Aquaculture Reports 36 (2024) 102068

Contents lists available at ScienceDirect

Aquaculture

Aquaculture Reports

journal homepage: www.elsevier.com/locate/agrep

ELSEVIER

Check for

Black rockfish ( Sebastes schlegelii ) nuclear progesterone receptor: Cloning, |%&s
tissue distribution and potential role in ovoviviparity teleost pregnancy

and parturition

Qingqing Guo, Likang Lyu, Haishen Wen, Yun Li, Chenpeng Zuo, Xiaojie Wang, Xiao Jing,

Tianyu Jiang, Jing Yang, Xin Qi

Key Laboratory of Mariculture, Ministry of Education (KLMME), Ocean University of China, Qingdao 266003, China

ARTICLE INFO ABSTRACT

Keywords: Nuclear progesterone receptor (nPR) is a member of the nuclear receptor family known to play a critical role in

NPR gonad development, gametogenesis, and ovulation in vertebrates, and also important in pregnancy maintenance

Pregnancy and parturition in mammals. However, its biological functions in ovoviviparity teleosts are less clear. This study

g:zir;zg': fish aimed to determine the possible role of nPR in fish oogenesis, pregnancy and parturition using black rockfish as a
model. The npr, which consists of 2076 bp and codes for a 691 amino acids protein, was cloned. Phylogenetic
analysis revealed that the nPR of black rockfish is more conserved in teleosts. Quantitative real-time PCR ana-
lyses in various tissues showed that npr was mainly detected in the pituitary followed by the ovary, testis and
brain, while it was very low or undetectable in the spleen, head kidney, intestine and gill. During the gonadal
development process, the npr level showed no variation in the ovary. In testis, the mRNA level of npr showed
varied expression in different developmental stages with the highest level in the maturation stage. Detection of
npr expression during fertilization and the perinatal period further showed that nPR may play important roles in
the regulation of pregnancy and the parturition. In situ hybridization further revealed that npr mRNA was
observed in the follicular cell layer during the perinatal period. The results from in vitro experiments showed that
npr level was significantly downregulated when the primary cultured follicular cells during vitellogenesis (stage
IV) were exposed to hCG. Studies using primary culture of black rockfish ovarian cells during the perinatal
period, treated in vitro revealed that genes related to PGs synthesis (pla2g4a, cox2) and matrix metal-
loproteinases (mmp2, mmp9) were upregulated in response to 17,20p-P. However, treatment with 17,20p-P
downregulated npr expression. In conclusion, these data suggest that nPR plays an essential role in fertilization,
pregnancy maintenance and parturition in black rockfish.

1. Introduction

In mammals, maintenance of pregnancy depends on the continuous
production of progesterone (P4). With respect to the uterus, during
gestation, P4 supports fetal growth and development by preventing
myometrial contractions. It is achieved by maintaining myometrium in a
state of functional dormancy, where the individual myocytes remain in a
non-contractile and non-excitable state with minimal connectivity be-
tween them, to ensure myometrial quiescence (Sakai et al., 1992). P4
also acts on the decidua preventing the induction of the inflammatory
prostaglandin PGF2a and promoting the acquisition of a tolerant
maternal immune environment (Blanks and Brosens, 2012). In addition
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to P4, the steroid hormone estrogen (E2) plays an opposing role in
regulating uterine function, promoting activation of the myometrium.
Although both hormones are equally abundant in the maternal system
during gestation, P4 inhibits the actions of E2, and myometrium remains
insensitive towards E2 during pregnancy (Shynlova et al., 2020).

The biological activity of P4 is mediated mainly through nuclear
progesterone receptors (Pgr or nPR) which belongs to the superfamily of
nuclear hormone receptors (Li and O’Malley, 2003). P4 exerts its effects
through intracellular nPR and nongenomic interactions with cell
membrane-bound receptors referred to as progesterone receptor mem-
brane components 1 and 2 (Takahashi and Ogiwara, 2022). nPR is a
ligand-dependent transcription factor primarily responsible for
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mediating progesterone actions relevant to reproduction, which func-
tions on the transactivation of gene expression in reproductive tissues
(Jacobsen and Horwitz, 2012). As a nuclear receptor, the nPR charac-
terized by its unique ability to bind ligands within the cytoplasm binds
P4, dimerizes and enters into the nucleus to bind DNA to initiate
downstream functions within the cell (Mulac-Jericevic and Conneely,
2004). In common with other nuclear steroid hormone receptors, nPR is
a modular protein composed of an amino-terminal domain (NTD)
comprising largely of intrinsically disordered (ID)protein, a moderately
conserved C-terminal ligand-binding domain (LBD), a highly conserved
DNA-binding domain (DBD) and the hinge region (HR) that targets nPR
to the nucleus (Grimm et al., 2016). nPR is able to function appropri-
ately as it harbors the activation function-1 (AF-1) protein domain
located within the NTD and the activation function-2 (AF-2) within the
LBD (Meyer et al., 1990). AF-1 can mediate transcription independently
of ligands, while AF-2 functions under the influence of ligands (Brosens
et al., 2004; Ellmann et al., 2009). The HR and a conserved DBD are
located between the AF-1 and AF-2 domains(Kumar et al., 1998). The
DBD, containing two a-helices and two zinc-binding (Khorasanizadeh
and Rastinejad, 2001), can recognize specific progesterone response
elements (PREs), which allows for the nuclear receptor to bind to DNA as
a dimer and subsequently recruit transcription machinery to begin
transcription of the target gene (Ham et al., 1988). The HR directly
participates in receptor DNA binding, termed the carboxyl-terminal
extension (CTE) of the DBD (Khorasanizadeh and Rastinejad, 2001).

