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Mud crab (Scylla paramamosain) is one of the most economically-important marine crabs
in China. However, research on mechanisms of reproductive regulation is not sufficient.
Vitellogenesis-inhibiting hormone (VIH) is a member of the crustacean hyperglycemia
hormones (CHH) family, which plays an essential role in the regulation of gonadal
development and maturation in crustaceans, and current studies on the regulation of
Vih transcription in crabs are relatively rare. Our previous studies on the transcriptional
regulation of mud crab Vih (SpVih) have proved that the binding site of Oct4/Sox9
transcription factor may be the key region for positively regulating the expression of SpVih.
In this study, the electrophoretic mobility shift assay (EMSA) experiment confirmed that
the nuclear protein extracted from the eyestalk could bind to the key region of SpVih
promoter, and these specific bindings were dependent on the presence of Oct4/Sox9
binding sites. Two specific binding complex bands were detected in the supershift group
of EMSA supershift experiments by Oct4 and Sox9 antibodies, further confirming the
specific recognition of these two transcription factors on the key regulatory region of
SpVih. In vitro, Oct4 and Sox9 gene overexpression vectors and SpVih core promoter
fragment vector were constructed and co-transfected into HEK293T cells. As a result,
SpVih activity increased with the concentration of transcription factors. In vivo, when
Oct4 and Sox9 dsRNA were injected into the eyestalks of mud crab, respectively, the
expression level of SpVih decreased significantly after interference with Oct4 or Sox9,
and the expression level of SpVig in the ovary and hepatopancreatic increased. Both
in vitro and in vivo experiments showed that Oct4 and Sox9 had a positive regulatory
effect on SpVih. The GST pull-down experiment was carried out by purified Oct4 and
Sox9 proteins, and the results showed that there was an interaction between them. It
was speculated that they regulated the expression of SpVih through the interaction.
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INTRODUCTION

Vitellogenesis-inhibiting hormone (VIH), also known as gonad-
inhibiting hormone (GIH), is a member of the crustacean
hyperglycemia hormone (CHH) family secreted from the X-
organ sinus gland complex (XO-SG) of eyestalk (1). VIH was
first isolated from the eyestalk of Homarus americanus, and it
has been described as a vitellogenesis inhibitor because it exerts a
significant negative regulatory effect during gonad maturation (2,
3). Thus far, eyestalk ablation is commonly practiced in shrimp
and crab to induce ovarian maturation in captivity. Nevertheless,
there are a lot of drawbacks to this approach, such as increased
parental mortality, lower egg quality, and lower hatching rate
(4), etc. In order to solve this problem, many scholars began
to try to find some reliable alternative methods. For example,
Marins’s group first used RNAi technology to silence GIH
transcripts to develop an alternative approach to eyestalk ablation
in captive shrimp Litopenaeus vannamei (5). Devaraj et al. (6) first
used molecular signal intervention, a less invasive method than
traditional eyestalk ablation, to suppress VIH expression via the
MEK pathway to induce ovarian maturation in female Penaeus
monodon. Treerattrakool et al. (7) reported the preparation
of monoclonal antibody specific to Pem-GIH (anti-GIH mAb)
and implication of antibody neutralization on the induction of
ovarian maturation in P. monodon.

Mud crab (Scylla paramamosain) is one of the most important
marine crabs in China, but the seedlings used in aquaculture
operations are mainly obtained from wild sources (8). The
shortage of seedling has severely hindered the development of
mud crab aquaculture. In order to address the above problem,
it is urgent to study the molecular regulation mechanism of
gonadal development and maturation in mud crab. Transcription
factors are essential molecules that control gene expression. They
can activate or repress gene transcription through binding to
specific sites of gene promoters, which are essential for a series
of crucial cellular processes. The study of transcription factors
controlling the expression of SpVih may also be one of the
methods to develop alternative eyestalk ablation in the future.
In the preliminary study on the transcriptional regulation of
the SpVih gene in our laboratory, we found the key regulatory
element in SpVih promoter and the key transcription factors,
Oct4 and Sox9, that may regulate the expression of SpVih (9).
Based on this research, this study will explore the regulation of
SpVih expression by these two transcription factors.

Transcription factor Oct4 belongs to the Pou protein family,
and its main function is to form and maintain pluripotent stem
cells. In many vertebrates, the Oct4 gene is highly or specifically
expressed in early embryos, proving that it is indispensable
for the early development of embryos. In terms of gonad
development, Oct4 is highly expressed in primordial germ cells
and mature gonads in a variety of vertebrates (10, 11). As a
transcription factor, Oct4 participates in the regulation of various
target genes. Jen et al. (12) found that Oct4 can activate the
transcription of MALAT1, thereby promoting cell proliferation
and movement. Wu et al. (13) found that the transcription factor
Oct4 regulates the transcriptional activity of Dnmtl. In the mud
crab, it was found in our previous studies that Oct4 mRNA was

highly expressed in the mature ovaries, and its protein could also
be detected in the ovaries. Meanwhile, both Oct4 mRNA and
protein were highly expressed in the eyestalk of female crabs (14).

Sox9 belongs to the SoxE subfamily of the Sox gene family. It
is a critical factor in the sex determination and sex differentiation
process of many animals. In mammals, it is a key gene in
the testicular determination pathway (15, 16), similar effects
have been found in some amphibians and reptiles (17, 18).
Sox9 was found to be expressed at high levels or specifically in
the testis in many bony fishes, such as Pelteobagrus fulvidraco
(19), Betta splendens (20), Pelteobagrus fulvidraco (21), Acipenser
baerii Brandt (22), and Oncorhynchus mykiss (23), etc. In
addition to being involved in testis development, Sox9 has
been found to be expressed in oocytes. It carries an additional
function in the posttranscriptional processes in some amphibians
such as Pleurodeles waltl, Xenopus laevis, and X. tropicalis
(24). Researches on invertebrate Bombyx mori (25), Drosophila
melanogaster (26), and Apis florea (27) have also found that
homologous genes of Sox9 are indispensable for their sex
differentiation and gonadal development. As a transcription
factor, Sox9 is also involved in the regulation of multiple
target genes. In mice, embryo knockout and cell transfection
experiments confirmed that Sox9 and SF1 could upregulate the
expression of Cyp26b1 during gonadal development to maintain
the development of germ cells in males (28). Minerva et al. (29)
found that Sox9 can also enhance the activity of the Catsperl
promoter, together with the transcription factor Sox5. In the
tissues of mature mud crab, Sox9 was only expressed in the
gonads, eyestalk, and cerebral ganglia, suggesting that it may play
arole in the development of gonads (14).

