& frontiers | Frontiers in Marine Science

@ Check for updates

OPEN ACCESS

EDITED BY
Xiaotong Wang,
Ludong University, China

REVIEWED BY
Geng Qin,

Chinese Academy of Sciences (CAS), China
Karine Rousseau,

Muséum National d'Histoire

Naturelle, France

*CORRESPONDENCE

Jingwen Yang
yangjingwen@zjou.edu.cn

Tianming Wang
wangtianming@zjou.edu.cn

RECEIVED 12 March 2023
ACCEPTED 03 May 2023
PUBLISHED 17 May 2023

CITATION

Liu X, Feng J, Jiang Z, Zhang G, Xu X,
Wang J, Yang J and Wang T (2023)
Functional characterization of two
corticotropin-releasing hormone receptors
in Larimichthys crocea.

Front. Mar. Sci. 10:1184792.

doi: 10.3389/fmars.2023.1184792

COPYRIGHT

© 2023 Liu, Feng, Jiang, Zhang, Xu, Wang,
Yang 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 Marine Science

TvpPE Original Research
PUBLISHED 17 May 2023
Do110.3389/fmars.2023.1184792

Functional characterization of
two corticotropin-releasing
hormone receptors in
Larimichthys crocea

Xue Liu, Jiagian Feng, Zhijing Jiang, Guangbo Zhang,
Xiuwen Xu, Jixiu Wang, Jingwen Yang* and Tianming Wang*

National Engineering Laboratory of Marine Germplasm Resources Exploration and Utilization, Marine
Science and Technology College, Zhejiang Ocean University, Zhoushan, Zhejiang, China

In the neuroendocrine system, corticotropin-releasing hormone (CRH) plays an
important role in the hypothalamic—pituitary—adrenal/interrenal (HPA/HPI) axis.
It exerts its effects by activating CRHRs, which belong to the class B G protein-
coupled receptor family. Two characteristic genes of CRHR1 subtypes in the
Larimichthys crocea genome were identified: LcCRHR1-1 and LcCRHRI1-2.
Alignments indicated that they were highly homologous to known and
validated teleost CRHR1s. The CDS sequences of the two receptors were
cloned into the pEGFP-N1 plasmid, and membrane localization of the fusion
expressing LcCRHR1-1-EGFP and LcCRHR1-2-EGFP was revealed in HEK293
cells. Treatment with LcCRH could lead to two receptors internalization and
trigger a significant increase in the secondary messenger cAMP and Ca®* and
mitogen-activated protein kinase phosphorylation in an LcCRH dose-dependent
manner. Based on quantitative real-time PCR, LcCRHR1s were expressed in all
examined tissues and highly expressed in the brain and ovaries. Furthermore,
immunohistochemical findings showed the specific localization of CRHR1s in
ovarian follicle cells. Collectively, our study identified two CRH receptors in L.
crocea and suggested that the CRH/CRHR1 system is potentially involved in the
neuroendocrine regulation of reproduction in this marine fish.

KEYWORDS

stress, reproduction, neuroendocrine, Larimichthys crocea, ovary, corticotropin-
releasing hormone receptor

1 Introduction

Hypothalamic corticotropin-releasing hormone (CRH), also known as corticotropin-
releasing factor (CRF), is a neurohormone that primarily controls the hypothalamic—
pituitary—adrenal/interrenal (HPA/HPI) axis and plays a significant role in the stress
response by activating its specific receptors (CRHR) (Denver, 2009; Henckens et al., 2016).
CRH was first isolated and characterized in the hypothalamus of ovine in which it can
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activate CRHR in the pituitary gland and trigger the synthesis and
secretion of adrenocorticotropin (ACTH) (Vale et al., 1981). CRH
and its structurally similar peptides with related functions are
collectively referred to CRH-family peptides for review (Lovejoy
et al., 2014), which include urotensin I (Lederis et al., 1982),
urocortin I (Vaughan et al., 1995; Cardoso et al., 2016), urocortin
IT (Reyes et al, 2001), urocortin III (Lewis et al., 2001), and
sauvagine (Montecucchi et al., 1980). In many mammalian
species, the 41-amino acid mature CRH peptide is formed by
removing the 24-amino acid signal peptide from the precursor
peptide with an amidated C-terminus (Dautzenberg and Hauger,
2002; Pangalos and Davies, 2002). Mature CRH peptides have a
high degree of conservation across teleosts, amphibians, and
mammals and mediate various biological activities that affect
reproductive behavior, cardiovascular regulation, appetite control,
and immune function in addition to stress response
(Grammatopoulos and Chrousos, 2002; Ma et al., 2020).
Corresponding to its diverse biological functions, CRH is
ubiquitously expressed in the central nervous system (CNS) and
peripheral organs, such as the ovaries, heart, spleen, liver, and
gastrointestinal tract (Wang et al., 2014; Popov et al., 2021).

With advances in bioinformatics and molecular biology, two types
of CRHRs, CRHR1 and CRHR2 have been identified and found to be
highly conserved in vertebrates (Dautzenberg and Hauger, 2002;
Hemley et al., 2007). Based on phylogenetic and functional
characteristics, these two receptors share ~ 70% amino acid sequence
homology in mammalian species (Lovejoy et al., 2014). A third CRHR,
named CRHR3, has only been discovered in the catfish Ameirus
nebulosus, receptor which shares 85% and 80% sequence homology
with catfish CRHR1 and CRHR2, respectively (Arai et al., 2001). These
three types of CRHRs, particularly the CRHR1 and CRHR2 in
mammals, have been determined to be encoded by genes containing
multiple exons and introns with unique splicing patterns and distinct
pharmacological properties (Hillhouse and Grammatopoulos, 2006;
Grammatopoulos, 2012). Compared to CRHR2, which mediates stress
recovery and the restoration of homeostasis, the activation of CRHR1
aggravates stress responses and anxiety-like behaviors (Smith et al,
1998). Rodents lacking CRHRI can prevent CRH-induced anxiogenic
phenotypes and display reduced anxiety-like behaviors in anxiety tests
(Bale et al., 2002). In teleosts, CRHR1 was reported to be involved in a
broad range of physiological functions (Lovejoy et al., 2014). Therefore,
studies on the molecular characteristics and activation mechanisms of
CRH/CRHRI are of great significance for understanding the biological
regulation of external stimulation (Fiizesi et al., 2016; Zalachoras
et al,, 2022).

