (Streubel et al, 2017). Sinhcaf/Fam60a regulates

gene expression by regulating DNA methylation at a subset of gene

promoters in mouse (Nabeshima et al, 2018). However, it is not

known whether Sinhcaf can regulate biological processes through

histone deacetylation. We previously reported that Sinhcafl, a

homologous protein of Sinhcaf, is involved in reprogramming of

somatic cell nuclear transfer (Luo et al, 2009; Hu et al, 2018). In this

current study, we have investigated whether sinhcaf functions in

germ plasm aggregation and primordial germ cell specification.

To accomplish this, we have generated viable sinhcaf mutant

and overexpression zebrafish lines. The maternal-zygotic sinhcaf

mutants (MZsinhcaf�/�) exhibit germ plasm aggregation defects,

decreased PGC abundance and male-biased sex ratio, effects that are

rescued by sinhcaf overexpression. Overexpression of sinhcaf results

in excess PGCs and a female-biased sex ratio. We report that

Sinhcaf-mediated histone deacetylation modulates germ plasm

aggregation and subsequent PGC specification in zebrafish. The role

of Sinhcaf in germ plasm aggregation and PGC specification is medi-

ated by regulating the histone acetylation status of the kif26ab pro-

moter to activate its transcription.

Results

sinhcaf is required for female sexual differentiation in zebrafish

We have established the expression pattern of sinhcaf in wild-type

zebrafish embryos and adult tissues by semi-quantitative reverse-

transcriptase PCR and whole-mount in situ hybridization (WISH).

Sinhcaf is a maternally expressed gene (Fig 1A) and ubiquitously

distributed in embryos and various adult tissues (Fig 1B and C and

Appendix Fig S1).

To investigate the role of sinhcaf during germ plasm aggregation

and PGC specification in vivo, a pair of TALENs were designed for

the zebrafish sinhcaf gene. The TALEN target site of sinhcaf was

chosen following the ATG start site. The sinhcaf heterozygote with

7-bp deletion (�7 bp) was screened out and further used to estab-

lish the sinhcaf�/� homozygous mutant line (Fig 1D). The

sinhcaf�/� (�7bp) mutation zebrafish resulted in open reading

frame-shift, predicted to generate a truncated protein with only 41

amino acids (Appendix Fig S2A). Real-time quantitative PCR (RT–

qPCR) revealed that sinhcaf mRNA levels were significantly

decreased by 81% (P = 0.028) in MZsinhcaf�/� mutant embryos

(Fig 1E), indicating a mechanism of nonsense-mediated mRNA

decay (Chang et al, 2007). Using Tol2 transposon-mediated trans-

genesis (Appendix Fig S2B), we also generated a transgenic zebra-

fish line, Tg(CMV:EGFP;CMV:sinhcaf) (Fig 1F), which expressed

sinhcaf ubiquitously. The sinhcaf mRNA level was significantly

increased by1.5- (P = 0.009) and 1.6-fold (P = 0.009), respectively,

in 10hpf and 24hpf Tg(CMV:EGFP;CMV:sinhcaf) embryos as mea-

sured by RT–qPCR (Fig 1G). Surprisingly, we found that sex ratio

was significantly affected by sinhcaf genotype (F3,8 = 29.861,

P < 0.001, Fig 1H). Specifically, the percentage of males was

88 � 0.82% in MZsinhcaf�/� mutant adult fish, significantly higher

compared to 57 � 10% in wild type (P = 0.032). In Tg(CMV:EGFP;

CMV:sinhcaf) adult fish, the percentage of males was only

4.3 � 3.7%, significantly lower than the percentage of males in the

wildtype group (P = 0.002). Through exogenous expression of

sinhcaf, the percentage of males was restored to 45 � 7% in

mutant adult fish, which is not significantly different from wild type

(P = 0.865) (Fig 1H).

PGC specification is sinhcaf-dependent

It is generally recognized that PGC abundance plays a critical role in

sexual development (Slanchev et al, 2005; Ye et al, 2019; Feng et al,

2020). Therefore, we investigated the possible role of sinhcaf in PGC

abundance. We found the number of PGCs were significantly

affected by sinhcaf genotype in bud stage embryos (F3,36 = 32.125,

P < 0.001, Fig 2A–C). Specifically, the number of PGCs stained with

vasa or nanos3 probes were significantly decreased by 65% in

MZsinhcaf�/� embryos (P < 0.001), while significantly increased by

50% in bud stage sinhcaf overexpressing embryos (P = 0.001)

(Fig 2A–C), compared to wild type. Exogenous expression of sinhcaf

increased the number of PGCs by 1.9-fold (P < 0.001) (Fig 2B and

C) and rescued the loss of PGCs in bud stage MZsinhcaf�/�

embryos. Similar results were observed in dome stage, 21-somites

and 24hpf embryos (Fig 2A–C).

The sinhcaf�/� mutants were crossed with the Tg(piwil1:EGFP)

line that expresses green fluorescent protein (GFP) in PGCs.

Their progeny were raised to adulthood and intercrossed to estab-

lish a sinhcaf homozygous mutant line expressing GFP in PGCs, i.e.,

MZsinhcaf�/�; Tg(piwil1:EGFP). In vivo 3D confocal imaging

revealed a significant decrease in the number of PGCs (P < 0.001)

(Figs 2D and E, and EV1A) which are labeled with GFP in the zebra-

fish genital ridge of the MZsinhcaf�/� mutants. The number of

Vasa-positive PGCs was decreased in 24phf MZsinhcaf�/� embryos

compared to wild type (Fig EV1B). The expression of PGCs marker

genes was determined using RT–qPCR. As shown in Fig 2F, the

mRNA levels of vasa, dnd and nanos3 were significantly decreased

by 40, 79 and 80% in bud stage MZsinhcaf�/� mutant embryos,

respectively, compared to wild type.

Germ plasm aggregation is defective in maternal-zygotic sinhcaf
mutant embryos

We hypothesized that decreased maternal germ plasm components

or defective germ plasm aggregation may be responsible for PGC

specification defects in MZsinhcaf�/� mutants. As shown in Fig 3A

the level of germ plasm stained by the vasa probe was decreased in

cleavage furrows of 4-cell stage MZsinhcaf�/� embryos, compared
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to wild type. In contrast, the maternal mRNA levels of vasa, dnd,

nanos3, dazl and buc in whole unfertilized eggs were not affected in

the MZsinhcaf�/� line (Fig 3B). This indicates that germ plasm

aggregation was disrupted in MZsinhcaf�/� embryos, but not the

expression levels of key germ plasm components.

To further investigate germ plasm aggregation, mRNA for the live

imaging biomarker Buc-GFP (Campbell et al, 2015; Riemer et al, 2015)

was injected into wild type or MZsinhcaf�/� mutant 1-cell embryos. As

shown in Fig 3C and D, the Buc-GFP signal was significantly decreased

by 41.6% in MZsinhcaf�/� cleavage furrows (P < 0.001), compared to

wild type. In contrast, the level of total Buc-GFP determined by West-

ern blotting was unchanged in 4-cell stage MZsinhcaf�/� zebrafish

embryos compared to wild type (Fig 3E and F).

