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ARTICLE INFO ABSTRACT

Edited by Carolina Bonin and Eric Alexander Fibroblast growth factor receptors (Fgfrs) are involved in cell proliferation, differentiation, and migration via

Lewallen complex signaling pathways in different tissues. Our previous studies showed that fibroblast growth factor re-
ceptor 4 (fgfr4) was detected in the most significant quantitative trait loci (QTL) for growth traits. However,
Keywords: studies focusing on the function of fgfr4 on the growth of bony fish are still limited. In this study, we identified
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seven fgfr genes in spotted sea bass (Lateolabrax maculatus) genome, namely fgfrla, fgfrlb, fefr2, fefr3, fefr4,
fgfr5a, and fgfr5b. Phylogenetic analysis, syntenic analysis and gene structure analysis were conducted to further
support the accuracy of our annotation and classification results. Additionally, fgfr4 showed the highest
expression levels among fgfrs during the proliferation and differentiation stages of spotted sea bass myoblasts. To
further study the function of fgfr4 in myogenesis, dual-fluorescence in situ hybridization (ISH) assay was con-
ducted, and the results showed co-localization of fgfr4 with marker gene of skeletal muscle satellite cells. By
treating differentiating myoblasts cultured in vitro with BLU-554, the mRNA expressions of myogenin (myog) and
the numbers of myotubes formed by myoblasts increased significantly compared to negative control group. These
results indicated that Fgfr4 inhibits the differentiation of myoblasts in spotted sea bass. Our findings contributed
to filling a research gap on fgfr4 in bony fish myogenesis and the theoretical understanding of growth trait
regulation of spotted sea bass.

1. Introduction

The improvement of the growth performance of farmed animals have
gained massive research attention over the years (Mommsen et al., 1999;
Syme and Shadwick, 2011). Generally, the growth patterns of verte-
brates’ skeletal muscle can be classified into two types, namely deter-
minate growth pattern and indeterminate growth pattern (Goldspink
and Bourne, 1972). Unlike most higher vertebrates, which exhibit a
determinate growth pattern, the skeletal musculature of many fish
species sustain persistent hyperplasia and hypertrophy throughout their
life, reflecting an indeterminate growth pattern (Hiebert and Anderson,
2020; Johnston, 1999). The life-long maintenance and regeneration of

skeletal muscle mainly depend on muscle satellite (stem) cells (MuSCs)
(Yamakawa et al., 2020). MuSCs remain dormant under resting condi-
tions, but when stimulated by physical damage or growth signals, a
portion of them become activated and rapidly re-enter the cell cycle. and
they subsequently migrate, proliferate, and differentiate into myoblasts
(Braun and Gautel, 2011; Dumont et al., 2015; Sambasivan et al., 2011).
When myoblasts proliferate to some extent, they will exit the cell cycle,
fuse with neighboring cells under the regulation of myogenin (MYOG),
and eventually form multinucleated myotubes to repair the damaged
muscle (Buckingham, 2006; Knight and Kothary, 2011; Zhao et al.,
2006).

Fibroblast growth factor receptors (Fgfrs), are a type of

Abbreviations: aa, amino acid; BM, basic medium; bp, base pair (s); BG, the BLU-554 treatment group; cDNA, DNA complementary to RNA; CDS, coding sequence;
CG, the control group; Chrs, chromosomes; DM, differentiation medium; DIG, digoxigenin; Fgfrs, fibroblast growth factor receptors; Fgfs, fibroblast growth factors;
pax7a, paired box 7a; pax7b, paired box 7b; GFF, general feature format; GM, growth medium; Ig, Inmunoglobulin (s); ISH, in situ hybridization; JTT, Jones-taylor-
thornton; kDa, kilodalton; MS222, ethyl 3-aminobenzoate methanesulfonic acid; MuSCs, muscle satellite (stem) cells; MW, molecular weight; myog, myogenin; NJ,
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* Corresponding author.
E-mail address: yunli0116@ouc.edu.cn (Y. Li).