MATERIALS AND METHODS

Animal and Tissue Collection

All mud crabs with good vitality were purchased from the
Jimei market, Xiamen city, Fujian province. The eyestalk of
immature female crabs weighing about 100g was used to
isolate nucleoproteins. Female crabs weighing about 250 g were
temporarily kept in the seawater field of Jimei University for
a week before the RNA interference experiment. After the
experiment, the eyestalks, gonads, and hepatopancreas of the
crabs were sampled and frozen immediately in liquid nitrogen,
then stored at —80°C for total RNA extraction. All animal
experiments were conducted following the regulations of the
Guide for Care and Use of Laboratory Animals and were
approved by the Animal Ethics Committee of Jimei University.

Electrophoretic Mobility Shift Assay
(EMSA)

In order to detect whether there is a specific binding site
for Oct4 or Sox9 at the core regulatory region of SpVih,
EMSA experiments were performed. Briefly, according to the
manufacturer’s protocol for the LightShift Chemiluminescent
EMSA Kit (Thermo Scientific, Waltham, MA, USA), biotin-
labeled and unlabeled double-stranded DNA probes containing
intact core recognition element (CRE) for Oct4 and Sox9
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TABLE 1 | Primers used in this study.

Primer name Sequence (5'-3') Usage
SpTF-wt-F GGCATGGTTCCGGGCAGAAATATAAAGTGCATGAGATTCTGGTGAAGGAAGGCTTAAGTA EMSA
SpTF-wt-R TACTTAAGCCTTCCTTCACCAGAATCTCATGCACTTTATATTTCTGCCCGGAACCATGCC EMSA
SpTF-mut-F GGCATGGAACCGGGCAGAAATATAAAGTGCATGAGATTCTGGTGAAGGAAGGCTTAAGTA EMSA
SpTF-mut-R TACTTAAGCCTTCCTTCACCAGAATCTCATGCACTTTATATTTCTGCCCGGTTCCATGCC EMSA
SpVih-4-F CcggGGTACCTGGTTCCGGGCAGAAATATAAAGT Cell transfection
SpVih-4-R atttGCGGCCGCGACGAAACTCAATGAACAC Cell transfection

SpSox9-ORF-F
SpSox9-ORF-R
SpOct4-ORF-F
SpOct4-ORF-R

CggGGTACCAACTCCATCACCAACTACATTCATT
atttGCGGCCGCCCGACTGCGGTGTAGAGGAG
CggGGTACCATGGCTACAACAACTTACATCGCAT
attGCGGCCGCGGTTGAGCGACCATCAGTGGGAGAC

Cell transfection

Cell transfection

Cell transfection

Cell transfection
dsRNA synthesis
dsRNA synthesis
dsRNA synthesis
dsRNA synthesis
dsRNA synthesis
dsRNA synthesis
qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

gRT-PCR

gRT-PCR

gRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

Prokaryotic expression
Prokaryotic expression
Prokaryotic expression

Oct4-RNAI-F AGACCACCATCTGCAGGTTC

Oct4-RNAI-R ACACGCACCACCTCTTTCTC

Sox9-RNAI-F AGGAATGGGGTCACGTTGG

Sox9-RnAi-R ATCGGTTCTCGCCTGTTGC

EGFP-RNAI-F GGTGAACTTCAAGATCCGCC

EGFP-RNAI-R CTTGTACAGCTCGTCCATGC

SpOct4-RT-F AGACCACCATCTGCAGGTTC

SpOct4-RT-R TCCGCTTTTTACGTTTCCTG

SpSox9-RT-F TCCACGTGAAGAGGCCAATG

SpSox9-RT-R CATGCCCCTCCATATCCTGC

SpVih-RT-F AGGAGGAACTGCTTCTACAACGAGG
SpVih-RT-R GAGTGAATAATGTGAGATGTGGCTA
18S-rRNA-RT-F ATGATAGGGATTGGGGTTTGC

18S-rRNA-RT-R AGAGTGCCAGTCCGAAGG

SpVtg-RT-F CGTACCGGACATCTTCCGAG

SpVtg-RT-R ACGAGCCCACTACAGAGACT

SpOct4-F CgcGGATCCATGGCTACAACAACTTACATCGCAT
SpOct4-R CccgCTCGAGGGTTGAGCGACCATCAGTGGGAGAC
SpSox9-F ccgCTCGAGAACTCCATCACCAACTACATTCATT
SpSox9-R CcCcCAAGCTTCCGACTGCGGTGTAGAGGAG

Prokaryotic expression

The underline indicates the primer cleavage site, lowercase English letters indicate protective bases.

were prepared. For competitive analysis, the mutant probe was
synthesized. Nuclear proteins were extracted from the eyestalk of
immature female crabs using NE-PER Nuclear and Cytoplasmic
Extraction Reagent (Thermo Scientific). In the competition
experiment, we set up a 100-fold amount of mutation probe
group and a 10- and 100-fold amount of unlabeled probe group,
respectively. Supershift group added Oct4 or Sox9 antibodies
(Abcam, Cambridge, UK, ab19857 and ab3697). Protein-DNA
complexes were separated on 6% polyacrylamide gels in 1xTBE
via electrophoresis at 100V for 1h and transferred onto
nylon membranes. Chemiluminescence detection was carried
out according to the Chemiluminescent Nucleic Acid Detection
Module kit (Thermo Scientific).