Loss of sinhcaf leads to an increase in histone 3 acetylation in
full-grown (FG) follicles

To investigate the interaction of zebrafish Sinhcaf with the core

components of the SIN3-HDAC complex, co-immunoprecipitation

was performed using HEK293T cells that were transiently trans-

fected with both Sinhcaf-GFP expression vector and plasmids

expressing HA-Sin3a, HA-Hdac1 or HA-Sap18. Western blot analysis

of Sinhcaf-GFP immunoprecipitations showed that Sinhcaf-GFP pre-

cipitated core components of the SIN3-HDAC complex (Fig 4A–C).

We conducted RT–qPCR to measure sinhcaf mRNA level in

zebrafish follicles. The levels of sinhcaf gradually increased from

the PG stage to maximal levels at the FG stage (Figs 4D and EV2A).

The sinhcaf mRNA level was significantly higher in FG stage folli-

cles, compared to other stage follicles. To examine whether sinhcaf

was expressed in oocytes, the denuded oocytes and follicular cell

layers were separated from FG follicles (Fig EV2B). We found that

sinhcaf was expressed in both denuded oocytes and follicular cell

layers (Fig EV2C).

To investigate whether Sinhcaf is required for histone deacetyla-

tion in zebrafish follicles, the level of acetyl-histone H3 (K9) was

determined in wild type or sinhcaf-/- zebrafish primary growth (PG),

previtellogenic (PV), early vitellogenic (EV), mid vitellogenic (MV)

and FG follicles by western blotting. As shown in Fig 4E and G, the

A B

C

E F
G H

D

Figure 1. sinhcaf is required for female sexual differentiation in zebrafish.

A RT–PCR analysis for temporal expression of sinhcaf mRNA during embryogenesis and early larval developmental stages. NC indicates the no template control.
B Time-course expression of sinhcaf revealed by whole-mount in situ hybridization. Scale bars, 100 lm.
C RT–PCR analysis for spatial expression of sinhcaf mRNA in adult tissues.
D The location of the TALEN-binding sites (underlined) on zebrafish sinhcaf gene and mutant line of TALEN-targeted sinhcaf alleles.
E Relative mRNA level of sinhcaf in bud stage WT and MZsinhcaf�/� mutant embryos as measured by RT–qPCR. Data shown are mean � SEM (n = 3, biological

replicates). Statistical analysis was performed using unpaired two-tailed Student’s t-test.
F Fluorescence microscopy of 10hpf Tg(CMV:EGFP;CMV:sinhcaf) zebrafish embryos. Scale bar, 400 lm.
G Relative mRNA level of sinhcaf in 10hpf or 24hpf WT and Tg(CMV:EGFP;CMV:sinhcaf) embryos as measured by RT–qPCR. Data shown are mean � SEM (n = 3,

biological replicates). Statistical analysis was performed using 2-way ANOVA followed by Holm-Sidak post hoc test.
H Percentage of male zebrafish in WT (n = 274), MZsinhcaf�/� (n = 166), Tg(CMV:EGFP;CMV:sinhcaf) (n = 158) and MZsinhcaf�/�;Tg(CMV:EGFP;CMV:sinhcaf) (n = 135)

adult zebrafish. Data shown are mean � SEM (n = the number of fish analyzed). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post
hoc test. The different letters (a, b, c) indicate a significant difference between the means, P < 0.05.

Source data are available online for this figure.
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level of acetyl-histone H3 (K9) gradually increased from wild-type

PG to MV stage follicles, and significantly decreased by 84% in

wild-type FG stage follicles (P < 0.001), compared to wild-type MV

stage follicles. Decreased acetyl-histone H3 (K9) in FG stage follicles

may be related to increased sinhcaf expression at the same stage

(Figs 4D and EV2A). In sinhcaf�/� zebrafish follicles, the level of

acetyl-histone H3 (K9) also gradually increased from PG to MV stage

follicles. While different from wild-type FG stage follicles, the level

of acetyl-histone H3 (K9) was not significantly (P = 0.714)

decreased in sinhcaf�/� FG stage follicles compared to sinhcaf�/�

MV stage follicles (Fig 4F and H).

To further analyze the role of Sinhcaf in histone deacetylation,

the level of acetyl-histone H3 (K9) was examined in sinhcaf�/� and

wild-type follicles at the same stage. It was shown that the level of

acetyl-histone H3 (K9) was not affected in sinhcaf�/� EV (Fig 4I

and M) or MV (Fig 4J and N) stage follicles, compared to wild-type

follicles at the same stage respectively. While the level of acetyl-

histone H3 (K9) was significantly increased by 2.7-fold (P = 0.04) in

sinhcaf�/� FG stage follicles compared to wild-type FG stage folli-

cles (Fig 4K and O). The levels of acetyl-histone H3 (Lys18) and

acetyl-histone H4 (K5) were also assessed in sinhcaf�/� and wild-

type FG stage follicles by western blotting. As shown in Fig 4L and

P, the level of acetyl-histone H3 (K18) was significantly increased

by 4-fold (P = 0.039), while the level of acetyl-histone H4 (K5) was

not affected in sinhcaf�/� FG stage follicles (Fig 4L and Q), com-

pared to wild-type FG stage follicles.

Genes related to microtubule functions were downregulated in
sinhcaf mutant FG follicles and eggs

We investigated the landscape of gene transcription and whether

transcription of genes involved in germ plasm aggregation was

A

FE

D

B

C

Figure 2. PGC specification is sinhcaf-dependent in zebrafish.

A, B Whole-mount in situ hybridization was performed in WT, MZsinhcaf�/�, Tg(CMV:EGFP;CMV:sinhcaf) and MZsinhcaf�/�;Tg(CMV:EGFP;CMV:sinhcaf) zebrafish embryos
with PGCs markers nanos3 (A) and vasa (B). Scale bars, 100 lm.

C Quantitative analysis of PGCs in bud stage WT, MZsinhcaf�/�, Tg(CMV:EGFP;CMV:sinhcaf) and MZsinhcaf�/�;Tg(CMV:EGFP;CMV:sinhcaf) zebrafish embryos. Data
shown are mean � SEM (n = 10, the number of embryos analyzed). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test.
The different letters (a, b, c) indicate a significant difference between the means, P < 0.05.

D Maximal intensity projection of a confocal z-stack of 24hpf Tg(piwil1:EGFP) and MZsinhcaf�/�; Tg(piwil1:EGFP) zebrafish embryos, dorsal views. Arrowheads point to
PGCs. Scale bars, 100 lm.

E Quantitative analysis of PGCs in 24hpf Tg(piwil1:EGFP) and MZsinhcaf�/�; Tg(piwil1:EGFP)zebrafish embryos. Data shown are mean � SEM (n = 13, the number of
embryos analyzed). Statistical analysis was performed using unpaired two-tailed Student’s t-test.