The structure of nPR is conserved in teleosts, which shows a higher
transactivational response to 17a,20p-dihydroxy-4-pregnen-3-one
(17,208-P) than to P4 in HEK293T transfected reporter assays (Chen
et al., 2011a, 2010a; Ikeuchi et al., 2002; Zapater et al., 2013). In ovi-
parity teleosts, nPR have been proved to play critical roles in the
ovulation (Tang et al., 2016). In zebrafish, studies provided evidence of
the importance of Pgr during the periovulatory periods through its
involvement in prostaglandin production and function by controlling
expression of phospholipase A2 (PLA2G4A) and the prostaglandin re-
ceptor EP4b and that these genes appear to be regulated through the
actions of 17,20B-P (Baker et al., 2021a). In medaka, nPR is involved in
LH-induced ovulation through the cAMP/PKA/CREB signaling pathway
(Ogiwara et al., 2021). Furthermore, nPR is involved in the regulation of
proteases associated with follicular rupture through a 17,20p-P depen-
dent (Ogiwara et al., 2013a; Ogiwara and Takahashi, 2017). However,
in ovoviviparity teleosts, which give birth to living fries, the role of nPR
in the pregnancy or the parturition process is less clear. Ovoviviparity is
a reproductive strategy intermediate between oviparity and viviparity,
which is characterized by internal incubation or prolonged retention of
fertilized eggs during embryonic development, but without direct
nutrient exchange between parent and embryo (Lodé, 2012). Exploring
the similarities and differences between ovoviviparity and other repro-
ductive modes is of great significance for understanding the reproduc-
tive evolution of teleosts. Aimed to test whether the function of nPR
consists of mammals or oviparity teleosts, black rockfish (Sebastes
schlegelii) was chosen as the model since the synchronized fertilization,
embryo development and birth of all fries. Black rockfish, which belongs
to the Sebastidae family, is a marine teleost species and inhabits the seas
of Japan, Korea, and China (Liu et al., 2019). Developing from the
ovoviviparous reproductive strategies, the gonadal development of
males and females in black rockfish is not synchronized (Li et al., 2021).
Male gonads begin to develop around mid-February and mature by
mid-December, while female gonads develop from July and mature by
mid-April of the following year. When the sperm is mature, it is passed
from the male to the female through urogenital papillae and stored in
the immature ovary till fertilization when the oocyte matures (Lyu et al.,
2022a). After around one month of pregnancy, parturition is initiated
(Wang et al., 2022). It is worth noting that around 50 thousand fries
were delivered in around one to two hours from a single mother, which
emphasized the importance of the nPR in the regulation of pregnancy
and parturition.
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To develop our understanding of nPR functions in ovoviviparous
teleosts, we clone the coding sequences of nPR, and then, we analysed
the protein domains and evolutionary relationships. Thereafter, we
examined the expression profile of npr mRNA during different gonadal
developmental stages, before fertilization, during pregnancy and de-
livery periods as well as in different tissues. Moreover, we also stimu-
lated follicular cells at the vitellogenic stage in vitro using human
chorionic gonadotropin (hCG) and analyzed the expression levels of npr.
In addition, we determined the cellular localization of npr mRNA in
black rockfish ovary during pregnancy by in situ hybridization. Finally,
we stimulated periparturient follicular cells with 17,20p-P in vitro to test
the regulatory of npr in prostaglandin synthesis and matrix
metalloproteinases.

2. Materials and methods
2.1. Animals and ethics statement

Black rockfish used in the experiment were obtained from marine
cages located offshore of Rushan, Shandong, China (36.92°N, 121.54°E).
A total of 50 adult black rockfish were selected randomly for the
experiment (over 3 years old, body weight: 1.0 + 0.4 kg, body length:
24.3 £ 1.3 cm). Before the experiment, all the animals were housed for 2
days in indoor cement pools with a culvert system. All procedures
involved in the handling and treatment of individuals in this study were
approved by the Animal Research and Ethics Committees of Ocean
University of China prior to the initiation of the study. All experiments
were performed in accordance with relevant guidelines and regulations.
Experimental individuals described below were anesthetized with ethyl
3-aminobenzoate methanesulfonic acid (MS-222, 200 mg/L) before
quick decapitation to minimize animal suffering.