Plasmid Construction, Cell Culture,
Transfection, and Dual-Luciferase
Reporter Assay

For overexpression studies, the SpVih core promoter fragment
was amplified by PCR, and then cloned into the Kpn I-Xho I site

of the pGL3-basic vector. The full-length ORF of Oct4 and Sox9
was cloned into the pcDNA3.1 vector, respectively. All plasmid
constructs were verified by sequencing analysis. The primers with
the restriction enzyme cutting sites were listed in Table 1.
HEK293T cell line was cultured in the DMEM medium
supplemented with 10% FBS (fetal bovine serum, Gibco,
Waltham, USA) and 1% (v/v) antibiotic (penicillin/streptomycin,
Gibco, Waltham, USA) at 37°C in a humidified incubator with
5% CO;. The medium was changed upon the state of cells.
Transfection of plasmids in HEK 293FT cells were performed
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
according to manufacturer’s instructions. pRL-TK plasmid (10
ng) was used as an internal control. The transfection reagent
and plasmids (Oct4 and Sox9 at 50 ng, 100 and 200 ng,
respectively, or 25 ng Oct4 + 25 ng Sox9, 50 ng Oct4 +
50 ng Sox9, and 100 ng Oct4 + 100 ng Sox9) were mixed
and co-transfected into the HEK293T cell lines. At 3-6h post-
transfection, the transfection mixture was replaced with DMEM
containing 10% FBS. The pEGFP-N1 plasmid was employed
as a positive control. After continuing culture for 24h, the
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A SpTF-wt: GGCATGGTTCCGGGCAGAAATATAAAGTGCATGAGATTCTGGTGAAGGAAGGCTTAAGTA
--Oct4---
---S0x9---
SpTF-mut: GGCATGGTTCCGGGCACTAATATAAAGTGCATGAGATTCTGGTGAAGGAAGGCTTAAGTA

B
NE - + o+ o+ o+
Labelled + + + + i+
Unlabelled -  mut(100x) - wt(10x) wt(100x)
1 2 3 4 5
C
NE - + 4+ o+ o+
Sp-TF-wt + A + + +
10 x cold - = - - +
Antibody - - Oct4 Sox9 -

1 2 3 4 5

FIGURE 1 | Electrophoretic mobility shift assay (EMSA) analysis of the binding of Oct4 and Sox9 to specific CRE in the SpVih promoter. (A) The sequence of the

wild-type probe and the mutant probe. (B) EMSA. Biotin-labeled and unlabeled double-stranded DNA probes containing complete CRE of Oct4 and Sox9 as well as

mutated probes that mutated the binding sites of Oct4 and Sox9 were prepared. Lane 1 was the free probe. The SpTF-wt could combine with the eyestalk nuclear
(Continued)
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nuclear extract.

FIGURE 1 | extract to form a DNA-protein complex (lane 3). The formation of the complex was not affected when 100-fold of unlabeled SpTF-mut and SpTF-wt
co-existed (lane 2). When the cold probe was added, the binding band will be competitively bound by the cold probe (lane 4-5). (C) EMSA supershift. Biotin-labeled
and unlabeled double-stranded DNA probes containing Oct4 and Sox9 intact CRE were prepared. Lane 1 was the free probe. The SpTF-wt could combine with the
eyestalk nuclear extract to form a DNA-protein complex (lane 2). The unlabeled intact probe could compete for the binding of Oct4 and Sox9 to the labeled intact
probe (lane 5). After Oct4 and Sox9 antibodies were added, a supershift band appeared (lane 3-4), and the black arrow indicates the supershift band. NE, eyestalk

cells were harvested. The firefly and renilla luciferase activities
were measured by the Dual-Luciferase Reporter Assay System
(Promega, Madison, USA) according to the manufacturer’s
protocol. The promoter activity was assessed by the average
of firefly luciferase activity normalized as a ratio to the renilla
luciferase activity. Each experiment was conducted for three
independent samples in triplicate.

RNA Interference

In in vivo experiments, the 286 and 275 bp-length ORF of
Oct4 and Sox9, respectively, were chosen as the templates for
synthesizing gene-specific dsSRNA. Enhanced green fluorescent
protein (EGFP) gene was used as a negative control group,
and its 229 bp-length ORF was selected as a template for
synthesizing EGFP dsRNA. These dsRNAs were synthesized from
the linearized template by using the T7 RiboMAXTM Express
RNAI System (Promega). These dsRNAs were uniformly diluted
to 1 pg/iLL, and each crab was injected with 10 pL of dsRNA on
the base of each eyestalk. The blank control group was injected
with the same volume of stroke-physiological saline solution
(SPSS). After continuous injection for 3 days, the eyestalks,
gonads, and hepatopancreas were dissected on the fourth day and
placed in RNA later and then transferred to —20°C overnight for
RNA extraction.

RNA Extraction and Reverse Transcription

Total RNA was extracted from different tissues using Total
RNA Extraction Kit (Promega, Shanghai, China) according to
the manufacturer’s protocol. Total RNA quality was assessed
by agarose gel electrophoresis and Nanodrop 2000 (Thermo
Scientific). The complementary DNA (cDNA) was synthesized in
a 20 pL reaction system including 1 pg total RNA (previously
treated with DNase I), 2 L random primers (10 mM), 4 pL 5x
First-strand Buffer, I pL ANTP mix (10 mM), and 1 pL M-MLV
reverse transcriptase (200 U/pL) (Promega, Shanghai, China).
The synthesized cDNA was diluted and stored at —20°C until use.