In addition to its functions in the environmental stress
response, the CRH/CRHRI signaling system also has reproductive
regulatory functions in mammals. The gene expression of CRHR1
was detectable in reproductive organs, such as the uterus and ovary
(Petraglia et al., 2010). CRH inhibits the gonadotropin-releasing
hormone (GnRH) release, thereby reducing the synthesis and
secretion of gonadal steroid hormones (Melon and Maguire,
2016; Raftogianni et al., 2018). Accumulating evidence suggests
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that CRH may be involved in the reproductive development and
ovarian maturation (Kiapekou et al.,, 2010; Wypior et al., 2011).
Therefore, a deep understanding of the signaling and functional
mechanisms of the CRH/CRHRI system needs to be developed in
teleosts. Scientists have elucidated the molecular properties of
CRHRI in teleost fish, such as the gene structural characters of
the receptor in Cyprinus carpio (Huising, 2004; Manuel et al., 2014),
protein structure and functions of the receptor in Astatotilapia
burtoni (Chen and Fernald, 2008), and distribution profiles of the
receptor in the ovary of Paralichthys olivaceus (Zhou et al., 2019),
Fugu (Cardoso et al., 2003), and chum salmon (Pohl et al., 2001).
CRHR expressions changed during ovarian development in the
olive flounder (Zhou et al., 2019) and in the zebrafish (Zhou et al.,
2021). In addition, treatment with 17 o, 20 -dihydroxy-4-pregnen-
3-one (DHP) increases CRHR1 mRNA expression in ovarian
follicles from olive flounder (Zhou et al., 2019), and the two CRH
identified in the zebrafish, decrease estradiol release from primary
cultures of follicular cells in this species (Zhou et al., 2021). These
data suggest a potential involvement of CRH system in teleost
reproduction. However, the cell signaling system and physiological
functions mediated by fish CRHRI1 have rarely been clarified,
particularly focusing on reproductive control.

In mammals, as others Class Bl G Protein-Coupled Receptors
(GPCR), CRHRI1 contains a distal N-terminal extracellular domain
(ECD) that can specifically select and bind ligands, and the C-
terminal tail can activate specific kinases to mediate a series of
signaling cascades (Grammatopoulos, 2012). Activated by CRH,
CRHRI1 primarily couples to Ggs proteins, triggering the
accumulation of cyclic AMP (cAMP) and the activation of the
extracellular signal-regulated kinase-mitogen-activated protein
kinase (c(AMP-MAPK) pathway. In addition, the receptor could
also couple the Gq protein and lead to calcium mobilization by
phospholipase C activation (Graziani et al., 2002; Gutknecht et al.,
2009). These signals induce the transcription of downstream target
genes by activating protein kinase A (PKA), cAMP-response
element binding protein (CREB) (Inda et al., 2017), protein
kinase B (Akt), and protein kinase C (PKC), depending on
coupling with different G proteins, ligands, and cell types (Brar,
2017). In teleosts, the functional characteristics and cell signal
transduction mechanisms of CRHRI need to be explored.

The large yellow croaker (Larimichthys crocea) is a widely
cultured and economically important marine fish found in the
coastal areas of East and Southeast China (Chen et al., 2018). With
the development of artificial mariculture in this species, biological
research on the regulatory mechanisms underlying its physiological
processes is becoming increasingly important, particularly
regarding reproduction and growth. In this study, to clarify the
functional roles of the CRH/CRHRI signaling system in the
reproduction of L. crocea, a mature LcCRH peptide was
synthesized, and two genes of LcCRHR1s (LcCRHRI1-1 and
LcCRHRI1-2) were functionally identified and characterized. Our
study provides new insights for the bioactivity and regulatory
mechanisms of the CRH/CRHRI system in a marine teleost.
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2 Materials and methods

2.1 Animals, sample collection, RNA
extraction and cDNA synthesis

Female large yellow croaker were collected from Zhoushan
Fishery Research Institute and stabilized in an indoor mariculture
system for half a month (weight 390.5 + 35.5 g, temperature range
25.0 + 1.0°C, salinity range 24.38-25.45%o0, NH," < 0.2 mg/L, and
NO, < 0.1 mg/L). The ovary tissues were fixed with 4% PFA for
further histological analysis, and total RNA from the brain, heart,
liver, spleen, ovary, intestine, retina, and head kidney tissues was
extracted using TRIzol reagent (TaKaRa, Kusatsu, Japan). The
quality of total RNA was checked by electrophoresis, and the
concentration was measured using a Nanodrop 2000 (Thermo
Fisher Scientific, Waltham, MA, USA). The total RNA (1 ug) was
co-incubated with M-MLV Reverse Transcriptase (TaKaRa
Kusatsu, Japan) and OligdT-18 (Promega Inc., Shanghai, China)
at 42°C for 1 h to synthesize single-stranded cDNA. The cDNA
samples were stored at -80°C for further experiments.

2.2 Sequence analysis and
plasmid construction

The cDNA sequences of LcCRHRI-1 and LcCRHRI1-2 (NCBI
accession numbers: XP-019133265.1 and XP-010752790,
respectively) were obtained from the NCBI database using the
online BLAST tool (http://blast.ncbi.nlm.nih.gov). The amino acid
sequence was deduced using Bio Eidt 7.2. Phosphorylation sites and
the signal peptide were located using the NetNGlycl.0 (http://
www.cbs.dtu.dk/services/NetNGlyc/) and NetPhos 3.1 Server
(http://www.cbs.dtu.dk/services/NetPhos/). Transmembrane
proteins were analyzed using Tmpred (http://www.cbs.dtu.dk/
services/TMHMM)/), and secondary structures were analyzed
using the transmembrane prediction Protter server (http://
wlab.ethz.ch/protter/start/). The protein 3D structures of
LcCRHRI1-1 and LcCRHRI-2 were predicted using the SWISS-
MODEL software (http://swissmodel.expasy.org/). The deduced
amino acid sequences were aligned using ClustalW (http://
www.bioinformatics.org/sms/). The color alignment was
generated using the Sequence Manipulation Suite (http://
www.bioinformatics.org/sms2/color_align_prop.html). Species
sequence identity was calculated using Clustal Omega (https://
www.ebi.ac.uk/Tools/msa/clustalo/). A phylogenetic tree was
constructed using the maximum likelihood (ML) method of
MEGA 5.0 with 1000 bootstrap trials. The GenBank accession
numbers for the amino acid sequences used for phylogenetic tree
analysis are listed in Supplementary Table 1.