According to the previous studies (Mori et al., 2003a; Wang et al.,
2021; Yan et al., 2022), the testes were from different developmental
stages containing spermatogenesis stage (stage III), mature stage (stage
IV) and regressed stage (stage V). While the ovaries which were from
different developmental stages contain previtellogenesis stage (stage
I11), vitellogenesis stage (stage IV) and oocyte maturation (stage V). In
the present study, testis samples (n=3) from stages III, IV, and V, and
ovary samples (n=3) from stages III, IV and V were sampled.

Before fertilization, nine female ovaries were sampled in the oocyte
maturation stage including the early maturation stage (EM, n=3),
middle maturation stage (MM, n=3) and later maturation stage (LM,
n=3). During pregnancy, eighteen ovaries were sampled in fertilized
stage (F, n=3), tail bud stage (T, n=3), sarcomere stage (SA, n=3), optic
bubble stage (OP, n=3), heartbeat stage (HE, n=3) and hatching stage
(HA, n=3) based on embryo development morphology. Nine female
individuals were sampled 24 h before parturition (n=3), during partu-
rition (n=3) and 24 h after parturition (n=3) in April 2021. Parts of the
ovary samples collected during gestation were fixed in 4% para-
formaldehyde for the in situ hybridization.

Tissue samples including heart, liver, spleen, stomach, kidney, head
kidney, intestines, muscle, pituitary, skin, gill, brain, testis and ovary
were collected from six healthy adult black rockfish (three males and
three females).

2.2. Total RNA extraction and reverse transcription

Total RNA was extracted from all samples described before via
TRIzol reagent (Invitrogen, America) according to the reagent manual.
RNA quantity and purity were evaluated by a Biodropsis BD-1000
nucleic acid analyzer (OSTC, China) and electrophoresis using a 1%
agarose gel. The total RNA was reverse-transcribed into cDNA using 1 ug
of DNA per 20 uL reaction via the Prime ScriptTM RT reagent kit
(TaKaRa, Japan) according to the reagent manual.
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2.3. Molecular cloning and sequence analysis

The open reading frame (ORF) of npr was predicted based on the
gonadal transcriptome (PRJNA573572) data and genome
(CNA0000824) data of black rockfish. The cloning primer for npr gene
was designed via Primer5 software and is listed in Table 1. The
2xPhanta Max Master Mix (Dye Plus) (Vazyme, China) was used for
cloning and gonad cDNA was used as the template to clone. The PCR
procedure was as follows: 95 °C for 3 min; 35 cycles of 95 °C for 10 s, 60
°C for 30 s and 72 °C for 2 min. After purified via a TIANgel Midi pu-
rification kit (TIANGEN, Beijing, China), the PCR product was cloned
into the pEASY-T1 cloning vector (TransGen Biotech, China). Positive
clones with an insertion fragment of the desired size were selected for
subsequent sequencing.

2.4. Sequence and phylogenetic analysis

According to the nPR amino acid sequences of several species,
ClustalX 2.1 and ESPript 3.0 (http://espript.ibcp.fr/ESPript/cgi-bin/ES
Pript.cgi) were used to perform multiple alignments of the amino acid
sequences. The nPR tertiary structure was predicted and modeled using
SWISS-Model (https://swissmodel.expasy.org/). A phylogenetic tree
was reconstructed from the multiple alignments of the amino acid se-
quences with the neighbor-joining method using MEGA?7. The values on
the trees represent bootstrap scores of 1000 iterations, indicating the
credibility of each branch.

2.5. Quantitative real-time PCR

Quantitative real-time PCR (qPCR) was conducted to evaluate the
npr mRNA levels in the ovary, testis and other different tissues of black
rockfish. According to the reagent manual, qPCR was operated using a
SYBR Green I Kit (TaKaRa, Japan) on a StepOnePlus Real-Time PCR
System (Thermo Fisher Scientific, USA). The qPCR program was as fol-
lows: 95 °C for 30 s; 40 cycles of 95 °C for 5 s and 60 °C for 30 s. The
threshold cycle (CT) values were measured for the relative mRNA
expression levels of the npr gene, and 18 S rRNA was used as the
reference gene. PCR was run in triplicate to confirm the results. All
primers used in the present study were listed in Table 1.