https://doi.org/10.1016/j.gene.2024.148717

Received 29 February 2024; Received in revised form 29 May 2024; Accepted 19 June 2024

Available online 20 June 2024

0378-1119/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:yunli0116@ouc.edu.cn
www.sciencedirect.com/science/journal/03781119
https://www.elsevier.com/locate/gene
https://doi.org/10.1016/j.gene.2024.148717
https://doi.org/10.1016/j.gene.2024.148717
https://doi.org/10.1016/j.gene.2024.148717
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gene.2024.148717&domain=pdf

H. Li et al.

transmembrane receptors and members of tyrosine kinase receptor
family (Eswarakumar et al., 2005). By binding to theirs ligands, fibro-
blast growth factors (Fgfs), Fgfs-Fgfrs can regulate the process of cell
proliferation, differentiation, and migration via complex signaling
pathways in different tissues (Muenke and Schell, 1995). So far, 5 types
of FGFRs have been discovered in animals, including FGFR1, FGFR2,
FGFR3, FGFR4, FGFRS5 (also known as Fibroblast growth factor receptor
like 1, FGFRL1) (Trueb, 2011; Wiedemann and Trueb, 2000). In teleosts,
like zebrafish, a total of 7 fgfrs within these 5 types were identified,
which are fgfrla, fgfrlb, fgfr2, fgfr3, fgfr4, fgfr5a, and fgfr5b (Hall et al.,
2006; Rohner et al., 2009). In higher vertebrates, the FGFR4 gene has
been well documented as an important regulator of skeletal muscle cell
proliferation and differentiation (Marics et al., 2002; Zhao et al., 2006).
For instance, Fgfr4 gene is highly expressed in mouse myoblasts and
regulates skeletal muscle development by affecting the activated state of
muscle satellite cells (Phelps et al., 2016; Yablonka-Reuveni et al.,
2015). Although its mechanism of function in fish skeletal muscle has
not been reported, our previous study found fgfr4 showed the most
significant relationship with growth trait of spotted sea bass by means of
QTL fine mapping (Liu et al., 2020). Therefore, we speculated that fgfr4
played an important part in the myogenesis of spotted sea bass.

Spotted sea bass (Lateolabrax maculatus), widespread alongside the
coastal line of East Asia, has strong capability of disease and stress
resistance (Liu et al., 2023; Wang et al., 2023). And therefore spotted sea
bass has become one of the mainstay industries of mariculture in China,
the national yearly production of which in 2022 was over 200,000 tones
(MOA, 2023). However, the lack of inadequate studies and efforts on
genetic and breeding of spotted sea bass, is undermining the develop-
ment of this industry and impeding the increase in yield (Zhang et al.,
2023a, 2023b). Therefore, there is an urgent need to conduct further
research on the genetic improvement of spotted sea bass.

In the present study, bioinformatics tools and methods were used to
identify the fgfr family of spotted sea bass and analyze the characteristics
of their evolutionary relationship, and gene structure. Additionally,
gPCR and dual-fluorescence in situ hybridization was conducted to
study the function of fgfr4 in skeletal muscle generation. The results
provide a theoretical basis for revealing the molecular mechanism of
fgfr4 on the growth regulation in spotted sea bass.

2. Materials and methods
2.1. Experimental fish and Ethics statement

A total of 13 healthy spotted sea bass juveniles (12-13 cm in length
and 28-30 g in weight) were used in this study, which were obtained
from Shuangying Aquatic Seedling Co., Ltd. (Dongying, China). Before
sampling, the experimental fish were anesthetized with 100 ng/ml ethyl
3-aminobenzoate methanesulfonic acid (MS222). Efforts were made to
minimize the suffering of the experimental fish during the sampling
process. All the animal specimens and experimental procedures used in
this study were approved by the Animal Research and Ethics Commit-
tees of Ocean University of China (Permit Number: 20141201). There
were no endangered or protected species included in the present study.