Quantitative Real-Time PCR (qRT-PCR)

Analysis

qRT-PCR was carried out in a LightCycler480 Roche Realtime
Thermal Cycler (Mannheim, Baden-wurttemberg, Germany) in
accordance with the manual with a 20 L reaction volume
containing 9 pL of 1:100 diluted original cDNA, 10 uL SYBR
Green Master Mix (Promega, USA), 0.5 uL of the forward
primer and 0.5 wL of reverse primer (10 mM). Primer sequences
are shown in Table1. 185 rRNA was used as the reference
gene. The cycling conditions for PCR reaction were set as
follows: 1 min at 95°C, followed by 40 cycles at 95°C for 15s,
59°C for 1min. Quantitative measurements were performed

using the AACt method. Each sample had at least 4 biological
replicates. Statistical analysis was performed by one-way analysis
of variance (one-way ANOVA) using Statistical Package for the
Social Sciences 20.0 (SPSS 20.0) software (IBM Corporation, New
York, NY, USA). The statistically significant differences were
shown at p < 0.05; the most significant differences were shown
atp < 0.01.

Recombinant Expression and Purification
According to the full-length cDNA sequences of Oct4 and Sox9,
two primer pairs were designed to amplify the sequences that
encode their corresponding fragments, respectively (Table 1).
The amplified fragment of Oct4 was digested by BamHI and
Xhol, and then inserted into a pGEX-4T-1 vector. Meanwhile,
the Sox9 fragment was ligated into a pET30a expression
vector after being cut by Ndel and HindIIl. Two recombinant
expression vectors, namely pGEX-4T-Oct4, pET30a-Sox9, were
transformed into competent Escherichia coli Rosetta (DE3)
host cells. Isopropyl-b-D-thio-galactoside (IPTG) was added
to induce protein expression. The recombinant Oct4 protein
with a glutathione S-transferase (GST) tag was purified using
glutathione Sepharose 4B chromatography (Detai Biologics,
Nanjing, China) according to the manufacturer’s instructions.
Sox9 protein with an His-tag was harvested by His Bind
resin chromatography (Detai Biologics) according to the
manufacturer’s instructions.

GST Pull-Down Assay

Approximately 15 pg of purified recombinant Oct4 was
incubated with glutathione sepharose for 1h at 4°C and then
washed with binding buffer (1x PBS, pH = 7.4). Afterward, ~15
ng of purified recombinant Sox9 was added and then incubated
for 1 h at 4°C. After being washed thoroughly with binding buffer
(1x PBS, pH = 7.4), the proteins were eluted with elution buffer
(30 mM GSH, 50 mM Tris, 0.1% Triton X-100) and then finally
analyzed by SDS-PAGE and Western blot. GST protein was used
as the negative control in this assay.

RESULTS

Confirmation of Oct4 and Sox9 Binding to
SpVih Promoter by EMSA

To determine whether the transcription factor Oct4/Sox9 can
recognize and bind to the corresponding site of SpVih promoter,
the EMSA experiment was conducted after incubation with
eyestalk nuclear extract and probe. The results showed that
the wild-type probe SpTF-wt (Figure 1A) could combine with
the eyestalk nuclear extract to form a DNA-protein complex
(Figure 1B, lane 3, arrow marked). The formation of this
complex can be competitively bound by cold probe (wild type
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FIGURE 2 | Overexpression of transcription factors can promote the activity of

SpVih core promoter in HEK293T cell. (A) Effect of Oct4 gene overexpression

on SpVih core promoter activity. (B) Effect of Sox9 gene overexpression on
(Continued)

FIGURE 2 | SpVih core promoter activity. (C) Effect of the co-overexpression
of Sox9 and Oct4 genes on SpVih core promoter activity. (D) Effect of Sox9
or/and Oct4 overexpression plasmids, respectively, at different concentrations
on the activity of SpVih core promoter. Bar with different letters indicates
significant differences (P < 0.05). * Represents significant difference (P <

0.05), ** represents extremely significant difference (P < 0.01).

unlabeled SpTF-wt). The binding band became shallow when
it combined with 10-fold cold probe. When the amount of
cold probe was 100-fold, the DNA-protein complex binding
band is entirely undetectable (Figure 1B, lane 5), indicating that
this complex is specific to SpTF-wt. When 100-fold unlabeled
SpTF-mut (mutated the binding site of Oct4 and Sox9) and
SpTF-wt coexisted, the complex formation was not affected,
indicating that the mutated probe SpTF-mut did not participate
in competitive binding.

To confirm the Oct4 and Sox9 binding to the promoter
of SpVih, EMSA supershift was carried out using both biotin-
labeled and unlabeled DNA probes containing intact CRE
for Oct4 and Sox9. EMSA supershift with crab eyestalk
nuclear extract demonstrated a DNA-protein complex formation
with a biotin-labeled probe containing Oct4 and Sox9 motifs
(Figure 1C, lane 2). Further, Oct4 and Sox9 antibody’s addition
resulted in the supershift of protein-DNA complex (Figure 1C
lanes 3-4, arrow marked).

Transcription Regulation of SpVih by Oct4
and Sox9

Different concentrations of Oct4 and Sox9 overexpression
plasmids were co-transfected with the SpVih core promoter-
reporter plasmid SpVih-4 into the HEK293T cell line,
respectively. PGL3-basic was used as a negative control,
while pRL-TK was used as the reference vector. The cells at
24h after transfection were collected to detect reporter gene
carrier activity. The results showed that the addition of either 50
ng Oct4 overexpressed plasmid or 100 ng Sox9 overexpressed
plasmid could significantly promote the activity of SpVih, and the
SpVih activity increased with the increment of the overexpressed
plasmid concentration (Figures 2A,B). When HEK293T
cells were co-transfected with two overexpression plasmids
and SpVih fragment reporter plasmid at the same time, the
activity of SpVih increased significantly. It showed a dose-effect
with the concentration of transcription factors (Figure 2C).
Compared with a single transcription factor overexpression
plasmid group, co-transfection with two overexpression
plasmids can significantly upregulate the activity of
SpVih (Figure 2D).