F Relative mRNA level of vasa, dnd and nanos3 in 24 hpf WT and MZsinhcaf�/� mutant embryos, respectively, as measured by RT–qPCR. Data shown are
mean � SEM (n = 3, biological replicates). Statistical analysis was performed using 2-way ANOVA followed by Holm-Sidak post hoc test.
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A

C D

F

E

B

Figure 3. Germ plasm aggregation was disrupted in sinhcaf mutant embryos.

A Whole-mount in situ hybridization was performed in 4-cell stage WT, MZsinhcaf�/� zebrafish embryos with germ plasm marker vasa. Red arrowheads point to cleav-
age furrows in the 4-cell embryos. Scale bars, 100 lm.

B Relative mRNA levels of germ plasm genes vasa, dnd, nanos3, dazl and buc in WT and MZsinhcaf�/� mutant eggs, respectively, as measured by RT–qPCR. Data shown
are mean � SEM (n = 3, biological replicates). Statistical analysis was performed using 2-way ANOVA followed by the Holm-Sidak post hoc test; NS, no significant
difference.

C Maximal intensity projection of a confocal z-stack of 4-cell stage WT and MZsinhcaf�/� zebrafish embryos injected with GFP-Buc and RFP mRNA. White arrowheads
point to cleavage furrows of 4-cell embryos. Scale bars, 100 lm.

D Relative GFP-Buc density at the cleavage furrow of 4-cell stage WT and MZsinhcaf�/� zebrafish embryos injected with GFP-Buc and RFP mRNA. Statistical analysis
was performed using unpaired two-tailed Student’s t-test. Data shown are mean � SEM (n = 12, the number of embryos analyzed).

E Statistical analysis of the relative levels of GFP-Buc/a-Tubulin. Data shown are mean � SEM (n = 3, biological replicates). Statistical analysis was performed using
one-way ANOVA followed by Tukey’s post hoc test.

F Western blots for GFP-Buc expression in 4-cell stage WT and MZsinhcaf�/� zebrafish embryos injected with GFP-Buc and RFP mRNA.

Source data are available online for this figure.
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affected in sinhcaf mutant FG follicles with upregulated acetyl-

histone H3. Transcriptome sequencing (RNA-seq) analysis uncov-

ered that 1,238 genes were upregulated, 923 genes were downregu-

lated in sinhcaf mutant FG follicles, compared to wild-type FG

follicles (Fig 5A). Loss of sinhcaf in mature eggs resulted in upregu-

lation of 904 genes, and downregulation of 911 genes (Fig 5B).

Downregulated genes in sinhcaf mutant FG follicles and eggs were

classified by gene ontology (GO) analysis, then the top 30 GO terms

with highest -log10P values were screened out, and at least two

downregulated genes were included in each biological processes,

cellular components or molecular function term. As shown in Figs

5C and EV3A and B, microtubules and microtubule-based processes

were included in the top 30 GO terms. Further, we reconfirmed tran-

scriptome analysis results by RT–qPCR and found genes kif26ab

A

E

G

I

M N O P Q

J K L

H

F

B C D

Figure 4.
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(microtubule-based process), kif5bb (microtubule-based process),

eml1, dnal1, myo15aa, and tuba8l2 (all included in GO term micro-

tubule) were indeed significantly downregulated in sinhcaf mutant

FG follicles and mature eggs (Figs 5D and EV3C). As reported previ-

ously (Hashimoto et al, 2004; Theusch et al, 2006; Sinsimer et al,

2013), microtubules are implicated in germ plasm accumulation at

cleavage furrows. Microtubules were labeled with a-tubulin anti-

body and germ plasm aggregates were labeled with phospho-non-

muscle myosin II (p-NMII) antibody. Double-color whole mount

immunofluorescence results indicated germ plasm aggregation was

disrupted while the structure of microtubule remained normal in

sinhcaf mutant 2-cell embryo (Fig 5E). Sinhcaf mutation signifi-

cantly decreased the transcript levels of some microtubule-related

genes. Downregulation of these genes may be closely related to the

level of acetylation of histone 3. The structure of microtubules

remained normal in sinhcaf mutant. These data imply the failure of

germ plasm accumulation in sinhcaf mutants was not caused by

defects of microtubule generation.

The role of Sinhcaf in germ plasm aggregation and PGC
specialization is mediated by the kinesin Kif26ab

Our RNA-seq and RT–qPCR results revealed that mRNA levels of the

kinesins kif26ab and kif5bb were significantly decreased in sinhcaf

mutant FG stage follicles and mature eggs. Kinesins are critical for

microtubule-dependent transport of germ plasm components in Dro-

sophila, Xenopus and zebrafish (Robb et al, 1996; Zimyanin et al,

2008; Campbell et al, 2015): Kif26ab is the member of kinesin family

11. To investigate whether the transcription of kif26ab is directly

regulated by Sinhcaf, ChIP-qPCR was conducted to determine if a

Sinhcaf-GFP fusion protein could bind to transcriptional regulatory

region of kif26ab gene using walking primers along with kif26ab-

promoter (Fig 6A). As shown in Fig 6B, Sinhcaf could bind to the

promoter region of kif26ab covered by primer sets 4 and 5. To deter-

mine whether loss of sinhcaf affected the epigenetic status of the

kif26ab gene, we performed ChIP assays for acetyl-histone H3 (K9)

and acetyl-histone H3 (K18) using specific anti- acetyl-histone H3

antibodies. This revealed that loss of sinhcaf increased both acetyl-

histone H3 (K9) and acetyl-histone H3 (K18) in the kif26ab

promoter region with primer set 4 and 5 (Fig 6C and D). Acetyl-

histone H3 (K9) ChIP-Seq was conducted to further confirm that loss

of sinhcaf increases the histone acetylation in the kif26ab promoter

region. As shown in Fig 6E, sinhcaf mutation resulted in the

increase of acetyl-histone H3 (K9) occupancy in the kif26ab pro-

moter region. We further investigated whether Sinhacf could acti-

vate the transcription of kif26ab using HEK193T cells harboring a

luciferase reporter cassette under the control of the kif26ab pro-

moter. Overexpression of sinhcaf significantly increased luciferase

expression from the kif26ab reporter cassette (Fig 6F). Bisulfite

sequencing of the promoter regions of kif26ab revealed no signifi-

cant differences in methylation status between WT and sinhcaf�/�

MV or FG follicles (Appendix Fig S3A and B). These data thus indi-

cate that Sinhcaf directly binds to the promoters of kif26ab to acti-

vate its transcription by modulating histone acetylation status.

To determine whether decreased maternal mRNA levels of

kif26ab or kif5bb resulted in defective germ plasm aggregation in

MZsinhcaf�/� embryos, morpholinos were designed to block the

translation of kif26ab and kif5bb mRNA (Appendix Fig S4A–C).