2.2. Identification and sequence analysis of spotted sea bass fgfr gene
family

To identify the fgfr genes in spotted sea bass, the amino acid se-
quences of Fgfr proteins of several species were downloaded from NCBI
(https://www.ncbi.nlm.nih.gov/) and Ensembl (https://www.ensembl.
org/) database, which were human (Homo sapiens), house mouse (Mus
musculus), zebrafish (Danio rerio), large yellow croaker (Larimichthys
crocea) and Nile tilapia (Oreochromis niloticus). The cDNA sequences of
candidate fgfr genes of spotted sea bass were obtained by using online
TBLASTN program with e-value of E = 1e to search against genomic
information of spotted sea bass (genome, accession number:
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PRJINA408177; RNA-Seq, accession number: SRR4409341 and
SRR4409397). Then, online website ORF Finder (https://www.ncbi.
nlm.nih.gov/gorf/gorf/html) were utilized to get open reading frame
(ORF) prediction. To further verify the annotation result, the Smartblast
program was conducted against NCBI non-redundant (NR) protein
sequence database.

The online tools ExPASyPort-Param (https://web.expasy.org/protp
aram/) was used to analyze the protein length (amino acid), relative
protein molecular weight (MW, kDa), instability index, hydropathicity,
and isoelectric point (pI). TMHMM 2.0 (https://services.healthtech.dtu.
dk/service.php? TMHMM-2.0) and SignalP 3.0 (https://services.health
tech.dtu.dk/service.php?SignalP-3.0) were used to predict the trans-
membrane domain and signal peptide of the Fgfr proteins of spotted sea
bass, respectively. And the subcellular localization of spotted sea bass
fefr family members were predicted by online tool Cell-PLoc2.0
(https://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/).

2.3. Phylogenetic, syntenic and copy number analyses

Phylogenetic analysis was performed to further confirm the anno-
tation results and analyze the evolutionary relationships of fgfr genes in
spotted sea bass. Full-length protein sequence of fgfr genes of human
(Homo sapiens), mouse (Mus musculus), chicken (Gallus gallus), cattle
(Bos taurus), channel catfish (Ictalurus punctatus), torafugu (Takifugu
rubripes), zebrafish (Danio rerio), large yellow croaker (Larimichthys
crocea), rainbow trout (Oncorhynchus mykiss), Japanese medaka (Oryzias
latipes), striped sea bass (Morone saxatilis) and turbot (Scophthalmus
maximus) were downloaded from NCBI and Ensembl databases. These
sequences were used to perform multiple amino acid sequence align-
ments through Clustal W program on MEGA 7.0 (Kumar et al., 2016)
software with the default parameters. Neighbor-joining (NJ) method
and Jones-taylor-thornton (JTT) model were used to construct the
phylogenetic tree with percent bootstrap values derived from 1000
replications (Kumar et al., 2016). The tree was modified and beautified
on the ITOL website (https://itol.embl.de/login.cgi).

Synteny analysis was conducted to provide further evidence for the
gene annotations of fgfrs from spotted sea bass. Information on neigh-
boring genes of fgfrs in zebrafish, striped sea bass and spotted sea bass
was attained from their genomic database on NCBI, and was visualized
by Adobe Illustration (AI) 2023. Meanwhile, the intraspecies syntenic
analysis was conducted by One Step MCScanX on software TBtools
(Toolbox for biologists) (Chen et al., 2023), which was also used to
display the positions of the fgfrs on chromosomes according to the
general feature format (GFF) file of the reference genome.

Copy numbers of the fgfr family in representative vertebrates
(human, mouse, cow and chicken) and several selected teleosts (channel
catfish, torafugu, zebrafish, large yellow croaker, rainbow trout, Japa-
nese medaka, striped sea bass, turbot) were determined from Ensembl
and Genomics databases and compared.

2.4. Gene structure and conserved motifs analyses

To analyze the gene structure of each member of fgfr genes family in
spotted sea bass, structural features such as exons, introns and conserved
domains were visualized through TBtools according to the information
obtained from the GFF file of reference genome. Conserved domains of
Fgfrs in spotted sea bass were searched using NCBI-CDD (https://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).