Sequences of CRH and CRHRI were searched and downloaded
from zebrafish, mouse, and human in NCBI. Then, a local BLAST
comparison of these sequences with the entire amino acid sequence of
the L. crocea genome (GCF_000972845.2_L_crocea_2.0_genomic)
was performed. The parameters were set as follows: e-value =
0.00001, maximum match number = 5. The most similar sequence
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was selected based on the BLAST results and then confirmed using
NCBI Blastp.

The forward (LcCRHR1-1 or LcCRHRI1-2-seq-F) and reverse
primers (LcCRHR1-1 or LcCRHRI-2-seq-R) used for the coding
sequence (CDS) cloning are listed in Supplementary Table 2, using
cDNA from whole brain as a template for PCR. After verifying the
sequence of the cloned full-length LcCRHRI-I or LcCRHRI-2 CDS
by TA cloning and pyrosequencing, the plasmids LcCRHRI-1-
EGFP and LcCRHRI1-2-EGFP were synthesized by LeQi-
Biomedicine (Hangzhou) Co. Ltd. The reading frame, orientation,
and sequence fidelity were verified by PCR product sequencing.

Mature CRH peptide sequences of L. crocea (XP_010732512.1)
were obtained from genome (Supplementary Figure 1), synthesized
by GL Biochem Shanghai (China), and purified using preparative
reverse-phase high-performance liquid chromatography. Fractions
containing the appropriate peptides were pooled and lyophilized,
and the purity of the final product was 95.51%. The feasibility of
solid-phase synthesis and the ability of chemically modified
peptides to activate their receptors have been verified
(Fredriksson et al., 2006; Yang et al., 2013).

2.3 Receptor localization and
internalization assay in HEK293 cells

HEK293 cells were grown to 80-90% density in high-glucose
medium (DMEM; HyClone, Logan, UT, USA) containing 10% fetal
bovine serum (FBS; HyClone, Waltham, MA, USA), 1% penicillin
(Beyotime, Shanghai, China), and 1% streptomycin (Beyotime,
Shanghai, China), and transfected with plasmids (LcCRHR1-1 or
LcCRHRI1-2-EGFP) using X-treme GENE HP DNA Transfection
Reagent (Roche Applied Science, Indianapolis, IN, USA). All cells
were cultured in a humidified environment at 37 °C and 5% CO.,.

Cells expressing LcCRHR1-1 or LcCRHR1-2-EGFP were seeded
onto cell slides (14 mm diameter) and attached overnight. For
receptor expression analysis, cells were stained with the membrane
probe Dil (Beyotime, Shanghai, China) for 25-30 min at 37°C, then
fixed with 4% paraformaldehyde for 10 min, and finally incubated
with DAPI for 5-10 min. For receptor internalization assays,
HEK293 cells were treated with LcCRH (100 nM) for 0, 5, 15, 30,
and 60 min at 37°C, fixed with 4% paraformaldehyde for 15 min,
and finally treated with DAPI for 5 min. DMEM was used as the
control. Cells were visualized by the confocal microscope using an
HCX PL APO A blue 63x1.4 oil immersion lens.

2.4 cAMP measurement

HEK293 cells transiently co-transfected with the pCRE-
luciferase system and LcCRHRI1s-EGFP plasmids were reseeded
in 96-well plates overnight (Wang et al., 2019). Cells were treated
with serum-free medium containing different concentrations of
LcCRH (107'%-10 M) for 4 h and lysed for 10 min after
discarding the medium. Luciferase activity was measured using
the firefly luciferase assay kit (Kenreal, Shanghai, China).
Simultaneously, cAMP concentrations were detected using a
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competitive binding enzyme-linked immunosorbent assay (ELISA)
kit (Parameter cAMP assay, R&D Systems, Minneapolis,
MN, USA).

2.5 Intracellular calcium measurement

HEK293 cells transiently expressing LcCCRHR1-1 or LcCRHR1-
2 were reseeded overnight in 50-mm cell culture dishes. The cells
were digested with PBS containing 0.02% EDTA for 5 min and
suspended in Hanks balanced salt solution (HBSS). The cell
suspension was incubated with 3.0 uM Fura-2/AM (the
fluorescent Ca®* indicator) in an CO, incubator (37°C, 5% CO,)
for 30 min and washed twice in Hanks’ solution. Cells were
stimulated with the indicated concentrations of LcCRH (1 uM, 10
nM, and 100 pM). Finally, the ratio of the excitation wavelengths at
340 nm and 380 nm was measured to determine the intracellular
calcium flux within 60 s using a fluorescence spectrometer (Infinite
200 PRO, Tecan, Mannedorf, Switzerland).

2.6 Extracellular signal-regulated kinase
phosphorylation assay

LcCRHRI-1 or LcCRHR1-2-EGFP expressing cells were seeded
in 24-well plates for 18-24 h and starved in a high-glucose medium
without FBS for 2 h to eliminate the effect of FBS. HEK293 cells
expressing LcCRHR1-1 and LcCRHRI1-2 were stimulated by 100
nM LcCRH for 0, 2, 5, 10, 15, 20, 30 and 45 min. Based on the time-
course results, different concentrations of LcCRH (107'%-10° M)
were tested during the strongest phosphorylated signal time (5
min). To elucidate the signaling pathways, DMEM containing 1%o
DMSO (control: solvent for antagonist), 10 uM H89 (PKA
antagonist) or 10 uM ESI09 (EPAC antagonist) was pretreated
for 1 h separately in expressing LcCRHR1-1 or LcCRHR1-2 cells.
Then, different concentrations of LcCRH (control, 10 nM, 100 nM,
and 1 uUM) were used to stimulate the cells for 5 min, and the
phosphorylated ERK1/2 levels were detected. Finally, the cells were
treated with RIPA buffer (Beyotime, Shanghai, China) containing
1% protease inhibitor phenylmethylsulfonyl fluoride (PMSF) for
half an hour to achieve a full release of intracellular protein. The
protein samples were fractionated using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (10% SDS-PAGE). The target
protein on the gel was transferred onto a polyvinylidene fluoride
membrane (PVDF; Millipore, Shanghai, China) using a transfer
device. The PVDF membrane was blocked with a blocking solution
(TBST containing 5% nonfat milk) at room temperature for 1 h.
The PVDF membrane was incubated with anti-rabbit phospho-
p44/42 ERK1/2 antibody (4370S; Cell-Signaling Technology, USA)
and anti-rabbit p44/42 ERK1/2 antibody (4695S; Cell Signaling
Technology, USA) at 4°C overnight and then incubated with anti-
rabbit-HRP secondary antibody (1:2000, Beyotime, Shanghai,
China) at 25°C for 2 h. Finally, the membrane was detected with
a luminescent substrate to detect protein signal intensity and
analyzed using Image]J software.
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2.7 Real-time quantitative PCR