Effect of RNA Interference Experiment on
SpVih

To further verify the regulation of SpVih by Oct4 and
Sox9 in cell experiments, we designed an in vivo RNA
interference experiment. After 3 consecutive days of dsOct4
and dsSox9 injections, respectively, compared with the control
group, the relative expression of Oct4 or Sox9 in the
eyestalk of the experimental groups was significantly reduced
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(Figures 3A,B), indicating that the experiment successfully
interfered with the expression of Oct4 or Sox9 in the
crabs. Compared with the blank control group and the
negative control group, the expression of SpVih of the
eyestalk in the experimental group injected with dsOct4 or
dsSox9 was significantly decreased (Figure 3C), indicating that
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FIGURE 4 | Oct4 or Sox9 RNA interference promotes the expression level of
SpVig. (A) Relative expression of SpVtg in the ovary after injection of dsSox9,
dsOct4, dsEGFP, and SPSS. (B) The relative expression of SpVig in
hepatopancreas after injection of dsSox9, dsOct4, dsEGFP, and SPSS. NC,
negative control group; BC, blank control group; Bar with different letters
indicates significant differences, P < 0.05.

interference with Oct4 or Sox9 can inhibit SpVih expression in
the crab.

Effect of RNA Interference Experiment on
SpVtg

Vitellogenin (Vtg) is the precursor of Vitellin (Vn or Vt) and
is the main component in the yolk of oviparous animals. VIH
in crustaceans can inhibit the production of Vtg and regulate
ovarian development and maturation. The qRT-PCR experiment
was conducted to investigate the expression of SpVih in the
eyestalk and the expression of SpVtg in ovary and hepatopancreas
after the injection with dsOct4 and dsSox9. The experimental
results showed that, compared with the blank control group
and the negative control group, when dsOct4 and dsSox9 were
injected into the eyestalk of the crab, the expression of SpVih in
the eyestalk decreased significantly while the relative expression
of SpVitg in the ovary and hepatopancreas had a significant
rise (Figure 4).

Recombinant Expression and Purification

Oct4 was expressed as a soluble protein after IPTG induction.
It was conveniently purified by glutathione sepharose 4B
chromatography. The purified protein comprised of an
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FIGURE 5 | SDS-PAGE detection of recombinant protein. (A) SDS-PAGE
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protein. M, Marker.

~44 kDa Oct4 protein and a nearly 26 kDa GST tag
expressed by the plasmid pGEX4T1, which was roughly
consistent with the size (about 70 kDa) of the unique
band in the purified protein lane (Figure5A). Sox9 was
purified by His-bind resin chromatography. Because it
contained an additional His Tag, the Mw values of the
purified Sox9 was larger than its theoretical 53 kDa, which
was approximately consistent with the SDS-PAGE result
(Figure 5B).

Oct4 Interacts With Sox9

The binding activity of Oct4 with Sox9 was examined by
a pull-down assay. The results are shown in Figure 6A.
In the SDS-PAGE electrophoresis detection, lane 3 is the
control group with GST instead of pET30a-Sox9, and only
two protein bands are GST and GST-Oct4; and the lane 4
is the experimental group with pET30a-Sox9, three protein
bands are GST, GST-Oct4, and His-Sox9. GST-Oct4 and
His-Sox9 were detected by anti-his polyclonal antibody in
Western blot. The eluent showed that bands of the same
size as His-Sox9 were detected in the experimental group
in which pET30a-Sox9 was added (Figure 6B). Both results
illustrated that pGEX-4T-Oct4 can interact with pET30a-
Sox9 in vitro, while the negative control GST cannot bind
to pET30a-Sox9.

DISCUSSION

In this study, the interaction between the two selected
transcription factors and the critical promoter region of SpVih
was verified by the EMSA experiment. EMSA is a common
method for studying transcription factors in vitro, which can be
used to detect the interaction of DNA and protein sequences.
Through EMSA experiment, Li et al. (30) confirmed that Sox9
could directly bind to the COL10A1 gene promoter and activate
its transcription, and Card et al. (31) found that Oct4 and Sox2
bind to a conserved promoter region of miR-302, a cluster of
eight microRNAs expressed specifically in ESCs and pluripotent
cells. In this experiment, a specific binding band can form
when eyestalk nucleoprotein combined with the SpTF-wt probe.
However, the binding band became shallow when it combined
with the 10-fold cold probe. At the same time, the binding band
completely disappeared when the 100-fold cold probe was added,
indicating that the cold probe can compete with the SpTF-wt
probe to bind certain components of eyestalk nucleoprotein.
When 100-fold of SpTF-mut probe (Oct4/Sox9 binding site was
mutated) was added to the experimental system containing SpTF-
wt, the SpTF-mut does not affect the formation of binding band,
indicating that SpTF-mut does not participate in the competition
and proving that the formation of binding band is dependent
on the presence of Oct4/Sox9 site. In the EMSA supershift
experiment, when Oct4 or Sox9 antibody was added, the
supershift band (DNA-Antigen-Antibody complex) appeared,
indicating that Oct4 and Sox9 can directly and specifically bind
to the key promoter region of SpVih.

In order to understand how Oct4 and Sox9 regulate
SpVih expression, we constructed Oct4 and Sox9 overexpressed
plasmids and SpVih core promoter fragment reporter vector.
After they were co-transfected into HEK293T cell line, it
was confirmed by double luciferase reporter gene that both
transcription factors can promote SpVih expression and have
a concentration effect. To verify the authenticity of the cell
experiment results, we obtained Oct4 and Sox9 dsRNA by in vitro
transcription. Then we injected the dsRNA into the eyestalks
to interfere with the expression of two transcription factors in
the crabs. The results showed that both Oct4 and Sox9 in the
two experimental groups were successfully inhibited compared
with the control group. The expression level of SpVih in the
eyestalk decreased accordingly. Both the cell overexpression
experiment and the in vivo RNA interference experiment showed
that the transcription factors Oct4 and Sox9 could positively
regulate SpVih.