After kif26ab knockdown, the number of PGCs was significantly

decreased by 29% in the genital ridge (P < 0.001) (Fig 7A and B),

which is similar to the phenotype observed in MZsinhcaf�/�

embryos. The kif5bb knockdown did not affect the number of PGCs

in the genital ridge (Appendix Fig S5A and B). Furthermore, we co-

injected Buc-GFP mRNA + RFP mRNA + kif26ab MO into 1-cell

embryos and found that the Buc-GFP signal was significantly

decreased by 38% (P = 0.003) or 41.9% (P < 0.001) in cleavage fur-

rows, compared to Buc-GFP mRNA + RFP mRNA + Control MO co-

injected or Buc-GFP mRNA + RFP mRNA co-injected embryos

(Fig 7C and D). The level of total Buc-GFP was unchanged in

4-cell stage embryos injected with Buc-GFP mRNA + RFP

mRNA + kif26ab MO, compared to embryos injected with Buc-GFP

mRNA + RFP mRNA + Control MO or Buc-GFP mRNA + RFP

mRNA (Fig 7E and F). To confirm that the role of Sinhcaf in

germ plasm aggregation is mediated by Kif26ab, we co-injected

Buc-GFP mRNA + RFP mRNA + kif26ab mRNA into 1-cell

MZsinhcaf�/� embryos. The Buc-GFP signal was increased by

40.1% in MZsinhcaf�/� embryos through kif26ab mRNA injection

(P = 0.012) (Fig 7G and H). In contrast, the level of total Buc-GFP

◀ Figure 4. Loss of Sinhcaf leads to an increase in histone 3 acetylation of FG follicles.

A–C Co-immunoprecipitation of zebrafish Sinhcaf-GFP with HA-Hdac1 (A), HA-Sin3a (B) or HA-Sap18 (C) in HEK293Tcells transfected with both Sinhcaf-GFP and HA-
Hdac1 (A), HA-Sin3a (B) or HA-Sap18 (C) plasmids.

D Relative mRNA level of sinhcaf in zebrafish PG, PV, EV, MV, and FG follicles was measured using RT–qPCR. Data shown are mean � SEM (n = 3, biological
replicates).

E, F Western blots for acetyl-histone H3 (K9) (Ace-H3-K9), histone H3 in WT (E) or MZsinhcaf�/� (F) PG, PV, EV, MV and FG follicles. a-tubulin was used as a loading
control.

G, H Statistical analysis of the relative levels of Ace-H3-K9 in WT (G) or MZsinhcaf�/� (H) PG, PV, EV, MV and FG follicles. Data shown are mean � SEM (n = 3, biological
replicates). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. The different letters (a, b, c) indicate a significant difference
between the means, P < 0.05.

I–K Western blots for Ace-H3-K9 and H3 in WT and MZsinhcaf�/� EV (I), MV (J), and FG (K) follicles. a-tubulin was used as a loading control.
L Western blots for Ace-H4-K5, Ace-H3-K18, and H3 in WT and MZsinhcaf�/� FG follicles. a-tubulin was used as a loading control.
M–O Statistical analysis of the relative levels of Ace-H3-K9I n WT and MZsinhcaf�/� EV (M), MV (N) and FG (O) follicles. Data shown are mean � SEM (n = 3, biological

replicates). Statistical analysis was performed using unpaired two-tailed Student’s t-test.
P, Q Statistical analysis of the relative levels of Ace-H3-K18 (P) and Ace-H4-K5 (Q) in WT and MZsinhcaf�/� FG follicles. Data shown are mean � SEM (n = 3, biological

replicates). Statistical analysis was performed using unpaired two-tailed Student’s t-test.

Data information: EV, early vitellogenic stage (early stage III); FG, full-grown stage (late-stage III); MV, mid vitellogenic stage (mid -stage III); PG, primary growth (stage I);
PV, previtellogenic stage (stage II).
Source data are available online for this figure.
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was unchanged in 4-cell stage wild type or MZsinhcaf�/� embryos

injected with Buc-GFP mRNA + RFP mRNA or Buc-GFP

mRNA + RFP mRNA + kif26ab mRNA (Fig 7I and J). Injections

with kif26ab mRNA thus partially rescues the decreased Buc-GFP

signal in cleavage furrows of MZsinhcaf�/� embryos.

Discussion

We have demonstrated that Sinhcaf-dependent histone deacetylation

functions in germ plasm aggregation and subsequent PGC specifica-

tion. Our findings are significant for two main reasons. Firstly, we

provide evidence that Sinhcaf-mediated histone deacetylation is criti-

cal for germ plasm aggregation and PGC specification. Secondly, we

revealed that the essential role of Sinhcaf in germ plasm aggregation

and PGC specification is mediated by regulating the histone acetyla-

tion status of the kif26ab promoter to activate its transcription.

Our study indicates that mutations of maternal-zygotic sinhcaf

leads to decreased PGCs number in dome stage, bud stage, 21-

somites and 24hpf embryos, meanwhile, sinhcaf overexpression

increased the number of PGCs at these stages. Thus it was demon-

strated that zebrafish PGC specialization is sinhcaf-dependent. We

found maternal-zygotic sinhcaf zebrafish mutants exhibited a male-

biased sex ratio. While overexpression of sinhcaf results in a

female-biased sex ratio. It has been previously reported that PGC

abundance is critical for sex differentiation in zebrafish (Slanchev

et al, 2005; Feng et al, 2020). In zebrafish, individuals with a small

number or without PGCs result in later male development, while

individuals with a high PGC number have an increased propensity

for the female fate (Tzung et al, 2015; Ye et al, 2019). We found that

he number of PGCs was significantly decreased in MZsinhcaf�/�

embryos, while significantly increased in sinhcaf overexpressing

embryos. These data thus indicate the role of sinhcaf in sex differen-

tiation is via modulation of PGC specification. In zebrafish, four

PGC clusters, each containing about four cells, are found at the

dome stage, then PGCs begin to migrate towards the future gonad

through 80% epiboly stage, bud stage, 8-somite, 21 somite, and

some other stages, finally reaching the genital ridge at 24hpf (Yoon

et al, 1997; Raz, 2003). Zebrafish PGCs are specified by the inheri-

tance of maternal germ plasm (Hashimoto et al, 2004). Germ plasm

aggregation is an essential step for PGC specialization: germ plasm

gradually accumulates in cleavage furrows during cleavage stage,

germ plasm aggregates determine PGC specification (Hashimoto

et al, 2004; Eno et al, 2019). Surprisingly little is known about how

the germ plasm aggregation process is regulated. We have shown

the maternal mRNA levels of germ plasm components were not

affected in MZsinhcaf�/� mutant fish, while germ plasm aggrega-

tion was disrupted in MZsinhcaf�/� cleavage stage embryos. Thus,

Sinhcaf is a newly identified factor essential for germ plasm aggrega-

tion and PGC specialization.