2.6. In situ hybridization (ISH)
According to the reagent manual, sense and antisense digoxigenin

(DIG)-labeled probes were synthesized according to the npr gene using a
DIG RNA Labelling Kit (Roche Diagnostics, Mannheim, Germany). The

Table 1
. primers sequences used for ORF cloning, ISH and qPCR.
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ovaries collected from black rockfish during pregnancy were fixed in 4%
paraformaldehyde (in PBS, pH 7.4) for 4-6 h, embedded in paraffin and
sectioned into 7 um placed onto aminopropylsilane-treated glass slides,
then dried at 37°C. After being dewaxed in xylene and rehydrated with a
decreasing gradient of alcohol concentrations (100-70%), the sections
were then treated with 0.1 M HCL for 10 minutes followed by digestion
with proteinase K solution (10 pg/mL) for 2 minutes. Following prehy-
bridized for 1 h, the sections was hybridized by DIG-labelled riboprobes
diluted with hybridization buffer and placed in a humidified box over-
night at 55°C. The sections were then washed by a graded series of SSC,
followed by blocking buffer (Roche, Switzerland). An alkaline
phosphatase-conjugated anti-DIG antibody (Roche, Switzerland) was
used to detect DIG with NBT/BCIP stock solution (Roche, Switzerland)
for chromogenic development.

2.7. Haematoxylin-eosin (H&E) staining

The tissues fixed in 4% paraformaldehyde were sectioned into seven-
micrometer slices using a microtome (Leica, Wetzler, Germany), fol-
lowed by staining with hematoxylin-eosin. The magnified photographs
of the sections were taken by an Olympus bright field light microscope
(Olympus, Tokyo, Japan).

2.8. Primary culture of black rockfish ovarian cells

Female individuals (n=3) at the vitellogenic stage and perinatal
period were used for primary ovarian cell culture. Ovarian cells were
obtained by obliterating the ovarian parietal membrane, embryo, fries
and large oocyte with forceps and scissors. Subsequently, ovarian tissues
were washed three times in phosphate buffer solution (PBS) containing
1% penicillin—streptomycin-gentamicin. The tissues were chopped to
about 1 mm?, digested with trypsin and vibrated for 20 min. The cells
were filtered by an 80 pm sterile cell filter and then centrifuged (500 g,
5 min). The supernatant was removed, and the cells were resuspended.
The cells were seeded in six-well cell culture plates and cultured in L15
(G-Clone, China,Beijing) complete medium with 10% fetal bovine serum
(FBS) (G-Clone, China, Beijing) and 1% penicillin-streptomycin-
gentamicin solution (Absin, China, Shanghai) at 25°C for 2 days. Sub-
sequently, the cells were cultured under low-transcription conditions for
12 h in L15 starvation medium without FBS but containing 1% pen-
icillin—streptomycin-gentamicin solution. Finally, the cells were treated
with 1IU/mL hCG, 10IU/mL hCG and 100IU/mL hCG for 3 h (n=3),
10 mg/mL 17,208-P and 100 ng/mL 17,208-P for 6 h (n=3). Immedi-
ately following testing, the cells were harvested for RNA extraction as
the procedure described above.

Primers

Sequence (5°-3")

Primers for ORFs clone
nPR-orf-F

nPR-orf-R

Primers for ISH probe preparation
nPR-ish-F

nPR-ish-R

Primer for qPCR

nPR-F

nPR-R

mmp2-F

mmp2-R

mmp9-F

mmp9-R

cox2-F

cox2-R

pla2g4a-F

pla2g4a-R

18 s-F

18 s-R

TGCTGCGCGCTCACAACATG
TCACTTGGTGTGGAATATGAGG

CGCATTTAGGTGACACTATAGAAGCGAGTCACCGTCCCAAACCT
CCGTAATACGACTCACTATAGGGAGACATATCTCCGCTGATGGGTC

AGTCACCGTCCCAAACCT
TATCTCCGCTGATGGGTC
CTTCAGAAGCAAGCCCAACG
GTTGCCTGCGAAGAACACTG
GATTGGGGGAGAGCTGCATT
CCCAGAATCGGTTCCCTGAG
CCAGGGAACAGATGATTACG
CTTGAAGTGGGTGAGCAG
GCCTGACCTACAACCTTCCC
TGGGCTCGAATGAACAAGCT
CCTGAGAAACGGCTACCACAT
CCAATTACAGGGCCTCGAAAG
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2.9. Statistical analysis

All the data are demonstrated as the mean =+ standard error of the
mean (SEM). Data analysis was performed using SPSS 19.0 software
(SPSS, Chicago, IL, USA) by one-way ANOVA followed by Tukey’s and
Sidak’s multiple range tests. Differences were considered significant at P
< 0.05. All the graphs were generated with GraphPad Prism 9
(GraphPad Software, USA).

3. Results
3.1. Molecular cloning and sequence analysis of npr

Data mining of the black rockfish genome (CNA0000824) and RNA-
seq (PRJNA573572) revealed that a single copy of npr ORF consisted of
2034 bp nucleotides and encoded 617 amino acids. Sequence compari-
son and conserved domain prediction of nPR among teleosts, mammals
and avians revealed that black rockfish nPR was a typical nuclear re-
ceptor with 4 modular domains: an NTD, a DBD, an HR and an LBD
(Fig. 1A). Compared with other vertebrates, NTD shared low similarity,
while LBD and DBD shared high similarity. A phylogenetic tree of
vertebrate nPR was constructed. As revealed in Fig. 1B, the known nPRs
were divided into two clades. nPR of black rockfish were grouped with
teleost nPRs and differed from nPRs of mammals, birds and amphibians,
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suggesting its relative conservation during evolution. The overall amino
acid sequence of black rockfish nPR was similar to zebrafish npr
(55.90%), medaka npr (74.42%), human npr (63.34%), mouse npr
(62.80%) and chicken npr (63.88%). 3D structure prediction analysis
results revealed that the protein structure of black rockfish nPR had high
similarity in teleosts (Fig. 1C).