Vitellogenin (VTG) is a precursor of vitellin and the main
component of egg yolk proteins in oviparous animals. In the
mud crab, it mainly exists in the gonads and hepatopancreas
and can promote ovarian development and maturation (32).
VIH can play a negative regulatory role in the expression of
VTG (33). In the S. olivacea, VIH in the eyestalk is involved
in inhibiting the production of VTG (34). Type II VIH in P.
vannamei has the activity of inhibiting its vitellogenesis, and
it can effectively inhibit the expression of Vtg mRNA in the
hepatopancreas of the shrimp (35). In order to further explore
the influence of Oct4 and Sox9 on SpVig, we tested the expression
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level of SpVtg in ovary and hepatopancreas of mud crab after
Oct4 and Sox9 interference. It was found that compared with the
control group, as the SpVih expression level of the eyestalk in the
RNA interference group decreased, the SpVtg expression level in
the ovary or hepatopancreas increased significantly.

As transcription factors, Oct4 and Sox9 often interact with
other transcription factors to achieve regulatory functions. Oct4
and Sox2 directly regulate the expression of another pluripotent
transcription factor Zfp206 in embryonic stem cells (36). In
Xenopus, Oct4 homolog Oct91 can bind to each type of SoxBl
(Sox1, Sox2, Sox3) protein and had different effects, Oct91
cooperates with Sox2 to maintain neural progenitor marker
expression (37). During chondrogenesis, the direct binding of
Sox9 and ap-1 promotes the activity of multiple genes, for
example, the interaction of Sox9 and AP-1 synergistic activates
the Coll0al enhancer (38). Masuda and Esumi (39) found
that Sox9 can regulate the expression of BEST1 in retinal
pigment epithelium by interacting with the microphthalmia-
associated transcription factors MITF and OTX2. In the cell
transfection experiment, a group that simultaneously transfected
two transcription factors with SpVih into the cell was set
up, and their activity of SpVih was significantly enhanced
compared to the group with only one transcription factor. It
is speculated that there may be some interaction between the
two transcription factors to strengthen the regulation of SpVih.
In order to verify whether there is a real interaction between
the two transcription factors, we obtained the Oct4 and Sox9
recombinant proteins with the GST tag and His tag through
prokaryotic expression, respectively. GST pull-down analysis
showed that there was indeed a direct interaction between Oct4
and Sox9.

In conclusion, the transcriptional regulation of SpVih by
the transcription factors Oct4 and Sox9 in mud crab was
further elaborated through cell overexpression, in vivo RNA
interference, and GST pull-down. These results will help us to

REFERENCES

1. Vijayan KK, Reynolds P, Mohanlal DL, Balasubramanian CP. Preliminary
characterisation of gonad inhibiting hormone (GIH) gene and its expression
pattern during vitellogenesis in giant tiger shrimp, Penaeus monodon
Fabricius, 1798. Indian ] Fish. (2013) 60:103-7.

2. de Kleijn DPV, Sleutels E van Martens GJM, Herp F. Cloning and
expression of mRNA encoding prepro-gonad-inhibiting hormone (GIH)
in the lobster Homarus americanus. FEBS Letters. (1994) 353:255-8.
doi: 10.1016/0014-5793(94)01055-2

3. Soyez D, van Deijnen JE, Martin M. Isolation and characterization of a
vitellogenesis-inhibiting factor from sinus glands of the lobster, Homarus
americanus. ] Exp Zool. (1987) 244:479-84. doi: 10.1002/jez.1402440314

4. Das R, Krishna G, Priyadarshi H, Gireeshbabu P, Pavankumar A, Rajendran
KV, et al. Captive maturation studies in Penaeus monodon by GIH silencing
using constitutively expressed long hairpin RNA. Aquaculture. (2015)
448:512-20. doi: 10.1016/j.aquaculture.2015.06.036

5. Marins LE Feijo RG, Braga AL, Lanes CFC, Figueiredo MA. Silencing of
gonad-inhibiting hormone transcripts in Litopenaeus vannamei females by
use of the RNA interference technology. Mar Biotechnol. (2015) 18:117-23.
doi: 10.1007/s10126-015-9676-2

6. Devaraj H, Saravanakumar M, Thiyagu M. Induction of ovarian maturation
in Penaeus monodon by molecular signal interventional approach.

better understand the regulatory mechanism of SpVih gene, and
therefore we hope that it will be possible to achieve the goal
of promoting the development and maturity of crab ovaries by
controlling key factors and finally apply the research results to
production practice in the future.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal Ethics
Committee of Jimei University.

AUTHOR CONTRIBUTIONS

JL, ZZh, and YW: conceptualization and writing—review and
editing. JL, XJ, ZZo, and KL: methodology, investigation,
and visualization. JL: software, validation, formal analysis,
data curation, and writing—original draft. YW: resources,
supervision, and project administration. YW and ZZh: funding
acquisition. All authors contributed to the article and approved
the submitted version.

FUNDING

This study was supported by grants from the National Key R&D
Program of China (2018YFD0900205), the National Natural
Science Foundation of China (41676161 and 31672681), the
Natural Science Foundation of Fujian Province (2019J01691),
and 13th Five-year Plan on Fuzhou Marine Economic Innovation
and Development Demonstration City Project (FZHJ17).

] Exp Zool B Mol Dev Evol. (2012) 318:572-85. doi: 10.1002/jez.b.
22462

7. Treerattrakool S, Boonchoy C, Urtgam S, Panyim S, Udomkit A.
Functional characterization of recombinant gonad-inhibiting hormone
(GIH) and implication of antibody neutralization on induction of
ovarian maturation in marine shrimp. Aquaculture. (2014) 428-429:166-73.
doi: 10.1016/j.aquaculture.2014.03.009

8. Zeng C. Induced out-of-season spawning of the mud crab,
Scylla  paramamosain  (Estampador) and effects of temperature
on embryo  development. Aquac  Res.  (2007)  38:1478-85.

doi: 10.1111/.1365-2109.2007.01826.x

9. Liu C, Jia X, Zou Z, Wang X, Wang Y, Zhang Z. VIH from the mud
crab is specifically expressed in the eyestalk and potentially regulated by
transactivator of Sox9/Oct4/Octl. Gen Comp Endocrinol. (2018) 255:1-11.
doi: 10.1016/j.ygcen.2017.09.018