Although histone deacetylation has been reported to play signifi-

cant roles in many biological processes (Akiyama et al, 2006;

Matsuda et al, 2011; Barber et al, 2012; Eskandarian et al, 2013),

the function of histone deacetylation during germ plasm aggregation

remains unknown. Sinhcaf is a new component of histone deacety-

lase complexes (Streubel et al, 2017; Nabeshima et al, 2018), which

catalyze the removal of acetyl residues from core histones and other

proteins (Karantzali et al, 2008; Dovey et al, 2010a; Adams et al,

2018). We found zebrafish Sinhcaf interacted with the core compo-

nents of SIN3-HDAC complex. The level of sinhcaf mRNA was

highest in FG stage follicles. In animals, zygotic transcription is not

yet activated in early embryonic cleavage (Dosch et al, 2004; Lee

et al, 2014) and the process of germ plasm aggregation is regulated

by maternal RNA and protein (Bontems et al, 2009; Sinsimer et al,

2013; Colozza & De Robertis, 2014; Campbell et al, 2015). Maternal

factors accumulate during oogenesis. Oocyte maturation is the final

step of oogenesis, FG is the final stage of oocyte development before

maturation. We demonstrated that loss of Sinhcaf resulted in

increased acetylation level of histone 3 in zebrafish FG follicles.

Combined with the results that germ plasm aggregation and PGC

specialization is defective in MZsinhcaf�/� embryos, we infer that

Sinhcaf-mediated histone deacetylation may be related to germ

plasm aggregation and PGC specialization.

Reduced histone acetylation has been shown to promote the for-

mation of higher order and more condensed chromatin, which

inhibits gene transcription. Thus, the histone deacetylase complexes

have mostly been defined within the context of transcriptional

repression (Hassig et al, 1997; Adams et al, 2018). Progress in recent

years indicates that the histone deacetylase complex also functions

in transcriptional activation (Kurdistani et al, 2002; Wang et al,

2009; Jamaladdin et al, 2014). Our transcriptomic analysis shows

that the number of genes with increased expression was roughly

equivalent with the number of genes with reduced expression in

sinhcaf mutant FG follicles or mature eggs, compared to wild type.

This suggests that Sinhcaf may have dual roles in both transcrip-

tional activation and repression. Both the transcriptomic and

RT–qPCR results showed the level of kif26ab transcripts was signifi-

cantly decreased in sinhcaf mutant FG follicles and mature eggs,

compared to wild type. Sinhcaf can directly bind to the transcrip-

tional regulatory region of kif26ab. Loss of sinhcaf increased both

acetyl-histone H3 (K9) and acetyl-histone H3 (K18) levels in the pro-

moter region of kif26ab. The results of the luciferase-promoter assay

◀ Figure 5. Genes related to microtubules and microtubule-based processes were downregulated in sinhcaf mutant FG follicles and eggs.

A, B Volcano plots showing the relative abundances of transcripts in WT and MZsinhcaf�/� FG follicles (A) or mature eggs (B). Transcripts were differentially expressed if
P < 0.05 and fold-change > 2 in MZsinhcaf�/� FG follicles or mature eggs compared to WT.

C Annotations for the gene ontology (GO) terms biological process (green), cellular component (blue), molecular function (red) terms were performed for differentially
expressed genes in WT and MZsinhcaf�/� mature eggs. Ten GO terms (at least two genes in each term) with highest value of -log10P value are listed in each cate-
gory. Red arrowheads point to GO term microtubule.

D Significantly downregulated genes related to microtubule and microtubule-based process in sinhcaf mutant mature eggs, revealed by transcriptome analysis, are
reconfirmed by independent qRT–PCR analysis. Data shown are mean � SEM (n = 3, biological replicates). Statistical analysis was performed using 2-way ANOVA
followed by Holm-Sidak post hoc test, *P < 0.05. NS, no significant difference.

E Maximal intensity projection of a confocal z-stack for a-tubulin and phospho-non-muscle myosin II (p-NMII) in 2-cell WT and MZsinhcaf�/� mutant embryos using
whole-mount immunohistochemistry. White arrowheads point to cleavage furrows of 2-cell embryos. Scale bars, 100 lm.
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demonstrate that kif26ab is transcriptionally activated by Sinhcaf.

Our results indicate that Sinhcaf facilitates histone 3 deacetylation

in the promoter region of kif26ab gene, which in turn maintains its

maternal expression.

Kinesins have been shown to be responsible for the microtubule-

dependent aggregation of germ plasm (Robb et al, 1996; Sinsimer

et al, 2013; Campbell et al, 2015). Kif26ab, one member of the kinesin

superfamily, can bind microtubules and has roles in cell signal trans-

duction and facilitating termination of nociceptive responses by

sequestering focal adhesion kinase (Zhou et al, 2009; Wang et al,

2018). To investigate whether decreased maternal mRNA levels of

kif26ab is the reason for defective germ plasm aggregation in

A

C

E F

D

B

Figure 6. Loss of sinhcaf increases acetyl-histone H3 (K9) and acetyl-histone H3 (K18) levels in the promoter region of kif26ab.

A Six pairs of walking primers were designed along the kif26ab promoter.
B ChIP assay was performed to evaluate whether Sinhcaf binds to the kif26ab promoter directly in zebrafish. Data shown are mean � SEM (n = 3, biological

replicates), *P < 0.05. Statistical analysis was performed using 2-way ANOVA followed by Holm-Sidak post hoc test.
C, D The ChIP assay was performed to determine the influence of MZsinhcaf�/� mutation on acetyl-histone H3 (K9) and acetyl-histone H3 (K18) of the kif26ab promoter

in zebrafish. Data shown are mean � SEM (n = 3, biological replicates), *P < 0.05. Statistical analysis was performed using 2-way ANOVA followed by Holm-Sidak
post hoc test.

E IGV track view of acetyl-histone H3 (K9) occupancy on the kif26ab gene region in MZsinhcaf mutant and wild-type zebrafish embryos. The increased ChIP-seq peaks
are highlighted with red dashed rectangle.

F HEK293T cells stably expressing luciferase reporter construct driven by zebrafish kif26ab promoter were transfected with different amounts of CMV-Sinhcaf plasmid
as indicated and luciferase activity was measured. Data shown are mean � SEM (n = 3, biological replicates). Statistical analysis was performed using one-way
ANOVA followed by Tukey’s post hoc test. The different letters (a,b) indicate a significant difference between the means, P < 0.05.
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MZsinhcaf�/� embryos, the expression of kif26ab was suppressed

through morpholino injection. Suppressed expression of kif26ab

indeed resulted in defective germ plasm aggregation in cleavage

furrows and decreased PGCs number in genital ridge. Injection of

kif26ab mRNA could partly rescue the decreased germ plasm compo-

nents in cleavage furrows of MZsinhcaf�/� embryos. This led us to

A

C D

E

G H

I J

F

B

Figure 7.
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establish a model for the roles of sinhcaf, transcription of kif26ab and

germ plasm aggregation. In wild-type zebrafish, Sinhcaf promotes

deacetylation of histone 3, which is essential for activating transcrip-

tion of kif26ab. The critical role of Sinhcaf in germ plasm aggregation

and subsequent PGC specification is mediated by Kif26ab (Fig 8A).