Conserved motifs of fgfr family were searched by using MEME online
tool (https://meme-suite.org/meme/tools/meme) (Bailey et al., 2015),
and NCBI-CDD and TBtools were used to predict the putative function
and visualize the distribution of the motifs respectively. Meanwhile, the
protein secondary structure of Fgfrs was analyzed using the online
software SMART (http://smart.emblheidelberg.de).
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2.5. Tissue isolation and cell culture

To be specific, spotted sea bass juveniles were anesthetized with MS-
222 (as mentioned in Section 2.1), and their dorsal muscle was sampled
and soaked in phosphate-buffered saline (PBS) with 4 % Penicillin-
Streptomycin-Gentamicin Solution (BI, Israel) immediately. There-
after, the tissues were immersed and washed in the following solutions
successively: 75 % ethanol (30 s), and PBS with 4 %, 3 %, 2 %, and 1 %
Penicillin-Streptomycin-Gentamicin Solution (BI, Israel) (5 min for
each). Next, the skeletal muscle tissues were cut into small pieces (1
mm®) and placed in a 175 cm? standard cell culture chamber. The cells
were cultured in growth medium (GM), which contained L-15 medium
(G-CLONE, China), Penicillin-Streptomycin-Gentamicin Solution (BI,
Israel), and 20 % fetal bovine serum (Absin, China) at 25 °C in a CO,-free
incubator (Jinghong, China). The following culture and subculture
processes of cells were completed just as the protocol outlined by Zhang
et al. (2022a).

2.6. Total RNA extraction and cDNA preparation

The medium was removed and the cells was washed with phosphate-
buffered saline (PBS) and immediately used to extract total RNA with
TRIzol reagent (Vazyme, China) according to the manufacturer’s in-
structions. The quantity of RNA was assessed by a Biodropsis BD-1000
nucleic acid analyzer (OSTC, China) and the purity of RNA was evalu-
ated by electrophoresis using a 1 % agarose gel. RNA was subsequently
used as the template to reverse transcription to get cDNA by the use of
HiScript® III SuperMix (+gDNA wiper) kit (Vazyme, China).

2.7. Quantitative real-time PCR (qPCR)

Primers of myog were designed using the website Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast), and the sequences
of primers are presented in Table S1. The specificity and amplification
efficiency of the primers were evaluated by standard curve and melting
curve analysis. The results from the melt curve analysis of the genes
showed single peaks, confirming the specificity of the qPCR results. The
qPCR was conducted through the use of the ChamQTM SYBR® Color
qPCR Master Mix (High Rox Premixed) kit (Vazyme, China) following
the manufacturer’s instructions. The qPCR amplification program used
was: predenaturation at 95 °C for 30 s; denaturation at 95 °C for 10 s,
annealing at 60 °C for 30 s, 40 cycles. Gene a-tubulin was utilized as the
endogenous reference gene (Wang et al., 2018). All qPCR assays were
conducted in three replicates for each sample, and the relative expres-
sions of each gene were calculated using the 2724% method. The data
were then analyzed using SPSS 21.0 and graphed using Graphpad prism
6.0 software respectively.

2.8. RNA-seq data analysis

The transcriptomic data of myoblasts at proliferation and differen-
tiation stages of spotted sea bass used in this study were obtained from
the NCBI SRA database (Accession number: PRINA859992) (Zhang
et al., 2022a). Filtered clean reads were aligned to the reference genome
of spotted sea bass using Hisat2 (v2.1.0) with default parameters (“-q”
for input file of FASTQ format, and “-S” for output file of SAM format),
and the mapped reads were subsequently counted with FeatureCounts
(v1.5.0) (“-p” for paired-end data; “-T 8" for 8 threads; and “-t exon” for
counting the feature type of exon). The number of clean reads mapped to
fgfrs were visualized using R (v4.3.1).