cDNA samples from the brain, heart, liver, spleen, ovary,
intestine, retina, and head kidney of L. crocea were synthesized
for qQRT-PCR. Primers were first tested to ensure that a single
discrete band was amplified without primer dimers. The qRT-PCR
assays were performed using SYBR PrimeScriptTM RT Reagent Kit
(TaKaRa) and ABI 7500 Software v.2.0.6 (Applied Biosystems)
(Supplementary Table 4). Relative levels of gene expression were
AACE method (Livak and Schmittgen, 2001).
Significance was evaluated using one-way analysis of variance
(ANOVA), followed by Tukey’s post-hoc test using PASW
Statistics 18.00 (SPSS Inc.).

calculated using the 2

2.8 Immunohistochemistry assay

The ovaries of adult female L. crocea were dissected and fixed in
a 4% paraformaldehyde fixative solution (Solarbio, Beijing, China).
The tissues were dehydrated and placed into paraffin at 4°C
overnight. The tissue embedded in the paraffin block was
sectioned (6 um thick) with a microtome (Leica Biosystems,
Wetzlar, Germany). The sections were dewaxed, rehydrated,
subjected to antigen retrieval treatment, and then incubated with
anti-rabbit CRHR1 antibody (PA5-27121; 1:500, human/mouse
CRHRI1, ThermoFisher, USA) at 4°C overnight. The control
group, except for the incubation with PBS instead of CRHRI1
antibody, follows the same experimental steps as the CRHRI
experimental group. The corresponding secondary antibodies
(1:500, Cy3 labeled, Beyotime, Shanghai, China) were incubated
with the slides at room temperature for 2 h. Images of the sections
were captured by confocal microscope using a Leica TCS SP5II laser
scanning confocal microscope.

2.9 Statistical analysis

All data are presented as mean + standard error of the mean
(SEM), and statistical significance was assessed using one-way
analysis of variance (ANOVA) followed by Tukey’s multiple
comparisons test using GraphPad Prism 6.0. All experimental
data were obtained from at least three independent replicates (¥,
P < 0.05; ** P < 0.01; **, P < 0.001).

3 Results

3.1 Molecular characterization and
phylogenetic analysis of LcCRHR1-1 and
LcCRHR1-2

The full-length CDS of LcCRHRI-1 and LcCRHRI-2 encoded
two L. crocea CRH receptors containing 436 and 429 amino acids,
respectively (Supplementary Figures 2, 3). Multiple sequence
alignment analysis of these amino acid sequences was performed
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to evaluate the homologous relationships. The two predicted L.
crocea CRHRI1s amino acid sequences showed similarities to
vertebrate CRHR1s (LcCRHRI-1 with 76.11-86.27% identity,
LcCRHRI1-2 with 73.54-84.98% identity) and revealed a high level
of conservation in the transmembrane domains of (Figure 1;
Supplementary Table 3).

Based on protein secondary structure prediction, both receptors
had seven transmembrane domains and six N-linked glycosylation
sites in the extracellular domain, which is a typical feature of

10.3389/fmars.2023.1184792

membrane glycoproteins for ligand recognition. 1 The N-
terminus of LcCRHRI-1 or LcCRHRI1-2 has a signal peptide
consisting of 24 or 21 amino acids, respectively (Figures 2A, B).
These two amino acid sequences contained 37 potential phosphate
sites: LcCRHR1-1 contained 22 serine, 10 threonine, and 5 tyrosine
residues, and LcCRHR1-2 had 18 serine, 12 threonine, and 7
tyrosine residues. Homology modeling revealed that these
proteins were like 6pb0.1. A and 6p9x.1. E from the Protein
Data Bank.