3.2. Expression pattern of npr mRNA in different tissues and different
gonad developmental stages

qPCR was used to evaluate the npr mRNA levels in different tissues.
As revealed in Fig. 2, npr was highly detected in reproduction-related
tissues and mainly detected in the pituitary followed by the ovary,
testis and brain, while the mRNA levels of npr in the spleen, head kidney,
intestine and gill were undetected. While the npr level showed no vari-
ation in ovary different developmental stages (Fig. 3A). In testis, npr
showed significantly varied expression levels in different developmental
stages and reached the highest level in the maturation stage (Fig. 3B).

3.3. npr mRNA level during fertilization and perinatal period in black
rockfish

As an ovoviviparous teleost, the female and male copulate in
November with numerous spermatozoa scattered in the ovarian lumen,
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Fig. 1. Multiple amino acid sequence comparisons of the nPR amino acid sequences of black rockfish, nile tilapia, medaka, zebrafish, chicken, mouse and human (A).
Sebastes schlegelii nPR NTD (1—306), DBD (307—384), HR (385—429), LBD (430—677); Oreochromis niloticus nPR NTD (1—-302), DBD (303—-380), HR (381—25), LBD
(426—673); Oryzias latipes nPR NTD (1—296), DBD (297 —374), HR (375—419), LBD (420—667); Danio rerio nPR NTD (1—246), DBD (247—324), HR (325—-369), LBD
(370—617); Gallus gallus nPR NTD (1-416), DBD (417—-494), HR (495—538), LBD (539—786); Mus musculus nPR NTD (1-555), DBD (556—633), HR (634—678),
LBD (679—926); Homo sapiens nPR NTD (1-562), DBD (562—640), HR (641—-685), LBD (686—933). A phylogenetic tree was constructed by MEGA 7 using the
neighbor-joining method (B). Data were resampled with 1000 bootstrap replicates. The GeneBank accession numbers of the selected nPR sequences are as follows:
Sebastes umbrosus (XP_037632106.1), Gasterosteus aculeatus (XP_040031607.1), Larimichthys crocea (KAE8295011.1), Sparus aurata (XP_030259545.1), Oryzias latipes
(NP_001165515.1), Oreochromis niloticus (XP_005455130.1), Takifugu rubripes (XP_011606930.2), Salmo salar (ADK94875.1), Oncorhynchus mykiss
(XP_036821261.1), Danio rerio (NP_001159807.1), Anguilla japonica (BAA89539.1), Anguilla anguilla (BAB85993.1), Xenopus laevis (AAG42362.1), Xenopus laevis
(AAL55260.1), Gallus gallus (NP_990593.1), Homo sapiens (NP_000917.3), Mus musculus (NP_032855.2). 3D protein structures of nPR of black rockfish are con-
structed by the SWISS-MODEL online tool (C). ZN: zinc finger, NTD: N-terminal domain, DBD: DNA-binding domain, HR: hinge region, LBD: ligand-binding domain.
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Fig. 2. Gene expression patterns of npr in different tissues in black rockfish.
Relative expression levels of npr in different organs (heart, liver, spleen,
stomach, kidney, head kidney, intestine, muscle, pituitary, skin, gill, brain,
testis, and ovary). The X axis indicates different tissues. The Y axis indicates the
relative expression normalized by 18 S RNA. The data are shown as the mean +
S.E.M. (n = 3).
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Fig. 3. Relative expression levels of npr in development stage of testis and
ovary in black rockfish. The different developmental stages of testis include
early spermatogenesis stage (stage III), mature stage (stage IV), and regressed
stage (stage V). The different developmental stages of ovary include pre-
vitellogenesis stage (stage III), vitellogenesis stage (stage IV), and oocyte
maturation (stage V). The X axis indicates different developmental stages. The Y
axis indicates the relative expression normalized by 18 S RNA. The data are
shown as the mean + S.E.M. (n = 3). Data was analyzed by one-way ANOVA
followed by Tukey analysis. Different letters indicated significant difference (p
< 0.05).

while the eggs fertilize with the sperm in the next April. After that, black
rockfish experience a month of pregnancy, then delivery offspring (Mori
etal., 2003a; Xu et al., 2022a). During fertilization, npr level in the ovary
showed a significant increase from the EM stage to the F stage (p <0.05),
and significantly decreased to the SA stage (p <0.05). With the stable
development of the embryo, npr level showed no significant change
(Fig. 4A). In the perinatal period, npr mRNA level showed a significant
decrease (p<0.05), with the highest level present in 24 h before
parturition (Fig. 4B).