Loss of Sinhcaf resulted in increased acetylation level of histone 3 in

the promoter region of kif26ab and decreased level of Kif26ab, which

is the reason for defective germ plasm aggregation and decreased

number of PGCs in sinhcaf mutants (Fig 8B).

Histone deacetylation is involved in modulating the self-renewal

and differentiation of pluripotent stem cells (Ware et al, 2009; Jama-

laddin et al, 2014). PGCs are unipotent cells committed to germ line-

age, while they will become pluripotent upon explantation in culture

(Matsui et al, 1992; Resnick et al, 1992). Whether histone deacetyla-

tion process functions in self-renewal and differentiation of PGCs

remains unclear. Our earlier work established that Sinhcafl, a homolo-

gous protein of Sinhcaf, is involved in reprogramming of somatic cell

nuclear transfer (Luo et al, 2009; Hu et al, 2018). Here we found

◀ Figure 7. The role of Sinhcaf in germ plasm aggregation and subsequent PGC specification is mediated by Kif26ab.

A Maximal intensity projection of a confocal z-stack of 24hpf Tg(piwil:egfp), Tg(piwil:egfp) injected with kif26ab MO and Tg(piwil:egfp) injected with control MO
embryos.

B Quantitative analysis of PGCs in 24hpf Tg(piwil:egfp) (n = 11), Tg(piwil:egfp) injected with kif26ab MO (n = 12) and Tg(piwil:egfp) injected with control MO (n = 13)
embryos. Data shown are mean � SEM (n = the number of embryos analyzed).

C Maximal intensity projection of a confocal z-stack of 4-cell stage embryos injected with GFP-Buc mRNA + RFP mRNA, GFP-Buc mRNA + RFP mRNA + Control MO
and GFP-Buc mRNA + RFP mRNA + kif26ab MO. White arrowheads point to cleavage furrows of 4-cell embryos.

D Relative GFP-Buc density at the cleavage furrow of 4-cell stage embryos injected with GFP-Buc mRNA + RFP mRNA (n = 11), GFP-Buc mRNA + RFP mRNA + Control
MO (n = 11) and GFP-Buc mRNA + RFP mRNA + kif26ab MO (n = 10). Data shown are mean � SEM (n = the number of embryos analyzed).

E Statistical analysis of the relative levels of GFP-Buc/a-Tubulin. Data shown are mean � SEM (n = 3, biological replicates).
F Western blots for GFP-Buc expression in 4-cell stage embryos injected with GFP-Buc mRNA + RFP mRNA, GFP-Buc mRNA + RFP mRNA + Control MO and GFP-Buc

mRNA + RFP mRNA + kif26ab MO.
G Maximal intensity projection of a confocal z-stack of MZsinhcaf�/� or WT 4-cell stage embryos injected with GFP-Buc mRNA + RFP mRNA or GFP-Buc mRNA + RFP

mRNA + kif26ab mRNA. White arrowheads point to cleavage furrows of 4-cell embryos.
H Relative GFP-Buc density at the cleavage furrow of MZsinhcaf�/� (n = 12) or WT (n = 13) 4-cell stage embryos injected with GFP-Buc mRNA + RFP mRNA or GFP-Buc

mRNA + RFP mRNA + kif26ab mRNA. Data shown are mean � SEM (n = the number of embryos analyzed).
I Statistical analysis of the relative levels of GFP-Buc/a-Tubulin. Data shown are mean � SEM (n = 3, biological replicates).
J Western blots for GFP-Buc expression in MZsinhcaf�/� or WT 4-cell stage embryos injected with GFP-Buc mRNA + RFP mRNA, GFP-Buc mRNA + RFP

mRNA + Control MO and GFP-Buc mRNA + RFP mRNA + kif26ab MO.

Data information: Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. Scale bars, 100 lm.
Source data are available online for this figure.

A

B

Figure 8. Model for the role of Sinhcaf in germ plasm aggregation and subsequent PGC specification is mediated by Kif26ab.

A Sinhcaf is the Sin3-HDAC complex associated factor. In WT eggs, Sinhcaf promotes deacetylation of histone 3, which is essential for activating transcription of kif26ab.
In turn, Kif26ab promotes recruitment of germ plasm to furrows and subsequent PGC specification.

B In sinhcaf�/� eggs, transcription of kif26ab is blocked, resulting in failed germ plasm recruitment to specify PGCs.
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Sinhcaf-mediated histone deacetylation modulates PGC specification.

Our findings may open avenues for further investigating the role of

histone deacetylation in self-renewal and differentiation of PGCs.

In summary, our results establish a critical role of Sinhcaf in

germ plasm aggregation and subsequent PGC specification. Mecha-

nistically, maternal kif26ab expression, which is essential for germ

plasm aggregation in cleavage stage embryo, is regulated by Sinhcaf

through erasing acetylation of histone in kif26ab promoter region

directly. Our sinhcaf�/� mutants offer an amendable in vivo model

system to determine what controls PGC specification. There are

numerous reasons why this may be important, including manipula-

tion of sex ratios, or to understand the role of histone deacetylation

in self-renewal of germline stem cells (GSCs), which may aid in the

search for fertility enhancers in humans.

Materials and Methods

Zebrafish care and maintenance

Zebrafish (Danio rerio) and their embryos were raised and main-

tained at 28.5°C. Tg(piwil1:EGFP) zebrafish of the AB genetic back-

ground were obtained from the China Zebrafish Resource Center

(CZRC, Wuhan, China) (Ye et al, 2019). The density of fish is 50 lar-

vae/l for age from 5 dpf to 15 dpf, 20 fish/l for age 15 dpf to 1 mpf,

10 fish/l for age from 1 mpf to 2 mpf, and 5 fish/l for age older than

2 mpf. Procedures involving zebrafish were approved by the Institu-

tional Animal Care and Use Committee of the Institute of Hydrobiol-

ogy, Chinese Academy of Sciences.

Establishment of transgenic and mutant zebrafish lines

To generate Tg(CMV:EGFP;CMV:sinhcaf) zebrafish, sinhcaf cDNA was

ligated into the EcoRI/BclI site of the Tol2-CMV:EGFP-polyA-CMV:

MCS-polyA-Tol2 vector. To generate Tg(CMV: sinhcaf-EGFP) zebra-

fish, sinhcaf ORF (without stop codon TGA) was ligated into the

HindIII/SmaI site of the Tol2-CMV:MCS-EGFP-polyA-Tol2 vector.