HsCRHRLI  -—-———————————————m————— OBQOHCESLSLA-————————————————————————————————— SNISGLQCNASV 23
X1CRHRl  ——=——————————mmmmm—— OBO-CEBTLQHN-—-——--————————————————————————————— SNFTGLACNASI 22
DrCRHR1 —-MSRILHPQVLTIWITLISRATABLT LLLLSTNLTARTLILWNQTSSP--——-——————————-— TTNSTGLFCNTSI 63
OmCRHR1 --MWLRILPQVLTIWAVVISGTTABLTCBTLLLLSTNLTARTLALWNLTLTP-—-—-——-——-——————— SNVTAGLFCNMSI 63
AnCRHR1 --MHFLLRPQVFSIWITLFSGATABLTCBTLLLLSTNRTARTLILWNQTSSSSNATGTSSSNATGTSSSNATGLFCNISI 78
AnCRHR3 --MWICLMLKVLSILSFVVVKVSABLT VLMLASGNHTLYHLDAANHSDTNN-----—-———————-———— SGVFCSTVI 61
LcCRHR1-1 MRRKCFFLLQVCAVVSLLPSGSLABLT LLMLS-GNFSLQSLASSWNQTLSNATG-———-—————— QWSGSGLYCDTSI 69
LcCRHR1-2 --MKGVLSQVVFVCVLLSGRVSSABLTCETLILLSTNLTASMLALLNQTFTI SNTSGLYCDLSV 62
TM1 (134-154)
HsCRHRI1 LIGTCWPRSPAGQLVVBPCPAFFYGVR SECQEILNEE HVAVIINYLGHC 103
X1CRHRL IGTCWPSTAAGQMVARPCPEYFHGVQ QCQEILKQE HIAIVINELGHS 102
DrCRHR1 GIGTCWPRSSAGEVVSBPCPESFLGVR SQCQEILNEE HIAVIINYLGHC 143
OmCRHR1 PIGTCWPKSTAGEWVSRPCPEMFYGVK TQCQEILNE | HIAVII C 142
AnCRHR1 GIGTCWPRSNAGEIVSBPCPETFLGVR SQCQEILNEE HIAVII C 158
AnCRHR3 GIGTCWPRSVAGEMVSBPCPEFLYGVR SQCKAILNV RIAVII C 141
LcCRHR1-1 PRSSAGOMVSRPCPEMFYGVR| SMCKAILHEE QIAVII C 149
LcCRHR1-2 PRSAAGELISRPCPEKFNGIH SQC‘;'T]\E]:éIVL QVAVII C 141
HsCRHR1 PGCTHWGDQADGALEVGAPWSGAPFQVRRST LIS LTMSPE 183
X1CRHRL LIT LTLSHE 153
DrCRHR1 LIT LTMNPE 194
OmCRHR1 LIT LTMNPE 193
AnCRHR1 LI LTMNPE 209
AnCRHR3 LTS IVE@LTMNPD 192
LcCRHR1-1 LIT IVE@LTMSPE 200
LcCRHR1-2 LIS IVELTMNPA 192
TM3 (224-242) TM4 (249-269) 249-269
HsCRHRI1 LVTAAY) GCYLETAIVLT ICIGWGVPFPIIVAWAIGHL 263
X1CRHRI1 LVTIAH GCYLETAIVLT ICIGWCIPFPIIVAWAIGHL 233
DrCRHR1 LVTAAY)| GCYLETAIVLT ICIGWCIPFPIIVAWAIGHL 274
OmCRHR1 LVTAAY GCYLETAIVLT ICIGWCIPLPIIIAWAIGEL 273
AnCRHR1 LVTAAY) GCYLETAIVLT ICIGWCIPFPIIVAWAIGEL 289
AnCRHR3 LVTTAY)| GCYLETAIVLT ICIGWCIPSPIIVAWAIGEL 272
LcCRHR1-1 LVTASF HST GCYLETAIVLT ICIGWCIPFPIIVAWAIGHL 280
LcCRHR1-2 LVTAGY| HVT GCYLETAVVLT ICIGWGIPFPIIVAWAFGHL 272
TMS (291-312) TM6 (333-352)
HsCRHRL G I PMILVLLI LENIVRILMTHL| I TLVLLPLLGIT 342
X1CRHR1 G PVILVLLI LENIVRILMTHEL 1 TLVLLPLLGIT 312
DrCRHR1 G PMILVLLI LENIVRILMTHEL I TLVLLPLLGIT 353
OmCRHR1 G PMILVLLT LENIVRILMTHEL I TLVLLPLLGIT 353
AnCRHR1 G PMILVLLT LENIVRILMTHEL I TLVLLPLLGIT 368
AnCRHR3 G PMILVLMI LENT L I TLVLLPLLGIT 351
LcCRHR1-1 EG PMILVLVI LENI L I TLVLLPLLGIT 359
LcCRHR1-2 EG PMILVLLI LENI L I TLVLLPLLGIT 352
M7 365-387
HsCRHRI1 VSR I SFLES L
X1CRHRI1 ISRIVEIL SFLQS L)
DrCRHR1 ISQIVEI SFLES LNSEBVRSAVRKRWHRWQDKHSIRARVARAMSIPTSPTRVSFHSIKQSSAV
OmCRHR1 VAQIVETI SILES LNSEBVRSAVRKRWHRWQDKHSIRARVARAMSIPTSPTRVSFHSIKQSSAV
AnCRHR1 ISQIVEI SFLES LNSEVRSAVRKRWHRRQDKHSIRARVARAMSIPTSPTRVSFHSIKQSSAV
AnCRHR3 ISQIVEI SFLQS LNSEVRSAVRKHWHRWQDHHSIRARVARAMSIPTSPSRLSFHSIKQSTSV
LcCRHR1-1 ISQIVETI SFLES LNSEVRSAVRKRFHRWQEQHSIRARMTQAMSIPTSPSRVSFHSIKQSTSL
LcCRHR1-2 VAQIVEI SILES LNSEVRSAVRKRWIRWQDRHSFRSRVVRATSLPTSPSRVSFHSIKQSSNL

FIGURE 1

Multiple alignments of LcCRHR1s amino acid sequence with sequences from other species. CRHR1s sequences include Homo sapiens, Xenopus
laevis, Danio rerio, Oncorhynchus mykiss, and A. nebulosus. The GenBank accession numbers are as follows: L. croceal-1 (XP_019133265.1), L
croceal-2 (XP_010752790.1), H. sapiens (NP_001138618.1), X. laevis (NP_001079049.1), D. rerio (XP_696346.3), O. mykiss (XP_021480247.1), A.
nebulosus (AF229359, AF229361). ClustalW was used to assess the alignment, and the online Sequence Manipulation Suite was used to generate the
color aligns attribute. The percentage of sequences that must agree for identity or similarity coloring was set as 80%. The seven transmembrane
domains (TM1-TM7) are marked with a black horizontal line above the sequence alignment. The conserved amino acid residues with identical

chemical properties are highlighted with the corresponding color.

Frontiers in Marine Science

05

frontiersin.org


https://doi.org/10.3389/fmars.2023.1184792
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Liu et al.

10.3389/fmars.2023.1184792

A C
COWFI0
S & © signal peptide
® © "
®» @ M N-glyco motif
@ & f o
Q Q O @= Serine phosphorylation site
ORI @ Tyrosine phosphorylation site Extracellular
g %8 @ Threonine phosphorylation site EC1
Bl ;
® @ Q N-term: Phobius
! TMRs: Phobius EC3
O © @
- & 3 w3
i 8°g T™1
e G
The N-terminus ECD . ™2
T™M7
TM6
1C3
Intracellular
IC1
; gpﬁw
s
Q
B 8. D
v
@
¢
¢
§§m Extracellular

Q0"

06

0.0
The N-terminus ECD

]

e-cosprc-cee

FIGURE 2

EC2

T™M3
—— TM4

TMS

2

Intracellular

Predicted sequence characteristics of LcCRHR1s. Schematic diagram of the transmembrane structure of LcCRHR1-1 (A) and LcCRHR1-2 (B). The
predicted 3D structure of the LcCRHR1-1 (C) and LcCRHR1-2 (D). The 2D structure was generated by using Protter, and the 3D structure of the
protein was generated using the SWISS model. Seven transmembrane domains (TM1-TM7), three extracellular (EC), and three intracellular (IC) loops

are marked. N-terminal ECD is marked with a black rectangle.