3.4. Regulation of npr expression by hCG

To investigate the regulation of npr by gonadotropin, the primary
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ovarian cell was cultured and employed and stimulated by hCG. Results
showed that npr level was significantly downregulated by hCG in any
concentrations (1IU/mL, 10IU/mL and 100 IU/mL) compared with the
control group (p<0.05, Fig. 5).

3.5. Localization of npr mRNA in the ovary of black rockfish

Based on the qPCR results, ISH was performed for npr mRNA local-
ization in the ovary during pregnancy. Consistent with the results ob-
tained via qQPCR, positive of npr signal was found in the ovary. Compared
with the negative control (Figs. 6B, 6E), strong positive signal of npr
mRNA was observed in the follicular cell layer distributed around the
lumen that had surrounded an embryo (Figs. 6A, 6A’, 6D, 6D’).

3.6. Gene regulation by 17,20p-P via npr in black rockfish ovarian cells

A previous study has revealed prostaglandins (PGs) play an impor-
tant role in black rockfish parturition (Lyu et al., 2022a). To test the
regulation of npr on gene in prostaglandin synthesis and matrix metal-
loproteinases, primary culture of black rockfish ovarian cell in the
perinatal period and qPCR was performed. Results showed that genes
related to PGs synthesis (pla2g4a and cox2) were both upregulated sig-
nificant (pla2g4a: P<0.05, cox2: P<0.001) under 100 ng/mL 17,208-P
treatment (Figs. 7D, 7E). While genes related to matrix metal-
loproteinases (mmp2, mmp9) were also upregulated under 17,20p-P
treatment. The level of mmp9 was significantly increased in both
10 ng/mL (P<0.001) and 100 ng/mL (P<0.01) 17,20p-P (Fig. 7B), and
mmp2 only upregulated under 100 ng/mL (P<0.05) DHP (Fig. 7C).
Interestingly, npr level was decreased under 17,20p-P treatment
(P<0.05, Fig. 7A).

4. Discussion

As reported in other members of the nuclear receptor family, the
structural features of the cloned black rockfish nPR suggested that it was
a multi-domain protein consisting of an NTD, a highly conserved DBD,
an HR and a C-terminal LBD (Evans, 1988). The amino acid sequence
comparison of nPR from black rockfish and other species indicated that,
similar to other members of the nuclear receptor family, the DBD and
LBD domains are highly conserved (Evans, 1988). A zinc finger core of
66 residues, as well as the DNA recognition helix 1 (P box) and D box,
are highly conserved in the DBD domain across all nuclear receptors,
revealing that these regions play an important role in the nPR to
recognize the target gene sequences (Chen et al., 2010b; Ikeuchi et al.,
2002; Todo et al., 2000). nPR is bound to a consensus inverted repeat
progesterone response element (PRE) through the DBD core, as a
head-to-head dimer with helix 1 of each subunit, makes that base spe-
cific contacts in the major groove of the PRE hexamers, thus causing
effective gene transcription (Roemer et al., 2006). The LBD of nPR
consists of a common fold comprised of up to 12 helices and a short
b-turn arranged in a three layer anti-parallel helical sandwich, which
can recruit SRC1 through the AF-2 modulo to improve the transcription
output function of PR (Bourguet et al., 2000). In human nPR, a proline
rich motif in the N-terminal domain binds directly with the SH3 domain
of c-Src, making in the activation c-Src tyrosine kinase (Boonyar-
atanakornkit et al., 2001), which was absent in black rockfish, as well as
in other oviparous teleosts, indicated that nPR mediated non-genomic
responses to progesterone in the activation of Mos/MAPK may not
occur in teleost fish (Chen et al., 2012, 2010b; Tkeuchi et al., 2002; Todo
et al., 2000).

Phylogenetic analysis revealed that black rockfish nPR in amino acid
sequence was formed a group with other teleost nPRs, while mammal,
bird and amphibian nPRs, on the other hand, formed another group. In
accordance with previous studies in zebrafish (Chen et al., 2010b;
Hanna et al., 2010), Atlantic cod (Gadus morhua) (Chen et al., 2012),
Atlantic salmon (Salmo salar) (Chen et al., 2011b) and turbot
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(Scophthalmus maximus) (Feng et al., 2018), the present study identified
and characterized one nPR copy in black rockfish. However, two distinct
nPRs have been described in European eel (Anguilla anguilla) (Morini
et al., 2017), Japanese eel (Anguilla japonica) (Ikeuchi et al., 2002; Todo
et al., 2000), and African clawed frog (Xenopus laevis) (Liu et al., 2005).
This situation is due to the teleosts specific whole genome duplication,
ray-finned fish have two nPR copies maintained as two active genes in
some species, while one nPR copy was lost in others during evolution
(Hoegg et al., 2004; Wittbrodt et al., 1998).