Prior to injection, Tol2-CMV:EGFP-polyA-CMV:MCS-polyA-Tol2 and

Tol2-CMV:MCS-EGFP-polyA-Tol2 vectors were linearized with NotI,

each linearized vector was co-injected with Tol2 mRNA into one-cell

stage AB strain zebrafish embryos. The following days, embryos were

monitored using a fluoroscope (Leica M250), only embryos displaying

fluorescence were grown to adulthood and outcrossed with wild type

to identify the founder fish. To generate sinhcaf�/� mutant zebrafish,

the paired TALENs for sinhcaf gene were constructed using the golden

gate method. TALEN mRNAs were synthesized using the mMessage

mMACHINE SP6 Kit (Ambion, Inc., Austin, TX) and purified by LiCl

precipitation. One-cell stage embryos were injected with TALEN

mRNAs, injected embryos were raised to adulthood and then

outcrossed with wild-type fish to identify founders that transmitted

mutations through the germ line. Mutations were genotyped by com-

petitive PCR and confirmed by sequencing.

Whole-mount in situ hybridization

Zebrafish vasa, nanos3 and sinhcaf cDNAs were cloned by PCR

amplification and the products subcloned into the pCS2+ vector.

Digoxigenin labeled antisense probes for vasa, nanos3 and sinhcaf

were synthesized using T7 RNA Polymerase (Thermo Scientific) and

DIG RNA Labeling Mix (Roche Diagnostics, Mannheim, Germany).

Whole mount in situ hybridization was conducted as described by

the Thisse Lab (Thisse & Thisse, 2008).

Whole-mount immunohistochemistry

Whole-mount immunohistochemistry was performed as described

previously (Tao et al, 2018). Primary antibodies used were mouse

anti-a-tubulin (1:1,000, Sigma T5168) and rabbit anti-phospho-

myosin light chain 2 (p-NMII(Ser19), 1:50, CST 3671T). Goat anti-

mouse-DyLight 549 IgG (1:500, Abbkine A23310-2) and goat anti-

rabbit-Cy5 IgG (1:500, Bioss bs-0295G) were used as fluorescent

secondary antibodies.

RT–PCR and RT–qPCR

Total RNA was extracted from zebrafish embryos, tissues, and ovar-

ian follicles using TRIzol reagent (Invitrogen) and resuspended in

nuclease-free water. The quality of extracted RNA was confirmed by

UV spectrophotometer and agarose gel electrophoresis. Total RNA

was reverse-transcribed into cDNA using ReverTra Ace qPCR RT

Master Mix (TOYOBO). For RT–PCR, the cDNA samples were PCR-

amplified using gene-specific primers as listed in Appendix

Table S1. RT-qPCR was conducted with Roche LightCycler 480 real-

time PCR system using 2×SYBR green real-time PCR mix (TOYOBO).

b-actin was selected as a reference gene. 2-DDCt method was used

to calculate the relative expression levels of target genes against b-
actin (Livak & Schmittgen, 2001). Primers used in RT–qPCR can be

found in Appendix Table S2.

Embryo mounting, confocal microscopy, and image processing

Embryos were mounted in 0.5–1.0% low-melt agarose. Living

embryos were anaesthetized in 168 mg/l tricaine before mounting.

Fluorescence images were collected with laser scanning confocal

microscope (Leica TCS SP5). Images were processed using Adobe

Photoshop CS3 Extended. Fluorescence intensity was measured

using ImageJ analysis software (NIH).

Co-immunoprecipitation

For immunoprecipitation assays in culture cells, full length of

sinhcaf, sin3a, hdac1, and sap18 cDNAs were cloned into pEGFP-N1

or pCMV-HA vectors. HEK293T cells were transiently transfected

with the indicated constructs of interest using Lipofectamine 3000

(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA)

according to the manufacturer’s instructions; 36 h after transfection,

cells were harvested and lysed in RIPA buffer (Sangon Biotech,

China) including protease inhibitors. Co-immunoprecipitation

experiments were performed as previously described (van den Berg

et al, 2010). Antibody against GFP (Abcam ab290, UK) and rabbit

IgG (Beyotime Biotechnology A7016, China) were used.

Western blotting

Follicles of different stages were manually isolated and grouped as

described previously (Poon et al, 2009). Total Protein Extraction Kit
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(Sangon Biotech, China) was used to lyse different stage follicles.

Total protein was electrophoresed on 12% SDS–PAGE gels and

transferred to a polyvinylidene fluoride (PVDF) membrane, then

probed with indicated primary antibodies against acetyl-histone H3

(K9 9649T), acetyl-histone H3 (K18 13998S), acetyl-histone H4 (K18

8647S) (all from Cell Signaling Technology), a-Tubulin (1:2,000,

Sigma T9026), Histone H3 (1:1,000, Abcam ab1791) and EGFP

(1:500, Abcam ab290). Signals were detected using Immobilon

Western Chemiluminescent HRP Substrate (Merck-Millipore), and

visualized using Image Quant LAS 4000 mini system (GE Health-

care). Immunoblots were analyzed with ImageJ (v1.48, NIH).

Bisulfite sequencing

Genomic DNA was isolated from WT and sinhcaf�/� follicles using

the Universal Genomic DNA Kit (CWBiotech) following the manu-

facturer’s protocol. The DNA (500–1,000 ng) was treated with bisul-

fite and purified with DNA Bisulfite Conversion Kit (TIANGEN,

DP215) according to the manufacturer’s protocol and was then

subjected to PCR amplification with the following primers: kif26ab-

bis-F 50-GAGGTGGAGTTTTTTAAGGT-30; kif26ab-bis-R 50-ACCAA
AACTAAAATACCCCT-30. The amplified fragments were separated

by agarose gel electrophoresis and the target bands were excised.

Extracted gel bands were purified using Agarose Gel Extraction Kit

and were subcloned into the pMD18-T vector. Randomly selected

clones containing the target fragments of kif26ab were sequenced.

Sequenced fragments were analyzed with the quantification tool for

methylation analysis (http://quma.cdb.riken.jp).

Chromatin immunoprecipitation (ChIP)-qPCR

Chromatin immunoprecipitation assays were carried out using a varia-

tion of the protocol (https://wiki.zfin.org/display/prot/ZFIN+

Protocol+Wiki). Briefly, to determine if a Sinhcaf-GFP fusion protein

could bind to transcriptional regulatory region of kif26ab or kif5bb,

about 600 36hpf embryos injected with 450 pg CMV-Sincaf-EGFP-SV40

polyA or CMV-RFP-EGFP-SV40 polyA were collected. Immunoprecipi-

tation was carried out using ChIP Grade anti-EGFP antibody (Abcam

ab290). To determine whether loss of sinhcaf affected the epigenetic

status of the kif26ab gene, about 600 36hpf wild type or sinhcaf

mutant embryos were collected. Immunoprecipitation was carried out

using ChIP Grade anti- acetyl-histone H3 (K9 9649T) or acetyl-histone

H3 (K18 13998S) antibodies. The relative amounts of kif5bb or kif26ab

upstream region in immunoprecipitated chromatin and input control

were measured using quantitative PCR with the respective gene

primers. The primer sequences are listed in Appendix Table S3.