. Anderson RA, Fulton N, Cowan G, Coutts S, Saunders PTK. Conserved
and divergent patterns of expression of DAZL, VASA and OCT4 in the
germ cells of the human fetal ovary and testis. BMC Dev Biol. (2007) 7:136.
doi: 10.1186/1471-213X-7-136

M, Wang X, Wolgemuth DJ, Scholer HR. Differential

expression of the oct-4 transcription factor during mouse germ cell

differentiation. Mech Dev. (1998) 71:89-98. doi: 10.1016/S0925-4773(98)

00002-1

. Pesce

Frontiers in Endocrinology | www.frontiersin.org

10

October 2020 | Volume 11 | Article 650


https://doi.org/10.1016/0014-5793(94)01055-2
https://doi.org/10.1002/jez.1402440314
https://doi.org/10.1016/j.aquaculture.2015.06.036
https://doi.org/10.1007/s10126-015-9676-2
https://doi.org/10.1002/jez.b.22462
https://doi.org/10.1016/j.aquaculture.2014.03.009
https://doi.org/10.1111/j.1365-2109.2007.01826.x
https://doi.org/10.1016/j.ygcen.2017.09.018
https://doi.org/10.1186/1471-213X-7-136
https://doi.org/10.1016/S0925-4773(98)00002-1
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Liao et al.

Vih Transcriptional Regulation

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Jen ], Tang YA, Lu YH, Lin CC, Lai WW, Wang YC. Oct4 transcriptionally
regulates the expression of long non-coding RNAs NEAT1 and MALAT1
to promote lung cancer progression. Mol Cancer. (2017) 16:104.
doi: 10.1186/512943-017-0674-z

Wu E Wu Q, Li D, Zhang Y, Wang R, Liu Y, et al. Oct4 regulates DNA
methyltransferase 1 transcription by direct binding of the regulatory element.
Cell Mol Biol Lett. (2018) 23:39. doi: 10.1186/s11658-018-0104-2

Keying L. Preliminary studies on screening the transcription factors of VIH
gene and their expression in Scylla paramamosain. (Master Thesis). Jimei
University, Xiamen, Fujian, China (2017).

Barrionuevo E Bagherifam S, Klattig J, Kist R, Taketo MM, Englert C, et al.
Homozygous inactivation of Sox9 causes complete xy sex reversal in mice.
Biol Reprod. (2006) 74:195-201. doi: 10.1095/biolreprod.105.045930

Huang B, Wang S, Ning Y, Lamb AN, Bartley J. Autosomal XX sex
reversal caused by duplication of Sox9. Am ] Med Genet. (1999) 87:349-53.
doi: 10.1002/(sici) 1096-8628(19991203)87:4<349::aid-ajmg13>3.0.c0;2-n
Jamil A E, Kanhoush R, Magre S, Boizetbonhoure B, Penradmobayed M. Sex-
specific expression of SOX9 during gonadogenesis in the amphibian Xenopus
tropicalis. Dev Dynam. (2008) 237:2996-3005. doi: 10.1002/dvdy.21692
Barske L, Capel B. Estrogen represses SOX9 during sex determination in
the red-eared slider turtle Trachemys scripta. Dev Biol. (2010) 341:305-14.
doi: 10.1016/j.ydbio.2010.02.010

Li J, Cao L, Wu T, Yang H. Isolation and analysis of Sox9 derived from
yellow catfish (Pelteobagrus fulvidraco). ] Agric Biotechnol. (2005) 013:620-3.
doi: 10.1079/CJB200693

He C, Hong G, Wu J, Feng Z. Study on cloning and tissue expression
of Sox9 in Betta splendens. | Anhui Agric Sci. (2017) 45:151.
doi: 10.13989/j.cnki.0517-6611.2017.08.051

Chen J, He M, Yan B, Zhang J. Isolation and analysis of Sox9 derived from
yellow catfish (Pelteobagrus fulvidraco). Chin ] Zool. (2015) 50:93-102.

Shi Z, Chen Q, Song J. Cloning, analysis and expression detection of the full-
length cDNA of Sox9 from the Siberian sturgeon (Acipenser baerii Brandt).
Fish China. (2010) 034:664-72. doi: 10.3724/SP.].1231.2010.06622

Takamatsu N, Kanda H, Ito M, Yamashita A, Yamashita S, Shiba T. Rainbow
trout SOX9: cDNA cloning, gene structure and expression. Gene. (1997)
202:167-70. doi: 10.1016/S0378-1119(97)00483-6

Penradmobayed M, Perrin C, Lhote D, Contremoulins V, Lepesant
JA, Boizetbonhoure B, et al. A role for SOX9 in post-transcriptional
processes: insights from the amphibian oocyte. Sci Rep. (2018) 8:7191.
doi: 10.1038/s41598-018-25356-1

Wei L, Li Z, Cheng D, Kusakabe T, Pan M, Duan J, et al. RNAi silencing of the
SoxE gene suppresses cell proliferation in silkworm BmN4 cells. Mol Biol Rep.
(2014) 41:4769-81. doi: 10.1007/s11033-014-3348-6

Nanda S, Defalco T, Loh SHY, Phochanukul N, Camara N, van Doren M, et al.
Sox100B, a Drosophila group E Sox-domain gene, is required for somatic testis
differentiation. Sex Dev. (2009) 3:26-37. doi: 10.1159/000200079

Wilson MJ, Dearden PK. Evolution of the insect Sox genes. BMC Evol Biol.
(2008) 8:120. doi: 10.1186/1471-2148-8-120

Kashimada K, Svingen T, Feng CW, Pelosi E, Bagheri-Fam S, Harley VR,
et al. Antagonistic regulation of Cyp26bl by transcription factors SOX9/SF1
and FOXL2 during gonadal development in mice. FASEB J. (2011) 25:3561-9.
doi: 10.1096/1j.11-184333

Mata-Rocha M, Hernéndez-Sdnchez J, Guarneros G, Elsa DLC, Sdnchez-
Tusié AA, Trevino CL, et al. The transcription factors Sox5 and