Tissue distribution of npr mRNA was analyzed in black rockfish
through RT-qPCR. The result revealed that npr transcript had a limited
expression pattern, highly expressed in the pituitary and gonad, and also
expressed in the brain at a low level. Based on npr expression pattern,
nPR-mediated functions seem restricted to reproductive physiology. npr
of black rockfish highly expressed in gonad was consistent with the
Spotted Seatrout (Pinter and Thomas, 1995) and Atlantic salmon (Chen
et al., 2011), which showed its function in the gonad. Studies on other
teleosts, such as Atlantic cod (Chen et al., 2012), Atlantic salmon (Chen
et al.,, 2011) and zebrafish (Hanna et al., 2010), confirmed the

expression of npr in the brain. Zebrafish npr expressed strongly in the
preoptic region of the hypothalamus in the brain indicates that it me-
diates progestin regulation of reproductive signaling in the brain. In the
European eel, nprl showed a high expression in the pituitary, which was
in line with our results (Morini et al., 2017), suggested that progestin
mediated by npr may be involved in the negative feedback on the
gonadotropin hormone secretion (Wang et al., 2016). The presence of
npr mRNA in the brain, pituitary, and gonad agrees well with the pivotal
functions of progestin during reproductive events. However, further
research is required to elucidate the specific signaling roles of npr in the
black rockfish pituitary and brain.

17,20p-P is the biologically active progesterone molecule in teleost
fish, showing the highest affinity with npr (Chen et al., 2010c; Naga-
hama, 1997). In our present study, npr was expressed throughout the
reproductive cycle and its level peaked in the late spermatogenesis stage
during black rockfish gonad development, corresponding with the
plasma levels of 17,20p-P (Mori et al., 2003b). According to previous
studies, the npr expression pattern in the process of spermatogenesis
varied between species. In turbot and Atlantic cod, the expression of npr
increased following the testis development and reached the highest
during the stage of inducing spermiation, which is in accordance with
our results. In Atlantic cod, the peak level of nPR mRNA expression
reached in spawning testes, indicating that nPR may play a role in the
induction of spermiation and sperm maturation (Chen et al., 2012).
Consistent with the 17,20p-P level, the expression of npr mRNA in turbot
displayed a dramatic increase during testicular development with a peak
occurring at stage V, suggesting that 17,20p-P via a nPR-dependent
pathway may be functionally related to spermatogenesis and induc-
tion final maturation of spermatozoa (Feng et al., 2018)). Different
expression pattern of npr was observed in Zebrafish and Atlantic salmon
(Chen et al., 2011). Zebrafish npr mRNA was strongly observed in
spermatogonia and early spermatocytes instead of spermatids or sperm,
supporting that npr mediates progestin regulation of reproductive
signaling in the early germ cell proliferation in testis, but not sperm
maturation (Hanna et al., 2010). Taken together, the rise in npr
expression during the final stages of spermatogenesis in black rockfish
may be used to mediate the involvement of 17, 208-P in spermitation,
sperm maturation, and mature spermatozoa release.

In female black rockfish, serum 17,20p-P has been detected,
increasing in the late vitellogenesis period and remaining at a high level
during gestion (Mori et al., 2003b). In present study it was found that,
the nPR expression level showed no significant variation and maintained
at a low level during the oocyte development. However, the nPR level
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was significantly higher from the EM stage to the F stage, corresponding
with the plasma levels of 17,208-P (Mori et al., 2003b). nPR-KO zebra-
fish undergo final oocyte maturation (FOM) both in vivo and in vitro and
the failure of ovulation, providing clear evidence that nPR is necessary
for successful oocyte release from the preovulatory follicle, but not FOM
(Zhu et al., 2015). The same phenotype was observed in nPR knockout
mouse, which demonstrates a conserved function of nPR in ovulation
among vertebrates (Robker et al., 2009). According to our research re-
sults, we suggested that the signaling pathway of 17,208-P, mediated by
the nPR, played a role in the disruption of follicular layers, ultimately
facilitating the fertilization of eggs by spermatozoa hidden within crypts
or folds (Xu et al., 2022b). In mammals, study indicated that the precise
timing of progesterone signaling through the npr governs uterine func-
tion and fertility via epithelial to stromal crosstalk, resulting in stromal
cells proliferation and differentiation into decidual cells to initiate em-
bryo implantation and promote the growth of the embryo (Wu et al.,
2018). In black rockfish, our data revealed that the level of npr mRNA
expression raised rapidly from the EM stage to the F stage. Therefore, we
speculated that 17,208-P signaling through npr might function in the
theca cells proliferating and invading outwards forming a follicular
placenta to support the development of the embryo (Xu et al., 2022b).