Chromatin immunoprecipitation (ChIP) -seq

About 600 36hpf wild type or MZsinhcaf mutant embryos were used

for acetyl-histone H3 (K9) ChIP-seq according to ChIP protocol

described above. Library construction and bioinformatics analyses

were performed by BGI (Shenzhen, China). The DNA is combined

with End Repair Mix, and incubate at 20°C for 30 min. Purify the

end-repaired DNA with QIAquick PCR Purification Kit (Qiagen),

then add A-Tailing Mix, incubate at 37°C for 30 min. Combine the

purified Adenylate 30 Ends DNA, Adapter and Ligation Mix, incubate

the ligation reaction at 20°C for 15 min. Purify the Adapter-ligated

DNA with the QIAquick PCR Purification Kit. Several rounds of PCR

amplification with PCR Primer Cocktail and PCR Master Mix are

performed to enrich the Adapter-ligated DNA fragments. Then the

PCR products are selected (about 100–300 bp, including adaptor

sequence) by running a 2% agarose gel to recover the target frag-

ments. Purify the gel with QIAquick Gel Extraction kit (QIAGEN).

The final library was quantitated in two ways: determining the aver-

age molecule length and sample integrity as well as purity using the

Agilent 2100 bioanalyzer instrument (Agilent DNA 1000 Reagents)

and quantifying the library by real-time quantitative PCR (RT–

qPCR). The sequencing was performed with the BGISEQ-500

sequencing system, featuring combinatorial probe-anchor synthesis

(cPAS) and DNA Nanoballs (DNB) technology for superior data

quality (BGI-Shenzhen, China). Raw reads were filtered first to

remove low-quality or adaptor sequences by SOAPnuke with param-

eters: filter -l 5 -q 0.5 -n 0.1 -Q 2 �5 1 -c 50. Cleaned reads were

mapped to the reference genome of GRCz11 using SOAPaligner/

SOAP2 (version: 2.2.5), whose parameters is -v 2 -s 35. The different

enrichment peaks from different samples was plotted by MAnorm

(v1.1). The gene element annotation of peak or different enrichment

peak from different samples was carried out by bedtools intersect

mode with overlap 50%. To identify the characteristics of peaks,

motif discovery was analyzed using HOMER (v4.10.3).

RNA sequencing

RNA sequencing was performed on five biological replicates for

mature egg, four biological replicates for FG follicle of wild type and

sinhcaf�/� zebrafish (18 total samples sequenced by Shanghai OE Bio-

tech. Co., Ltd.). Each biological replicate was a pool of mature eggs or

FG follicles from one female zebrafish. Total RNA was extracted using

the mirVana miRNA Isolation Kit (Ambion) following the manufac-

turer’s protocol. RNA integrity was evaluated using the Agilent 2100

Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The sam-

ples with RNA Integrity Number (RIN) ≥ 7 were subjected to the sub-

sequent analysis. The libraries were constructed using TruSeq

Stranded mRNA LTSample Prep Kit (Illumina, San Diego, CA, USA)

according to the manufacturer’s instructions. Then these libraries

were sequenced on the Illumina sequencing platform (HiSeq TM 2500

or Illumina HiSeq X Ten) and 125 bp/150 bp paired-end reads were

generated. Raw data (raw reads) were processed using Trimmomatic

v0.35. The reads containing ploy-N and the low-quality reads were

removed to obtain the clean reads. These clean reads were mapped to

reference genome using hisat2. FPKM value of each gene was calcu-

lated using cufflinks, and the read counts of each gene were obtained

by htseq-count. DEGs were identified using the DESeq R package

functions estimateSizeFactors and nbinomTest. P < 0.05 and fold

Change > 2 or fold Change < 0.5 was set as the threshold for signifi-

cantly differential expression. Hierarchical cluster analysis of DEGs

was performed to explore genes expression pattern. Gene Ontology

(GO) enrichment analysis of DEGs was performed using R, based on

the hypergeometric distribution.

Luciferase-reporter assays

The zebrafish kif26ab promoter (1,707 bp) was amplified with the

primers: kif26ab-F (KpnI) 50-CGGGGTACCTTCCGTCGCCACAAAA
CAAA-30; kif26ab-R (HindIII) 50-CCCAAGCTTATGGGCACCAGAG

14 of 17 EMBO reports 23: e54387 | 2022 ª 2022 The Authors

EMBO reports Binbin Tao et al

http://quma.cdb.riken.jp
https://wiki.zfin.org/display/prot/ZFIN%2BProtocol%2BWiki
https://wiki.zfin.org/display/prot/ZFIN%2BProtocol%2BWiki


CCCTTAG-30. The promoter fragment was cloned into the pGL4

luciferase reporter plasmid (Promega). HEK293T cells stably expres-

sing kif26ab-luciferase reporter construct were seeded at a density

of 1.5 × 105 cells per well of a 12-well dish and cultured in complete

DMEM (Gibco, USA) containing 10% FBS and maintained at 37°C

and 5% CO2. All transfections were performed with Lipofectamine

3000 (Invitrogen), according to manufacturer’s instructions. Cells

were harvested after 36 h, and the luciferase activity of the lysate

was measured with the Dual-Luciferase reporter assay system

(Promega, E1960) using SpectraMax i3 (Molecular Devices).

Knockdown experiments

The kif26ab specific antisense morpholino oligonucleotides (kif26ab

MO 50-CATGCGTTAAATCCATCATCTCGGT-30), kif5bb specific

antisense morpholino oligonucleotides (kif5bb MO 50-CGCCATCT
TCAGCTGTGAGGAGGAG-30) and control morpholino oligonucleo-

tides (Control MO 50-CCTCTTACCTCAGTTACAATTTATA-30) were

designed and synthesized by Gene Tools (Philomath, OR, USA),

dissolved to 1mM in nuclease-free water and stored at �20°C. For

microinjection, MOs were diluted in 1×Danieau’s buffer (58 mM

NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 5 mM

HEPES, pH 7.6) supplemented with phenol red. The effectiveness

of the kif26ab MO and kif5bb MO were tested by co-injecting

each MO with the pEGFP-N1 plasmid fused in frame with the MO

target site.

Statistical analysis

Statistical analyses were conducted using GraphPad Prism 5

(GraphPad Software Inc.). Datasets were examined for normality

and homogeneity of variance using the Shapiro–Wilk test and

Levene’s median test, respectively. Statistical analysis was

performed using unpaired two-tailed Student’s t-test, or one-way

ANOVA followed by Tukey post hoc test, or 2-way ANOVA followed

by Holm-Sidak post hoc test. Data are presented as mean � SEM.

Data availability

All data, methods, and results of statistical analyses are reported in

this paper. We welcome any specific inquiries.

• RNA-Seq data: Gene Expression Omnibus GSE159162 (https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159162)

• ChIP-Seq data: Gene Expression Omnibus GSE198516 (https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE198516)

Expanded View for this article is available online.
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