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Sox9 regulate Catsperl gene expression. FEBS Lett. (2014) 588:3352-60.
doi: 10.1016/j.febslet.2014.07.024

Li T, Huang H, Shi G, Zhao L, Li T, Zhang Z, et al. TGF-B1-SOX9 axis-
inducible COL10A1 promotes invasion and metastasis in gastric cancer
via epithelial-to-mesenchymal transition. Cell Death Dis. (2018) 9:849.
doi: 10.1038/541419-018-0877-2

Card DAG, Hebbar PB, Li L, Trotter KW, Komatsu Y, Mishina Y, et al.
Oct4/Sox2-regulated miR-302 targets cyclin D1 in human embryonic stem
cells. Mol Cell Biol. (2008) 28:6426-38. doi: 10.1128/MCB.00359-08

JiaX, ChenY, Zou Z, Lin P, Wang Y, Zhang Z. Characterization and expression
profile of vitellogenin gene from Scylla paramamosain. Gene. (2013) 520:119-
30. doi: 10.1016/j.gene.2013.02.035

Chen T, Zhang L-P, Wong N-K, Zhong M, Ren CH, Hu CQ. Pacific
white shrimp (Litopenaeus vannamei) Vitellogenesis-Inhibiting Hormone
(VIH) is predominantly expressed in the brain and negatively regulates
hepatopancreatic Vitellogenin (VTG) gene expression. Biol Reprod. (2014)
90:1-10. doi: 10.1095/biolreprod.113.115030

Kornthong N, Duangprom S, Suwansa-Ard S, Saetan ], Phanaksri T,
Pollawat J, et al. Molecular characterization of a vitellogenesis-inhibiting
hormone (VIH) in the mud crab (Scylla olivacea) and temporal changes
in abundances of VIH mRNA transcripts during ovarian maturation
and following neurotransmitter administration. Anim Reprod Sci. (2019)
208:106122. doi: 10.1016/j.anireprosci.2019.106122

Chen T, Ren C, Jiang X, Zhang L, Li H, Huang W, et al. Mechanisms
for type-II vitellogenesis-inhibiting hormone suppression of vitellogenin
transcription in shrimp hepatopancreas: Crosstalk of GC/cGMP pathway
with different MAPK-dependent cascades. PLoS ONE. (2018) 13:e0194459.
doi: 10.1371/journal.pone.0194459

Wang ZX, Teh HL, Kueh JLL, Lufkin T, Robson P, Stanton LW. Oct4
and Sox2 directly regulate expression of another pluripotency transcription
factor, zfp206, in embryonic stem cells. J Biol Chem. (2007) 282:12822-30.
doi: 10.1074/jbc.M611814200

Archer TC, Jin J, Casey ES. Interaction of Soxl, Sox2, Sox3 and
Oct4 during primary neurogenesis. Dev Biol. (2011) 350:429-40.
doi: 10.1016/j.ydbio.2010.12.013

He X, Ohba S, Hojo H, Mcmahon AP. AP-1 family members act with Sox9
to promote chondrocyte hypertrophy. Development. (2016) 143:3012-23.
doi: 10.1242/dev.134502

Masuda T, Esumi N. SOX9, through interaction with microphthalmia-
associated transcription factor (MITF) and OTX2, regulates BEST1 expression
in the retinal pigment epithelium. J Biol Chem. (2010) 285:26933-44.
doi: 10.1074/jbc.M110.130294

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Liao, Zhang, Jia, Zou, Liang and Wang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Endocrinology | www.frontiersin.org

11

October 2020 | Volume 11 | Article 650


https://doi.org/10.1186/s12943-017-0674-z
https://doi.org/10.1186/s11658-018-0104-2
https://doi.org/10.1095/biolreprod.105.045930
https://doi.org/10.1002/(sici)1096-8628(19991203)87:4<349::aid-ajmg13>3.0.co;2-n
https://doi.org/10.1002/dvdy.21692
https://doi.org/10.1016/j.ydbio.2010.02.010
https://doi.org/10.1079/CJB200693
https://doi.org/10.13989/j.cnki.0517-6611.2017.08.051
https://doi.org/10.3724/SP.J.1231.2010.06622
https://doi.org/10.1016/S0378-1119(97)00483-6
https://doi.org/10.1038/s41598-018-25356-1
https://doi.org/10.1007/s11033-014-3348-6
https://doi.org/10.1159/000200079
https://doi.org/10.1186/1471-2148-8-120
https://doi.org/10.1096/fj.11-184333
https://doi.org/10.1016/j.febslet.2014.07.024
https://doi.org/10.1038/s41419-018-0877-2
https://doi.org/10.1128/MCB.00359-08
https://doi.org/10.1016/j.gene.2013.02.035
https://doi.org/10.1095/biolreprod.113.115030
https://doi.org/10.1016/j.anireprosci.2019.106122
https://doi.org/10.1371/journal.pone.0194459
https://doi.org/10.1074/jbc.M611814200
https://doi.org/10.1016/j.ydbio.2010.12.013
https://doi.org/10.1242/dev.134502
https://doi.org/10.1074/jbc.M110.130294
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Transcriptional Regulation of Vih by Oct4 and Sox9 in Scylla paramamosain
	Introduction
	Materials and Methods
	Animal and Tissue Collection
	Electrophoretic Mobility Shift Assay (EMSA)
	Plasmid Construction, Cell Culture, Transfection, and Dual-Luciferase Reporter Assay
	RNA Interference
	RNA Extraction and Reverse Transcription
	Quantitative Real-Time PCR (qRT-PCR) Analysis
	Recombinant Expression and Purification
	GST Pull-Down Assay

	Results
	Confirmation of Oct4 and Sox9 Binding to SpVih Promoter by EMSA
	Transcription Regulation of SpVih by Oct4 and Sox9
	Effect of RNA Interference Experiment on SpVih
	Effect of RNA Interference Experiment on SpVtg
	Recombinant Expression and Purification
	Oct4 Interacts With Sox9

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