It is now generally accepted that P4 is essential for the maintenance
of pregnancy by promoting myometrial relaxation and that its functional
withdrawal initiates parturition in viviparous species (Mesiano et al.,
2011). In humans, P4 signaling mediated by nPR is crucial for regulating
uterine function, with two predominant isoforms, type-A progesterone
receptor (PR-A) and type-B progesterone receptor (PR-B), playing key
roles (Li et al., 2022) , and P4 regulates uterine quiescence during
pregnancy primarily through signaling mediated by the PR-B in myo-
metrium (Patel et al., 2018). The present study showed that the mRNA
expression of npr was located in the granulosa cells of the ovary and
remained expressing during pregnancy, indicating that npr promotes
ovarian muscle relaxation to provide a stable development environment
for the embryo.

Human parturition involves functional P4 withdrawal mediated by
an increase in the myometrial cell nPR-A to nPR-B ratio (Merlino et al.,
2007). P4 promoting myometrial relaxation for most of pregnancy via
nPR-B in myometrial cells is inhibited by increased myometrial cell
expression of nPR-A. Further study suggested that P4 promotes myo-
metrial quiescence through PR-B-mediated antiinflammatory actions in
pregnancy, while the rise in PR-A expression at parturition promotes
labor by blocking the antiinflammatory actions of P4 mediated by PR-B
and directly increasing proinflammatory gene expression in response to
P4 (Tan et al., 2012). In our study, the mRNA levels of npr in female
black rockfish are relatively high during the third trimester (before de-
livery) and then decrease during and after delivery, and according to a
previous study, 17,208-P levels of serum in pregnant female black
rockfish dropped sharply one week prior to parturition and were not
detected after parturition (Mori et al., 2003b). From this, we proposed
that 17,208-P withdrawal is a key event in the parturition process in
ovoviviparous black rockfish and that its withdrawal involving partu-
rition is mainly mediated by nPR.

Previous studies have found that the secondary growth of follicles is
closely related to follicle-stimulating hormone (FSH) and E2 secreted by
the ovaries, while the final maturation and ovulation are mainly
controlled by luteinizing hormone (LH) and 17,20-P in fish (Lubzens
et al., 2010). Especially during vitellogenesis, estrogen promotes the
synthesis and secretion of vitellogenin in the liver, thereby promoting
the accumulation of yolk in the oocytes (Hara et al., 2016). In our study,
the npr level was significantly downregulated by hCG in granulosa cells
at the vitellogenesis stage compared with the control group. Our data
provided a different result from a previous study, in which npr level at
full grown but immature (FG) stage follicles was dramatically increased
in a dose-dependent manner by LH signaling in zebrafish (Tang et al.,
2016). Combined with the previous results, the potential reason we
speculate is that FSH and E2, rather than17,20p-P, play a major role
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during vitellogenesis. At this time, the expression of 17,20p-P and nPR
may be negatively regulated, which can explain the inhibition of nPR by
hCG.

17,20B-P is the most effective in the induction of GVBD (germinal
vesicle breakdown) and ovulation in teleost (Skoblina, 2009). Numerous
studies have demonstrated the role of prostaglandins in ovulation in
teleost and that they may be regulated by the actions of 17,20p-P via npr
(Baker et al., 2021b; Goetz et al., 1989). In zebrafish, 17,208-P could
effectively increase the transcription levels of pla2g4a and ptgs2 (Knight
and Van Der Kraak, 2015; Lister and Van Der Kraak, 2009), which was
consistent with our in vitro culture results. This also indicated that
prostaglandin synthesis might be under the control of 17,20p-P in black
rockfish. In addition, our results showed that 17,208-P could signifi-
cantly increase the expression of mmp9 and mmp2, while had no sig-
nificant effect in zebrafish (Baker et al., 2021b) and medaka (Ogiwara
et al., 2013).This opposite result may be attributed to the fact that the
zebrafish and medaka vitro experiments using whole full-grown follicles
rather than follicular cells. We believe that the possible reason for the
opposite results is due to the two different reproductive strategies of
ovoviviparity and oviparity. Based on a previous study in black rockfish
(Lyu et al., 2022b), we referred that 17,20p-P could upregulate prosta-
glandin synthesis and genes related to matrix metalloproteinases, which
were crucial in parturition behaviour. Interestingly, 17,20p-P signifi-
cantly reduced the level of npr in our experiment. We speculate that this
may be a feedback regulatory mechanism whereby 17,208-P initiates
parturition dependent on nPR. After this, 17,208-P inhibits npr expres-
sion through some pathways to end parturition. As shown previously in
the Fig. 4B, the level of npr decreased continuously with the progress of
parturition. We did not find relevant results, and further studies may be
needed to investigate the reasons for this problem.

Our present study provides important insights into the potential
function of nPR in ovoviviparous teleosts. In summary, we identified the
npr expression patterns at different gonad development stages and
during the parturition process. Moreover, tissue distribution and local-
ization also suggest that npr is conserved in teleosts. These results
demonstrate that nPR plays a critical role in reproductive behaviors as a
nuclear hormone receptor.
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