To investigate the relationship between LcCRHR1s and CRHRs
from different species, phylogenetic tree analysis of CRHRI1 protein
sequences from different species was performed using the
maximum likelihood (ML) method in Mega 5.0 (Figure 3). The
results showed that CRHR could be divided into two groups
(CRHRI and CRHR2), whereas the neuropeptide Y (NPY)
receptors were clustered as an out-group, apart from the CRHR
sequences. The two predicted LcCRHRIs clustered alongside the
reported CRHRI1s from other species.

3.2 Cellular localization and internalization
of LcCRHR1-1 and LcCRHR1-2

Results detected using confocal microscopy revealed
significant colocalization of GFP and Dil on the cell membrane
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in the absence of ligand stimulation, indicating the location of
these two receptors (Figure 4A). After treating cells expressing
LcCRHR1-1 or LcCRHR1-2 with 100 nM LcCRH for 5 min, we
found that the green fluorescent protein was originally
transported into the cytoplasm in a time-dependent manner,
largely aggregated in the perinuclear region, and reached its
peak within 60 min (Figure 4B).

3.3 cAMP accumulation in LcCRHR1-1 or
LcCRHR1-2-expressing cells stimulated
by LcCRH

Previous studies have shown intracellular cAMP accumulation
of the activated CRHRs in many species (Bayatti et al., 2005)).
Results showed that the luciferase activity was enhanced after
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FIGURE 3

Phylogenetic analysis of LcCRHR1s. The phylogenetic tree was generated by the Maximum Likelihood (ML) algorithms and bootstrapped 1000 times
using MEGA 5.0. Bootstrap values > 50% are indicated above branches. Colors indicate individual groups. The sequence of LcCRHR1-1 and
LcCRHR1-2 are marked in red. LcCRHR1-1 is expressed as “Larimichthys crocea CRHR1" and LcCRHR1-2 is expressed as “Larimichthys crocea
CRHR1-isoform-X1" in the phylogenetic tree. Sequence ID numbers for CRHRs used in phylogenetic analyses are detailed in Supplementary Table 1.

LcCRH stimulation in a dose-dependent manner. (Figures 5A, B).
To further verify that cAMP production was induced by
LcCRH through the two receptors, ELISA was performed, and
the results were consistent with those obtained from the CRE/Luc
system (Figures 5C, D). These results illustrated that the
intracellular cAMP accumulation induced through LcCRHRIs
by ligand activation, demonstrating Gy protein-coupled
cell signaling.

3.4 Ca®* mobilization in LcCRHR1-1 or
LcCRHR1-2-expressing cells activated
by LcCRH

Studies have reported a secondary messenger Ca*" cascade
when CRHRIs are activated by CRH in many vertebrate
species (Gutknecht et al., 2009). As illustrated in Figures 5E, F,
LcCRH-induced Ca** mobilization occurred in a dose-
dependent manner.

Frontiers in Marine Science

3.5 LcCRHR1-1 and LcCRHR1-2 mediate
ERK1/2 phosphorylation upon
LcCRH stimulation

After 10 min of stimulation with LcCRH (100 nM), significant
ERK1/2 phosphorylation was detected in LcCRHRI-1 or
LcCRHRI1-2-expressing cells but not in blank or control
(Figure 6A). Furthermore, treatment with LcCRH (100 nM)
induced highly pronounced ERK1/2 phosphorylation in
LcCRHRI-1 or LcCRHRI1-2-expressing cells over time.
Stimulation with LcCRH elicited transient activation kinetics,
with maximal phosphorylation evident at 2-5 min in HEK293
cells expressing LcCRHRIs that returned to nearly basal levels by
15 min (Figure 6B). In addition, ligand exposure induced
intracellular ERK1/2 phosphorylation within 5 min in a ligand-
dose-dependent manner and an ECs, value of 16.17 + 1.33 and
139.5 + 18.0 nM (Figure 6C). The results demonstrated that the
LcCRHRI1-1 and LcCRHRI-2-mediated activation of ERK1/2 was
significantly blocked by the EPAC inhibitor ESI09 but not
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Confocal microscopy of HEK293 cells expressing the LcCRHR1s-EGFP fusion protein. (A) LcCRHR1-1 and LcCRHR1-2 distribution in HEK293 cells
stained with membrane plasma probe (Dil) and nuclear stain (DAPI) (scale=10 um). (B) Internalization of LcCRHR1-1 and LcCRHR1-2 in HEK293 cells
The cells transfected with LcCRHR1-1-EGFP or LcCRHR1-2-EGFP were stimulated by LcCRH (100 nM) for 0, 5, 15, 30, and 60 min (scale=15 um)
DMEM was used as a control group for O min. All images are representative of at least three independent experiments

influenced by the PKA inhibitor H89 (Figures 6D, E), confirming
that MAPK cascade was initiated by LcCRH activation via the G/
cAMP/EPAC/MAPK signaling pathway (Figure 6F). LcCRH is a
major agonist of these two receptors.

3.6 Expression characteristics of LcCRHR1-
1 and LcCRHR1-2 in L. crocea

qRT-PCR analysis revealed the expression patterns of LcCRHRI-
I and LcCRHRI-2 in various tissues of mature L. crocea. These two
genes were highly expressed in the brain and ovary and ubiquitously
expressed in the heart, liver, spleen, intestine, retina, and head kidney
(Figure 7A). To further determine the distribution of LcCRHRIs in
the ovaries of L. crocea, an anti-rabbit CRHR1 antibody was used to
conduct immunohistochemical assays to reveal the detailed
localization of these receptors. The results showed that LcCRHR1s
were distributed in the follicular cells of the ovary of L.
crocea (Figure 7B).

4 Discussion

CRH is the most crucial hypothalamic neuropeptide for the
stress response. It induces the production of ACTH from the
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anterior pituitary, followed by cortisol release from the adrenal or
interrenal cascade, known as the HPA/HPI axis endocrine cascade
(Kim et al., 2019). The large yellow croaker (L. crocea), one of the
most important mariculture species in China, exhibits seasonal
reproduction; artificial breeding and the reproduction of this fish
are critical for aquaculture. In this study, we systematically cloned,
bioinformatically analyzed and functionally investigated the two
CRHRIs in L. crocea to explore their physiological roles in teleost
fish, especially in reproductive control.

This is the first study to report the cloning of two CRH
receptors in L. crocea. A comparison of the exon-intron
organization of LcCRHRI1s indicated the distribution of 14 exons,
which were structurally similar to H. sapiens, X. laevis, and D. rerio
(Supplementary Figure 4). The deduced amino acid sequences
indicated that they belonged to the secretin subfamily of GPCRs
(Bockaert et al., 2002). Bioinformatics investigation of LcCRHRI1-1
and LcCRHRI-2 revealed 24 and 21 amino acid signal peptides
respectively, speculated to be associated with ligand recognition
(Teichmann et al, 2012; Owji et al, 2018). Furthermore, both
receptors contained seven N-linked glycosyl groups and 37
phosphorylation sites primarily involved in protein localization,
function, signal transduction, and desensitization (Arnold et al,
2007; Miedlich and Abou-Samra, 2008). We also identified a short
consensus repeat fold (ECD) in the N-terminal domain, which is a
typical characteristic of class B GPCRs, in both receptors (Pioszak
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measured in response to LcCRH after loading with Fura-2/AM. Hanks was used as the control. All data are shown as mean + SEM from at least three

independent experiments. Data were analyzed using the one-way ANOVA, followed by Tukey's multiple comparison tests (*

***% P <0.001).

, P <0.05; **, P < 0.01;

et al.,, 2008; Pal et al., 2012). The N-terminal ECD in LcCRHRI1s
demonstrates its ability to dock peptides, binding-related agonists,
and antagonists (Liang et al, 2020). Our multiple sequence
alignment showed that the two L. crocea CRH receptors had
76.1% homology and a high degree of conservation in seven
transmembrane domains. And they also share the respectively
69.89% and 65.66% similarity with the genomic predicted L.
crocea CRH receptor-2 (Gene ID XM_010729216.3, cloning is
ongoing). These features are critical for ligand-affinity binding,
membrane stability, G protein activation, and signal transduction.
In addition, significant cell surface expression of these two
LcCRHRs was revealed by confocal microscope, which is
consistent with the above bioinformatics prediction.

To date, with the identification of CRH receptors in different
species, the classification and evolutionary origin have been well
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elucidated (Nordstrom et al., 2009; On et al., 2019). There are two
major CRH receptor subtypes, CRHR1 and CRHR2; only one
CRHR3 from brown bullhead catfish (A. nebulosus) has been
discovered thus far (Arai et al, 2001). Subsequent phylogenetic
analysis of 57 homologous genes, including 14 species of fish and 13
other vertebrates, showed that they clustered into two groups
(CRHR1 and CRHR2, or CRF, and CRF,) and the two CRH
receptors reported in L. crocea were grouped with CRHRI-type
members, including duplicates of CRHRI from two Percomorpha
representatives, the Nile tilapia (Oreochromis niloticus) and the
platyfish (Xiphophorus maculatus) (Cardoso et al., 2014). Therefore,
they were referred to as LcCCRHR1-1 and LcCRHR1-2 (LcCRHR1a
or LcCRHRI1D) respectively. Incidentally, the only catfish CRHR3 is
also included in the CRHRI subfamily, as revealed in a previous
study (Cardoso et al, 2003). Because the two L. crocea CRH
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FIGURE 6

ERK1/2 activation mediated by LcCRHR1s. (A) Blank HEK293 cells, cells expressing EGFP-vector, and cells expressing LcCRHR1-1 or LcCRHR1-2-
EGFP were stimulated with LcCRH (100 nM) for 0-10 min. (B) Time course of ERK1/2 induced by LcCRH (100 nM) stimulation in the cells expressing
LcCRHR1-1 or LcCRHR1-2. The p-ERK was normalized to loading control (total-ERK1/2). (C) Concentration dependence of LcCRH stimulated
phosphorylation of extracellular signal-regulated kinase (ERK1/2) in the cells expressing LcCRHR1-1 or LcCRHR1-2 for 5 min. (D, E) ERK1/2
phosphorylation activated by LcCRH was blocked by PKA or EPAC inhibitors. The cells expressing LcCRHR1-1 or LcCRHR1-2-EGFP were pretreated
with DMSO, PKA inhibitor (H89, 10 uM), or EPAC inhibitor (ESI09, 10 uM) for 1 h before LcCRH stimulation. (F) Schematic diagram of LcCRHR1-1 or
LcCRHR1-2 activation. Ligand LcCRH binding to LcCRHR1-1 or LcCRHR1-2 activates G, family of heterotrimeric G proteins, which leads to G,,
dissociation from the G protein subunits, activating adenylate cyclase activity and leading to intracellular cAMP accumulation and MAPK cascade.
MEK1/2: MAP kinase kinase 1; MAPK: mitogen-activated protein kinase All data are shown as mean + SEM from at least three independent
experiments. Data were analyzed using the one-way ANOVA, followed by Tukey’'s multiple comparison tests (*, P < 0.05, **, P < 0.01, ***, P < 0.001).

receptors are two different genes (located on different chromosomes ~ nominate the two receptors as CRHR1 subtypes and propose
based on genomic data), both structurally resemble each other, cfCRHR3 in the same situation. If this hypothesis could be
similar to the catfish cfCRHR1 and cfCRHR3. Moreover, these two  confirmed by future research on other teleost fish, it would
L. crocea CRH receptors, cfCRHR1 and cfCRHR3 were further support whole genome duplication (WGD) in vertebrate
phylogenetically clustered in the CRHR1 group, and we tended to  evolution, particularly the second WGD in fish (Putnam et al., 2008;
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Distribution of LcCRHR1s in multiple tissues of L. crocea. (A) Relative expression of LcCRHR1-1 and LcCRHR1-2 in different tissues of L. crocea
Expression was normalized against the expression of the internal control gene (B-actin). Each value represents the mean + SEM (n=3). Different
lowercase letters above the bars indicate significant differences (P < 0.05) between different tissues. (B) Distribution of LcCRHR1s analyzed by
immunohistochemistry in the ovary of L. crocea. Immuno-labeled CRHR1 (red) in ovary is shown by the representative photomicrographs. “anti-
CRHR1" indicates that ovary sections were incubated with anti-CRHR1 antibody and bonded with the corresponding secondary antibody labeled Cy3
(fluorescence). “Control” indicates sections were incubated with PBS (scale=100 um).

Cardoso et al,, 2016). And synteny analysis on genomic regions
needs to be conducted to further explore CRHR gene evolution in
teleosts and determine the impact of the 3R (teleost-specific
WGD) event.

Vertebrate CRH-like peptides can be divided into the CRH/Ucn
I and Ucn II/Ucn III subgroups (Cardoso et al., 2016), and CRHR1
has a high affinity for both CRH and Ucn I, whereas Ucn IT and Ucn
III are unique CRHR2 ligands (Takefuji and Murohara, 2019). The
results of LcCRHRI1s activation by LcCRH using cAMP assay
demonstrated that both receptors couple to the G protein,
stimulate the adenylate cyclase activity, and increase intracellular
cAMP concentration in a CRH dose-dependent manner as in other
teleost characterized CRH receptors (Arai et al., 2001; Pohl et al.,
2001). In addition, the two receptors had nanomolar ECs affinity
with LcCRH and LcUcn [; however, LcUcn III could not achieve
activation within a comparable range (unpublished data), which is a
classic feature of CRHRI, supporting that the two identified L.
crocea CRH receptors belong to the CRHR1 subfamily (Chen et al.,
1993; Hsu and Hsueh, 2001; Lewis et al., 2001). Furthermore,

Frontiers in Marine Science

11

calcium fluxes were also detected in a ligand dose-dependent
manner after LcCRHRI1s activation, which has been frequently
reported in model organisms (Gutknecht et al., 2009; Brar, 2017)
but rarely in fish CRHRs. This Ca®" comes possibly from the G,
PLC signaling by LcCRHRI activation as that in hamsters and
humans (Fazal et al., 1998; Wiesner, 2003) or likely from the G,/
EPAC pathway or the extracellular pool induced by membrane Ca**
channel opening (Kang et al., 2003; Dautzenberg et al., 2004;
Gutknecht et al, 2009), all of which require more evidence for
clarification, particularly in the fish cells.

MAPK activation is a key effector of the biological actions of the
CRH/CRHR system in numerous cell models (Grammatopoulos,
2012). In this study, we detected the increase in cAMP level by the
CRE/luciferase reporter system as studied in humans (McEvoy
et al,, 2002) and the ERK1/2 phosphorylation of MAPK cascade
in a ligand dose-dependent manner following LcCRHRI1-1 or
LcCRHRI1-2 activation. Previous study showed ERK1/2 activation
could be significantly inhibited by the EPAC inhibitor ESI09 (Zhu
et al., 2015), which is re-verified in our result. But our data indicate
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that ERK phosphorylation was not influenced by the PKA inhibitor
H89. This result is inconsistent with the traditional Gg,/cAMP/
PKA/ERK cascade, but they indicate that LcCRHRIs activate
ERK1/2 through the G,s/cAMP/EPAC/ERK cascade. As a
relatively new signal pathway (Bos, 2003; Maymo et al., 2012;
Robichaux and Cheng, 2018), it has been reported involved in
CRF-induced ERK phosphorylation by CRF1 receptor activation in
AtT20 cells (Van Kolen et al, 2010). This is a new finding for
LcCRH receptor signal transduction and requires further
verification in fish cellular systems.

In vertebrates, CRH and its related peptides play essential roles
in reproductive, neuropsychiatric, gastrointestinal, and
immunological functions, as well as in the development of
tumors, and in the well-known adaptation response to external
challenges and stress (Suda et al., 2004; Phumsatitpong et al., 2020).
CRHRI is distributed throughout the central nervous system and
peripheral tissues and mediates diverse physiological functions
(Chen, 2022). According to LcCRHR1-1 or LcCRHRI-2 gene
expression data, both these receptors are abundantly expressed in
the brain, which is comparable with data from other fish, including
cichlid fish (A. burtoni) (Chen and Fernald, 2008), common carp
(C. carpio) (Huising, 2004), takifugu rubripes (Fugu rubripes)
(Cardoso et al., 2003), chum salmon (Oncorhynchus keta) (Pohl
etal., 2001), and catfish (A. nebulosus) (Arai et al., 2001). They have
also been proposed to regulate reproductive processes directly at the
level of the gonads and secondary sex organs. For instance, Studies
have reported that CRH systems are expressed in ovarian tissue in
mammals (Asakura et al., 1997; Dinopoulou et al., 2013) and in
teleosts (chum salmon: Pohl et al., 2001; fugu: Cardoso et al., 2003;
Astatotilapia: Chen and Fernald, 2008; olive flounder: Zhou et al.,
2019). In addition to the CRH-mediated estrogen production in
human placental trophoblasts (You et al., 2006), a recent study also
showed that the highest CRHoo mRNA levels were detected in
mature follicles of D. rerio, and the highest CRHRI mRNA levels
were detected in mid-vitellogenin (MV) and early vitellogenic (EV)
stages, indicating their critical role in reproductive development
(Zhou et al.,, 2021). In this study, our immunohistochemical data
validated the expression of LcCRHR1-1 or LcCRHR1-2 in ovarian
follicle cells, which may imply and support the view that the CRH/
CRHR system has a considerably broader range of physiological
roles in fish. Therefore, further research is required to investigate
the role of the CRH/CRHR neuroendocrine system in regulating
fish reproduction.

5 Conclusions

In summary, the full-length coding sequences of two candidate
CRH receptors were screened using genomic data in L. crocea. Their
protein structures were constructed, and a phylogenetic tree was
established using bioinformatics, which proved both receptors,
LcCRHRI1-1, and LcCRHRI1-2, belong to the CRHRI1 subtypes.
When activated by LcCRH, these two receptors are internalized
and boost intracellular cAMP and Ca®" levels while activating the
MAPK signaling pathway in a CRH dose-dependent manner. These
results confirm the biological activity of the two candidate
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receptors. Not only are these two receptors highly expressed in
the brain, but expression was also detected in ovarian follicular cells
implying that they are potentially involved in sexual maturation and
reproduction. Further studies are still needed to confirm and clarify
the biological roles and the evolution origin for these important
CRH receptors.
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