2.9. Preparation of DIG-labeled and biotin-labeled riboprobes
The fgfr4, pax7a and pax7b sequences were cloned and verified.

Briefly, dorsal white muscle cDNA was used as the template for cloning.
Primers used in this experiment were designed using the website Primer-
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BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast) based on
the specific region of the target gene. The PCR product was purified
using FastPure Gel DNA Extraction Mini Kit (Vazyme, China), and
cloned into the pCE2-TA/Blunt Zero vector (Vazyme, China). Then, the
vector was transformed to Escherichia coli (E. coli) and sequenced (San-
gon, China).

Subsequently, primers with recognition sequences of T7 and SP6
RNA polymerase added to their 5’ ends were then used for preparation of
riboprobes. Primers information were listed in Table S1, and the primers
were synthesized by Sangon Biotec (Shanghai, China). The transfected
E. coli was utilized as template for RNA probes through PCR. Targeted
DNA fragments were extracted and purified. Sense and antisense probes
of pax7a/pax7b, and fgfr4 mRNA were transcribed in vitro with digox-
igenin (DIG) RNA Labeling Kit (SP6/T7) (Roche, Switzerland) and Biotin
RNA Labeling Kit (SP6/T7) (Roche, Switzerland) according to the in-
structions of the manufacturer, respectively. The probe lengths were
around 400 bp (pax7a: 365 bp, pax7b: 361 bp, and fgfr4: 418 bp). The
specificity of the probes has been checked via ISH, with both sense and
antisense probes confirmed the accuracy and specificity before the usage
in the FISH (Figure S1).

2.10. Dual-fluorescence in situ hybridization (FISH) of fgfr4 and pax7a/
pax7b mRNA

The skeletal muscle tissue was sampled from the back muscle below
the first dorsal fin of two independent normal spotted sea bass. After
rinsed by PBS, the muscle tissue was fixed in 4 % paraformaldehyde
(PFA) (in PBS, pH 7.4) for 16-20 h. It was then rinsed with PBST for
three times, 10 min for each. And then to dehydrated the tissue, it was
immersed into 30 % sucrose until the tissue sank to the bottom of the
solution. Subsequently, the dehydrated tissues were cut into 0.5 cm *
0.5 cm * 0.5 cm cube, embedded with OCT compound (SAKURA, Japan)
and sectioned into 7 pm sections using frozen slicing ome (Leica,
Germany).

To perform the FISH assay, the sections were deparaffinized, rehy-
drated and treated with a series RNase-free solutions as described by Li
et al. with a few modifications (Li et al., 2024). To detect the probes
labeled with DIG HRP-conjugated anti DIG Fab fragments (1:400 diluted
with PBS) were employed. Afterwards, TSA staining solution containing
100 x tyramide Alexa Fluor 488 (Invitrogen, USA) was applied to the
slides to show the DIG labeled mRNA with green fluorescent. After
detection of the green fluorescent, the HRP was inactivated with 1 %
Hy0, for 10 min. To detect the biotin labeled probes, the HRP-
conjugated Strepatvidin (1:400 diluted with PBS) were used. TSA
staining solution with 100 x tyramide Alexa Fluor 594 (Invitrogen,
USA) was applied to show the red fluorescent. The sections were
observed and images were taken by a fluorescence microscope (ECHO,
USA).

2.11. Blocking Fgfr4 during cell differentiation

When the cells (cultured in GM) grew to approximately 80 %
abundance, the culture medium was replaced with basic medium (BM)
which contained L-15 and BI only. After 2 h of starvation, for the BLU-
554 treatment group (BG), the BM was replaced with differentiation
medium (DM) added with BLU-554 (20 nmol/ml) (Hatlen et al., 2019;
Zhang et al., 2022b). Meanwhile, the control group (CG) were treated
with DM only. DM contained 98 % BM and 2 % horse serum (Absin,
China) (Zhao et al., 2006). Cell samples were collected when they were
cultured in DM for a duration of 12 h; 24 h, 48 h and 72 h, with 3
replicate samples for each time point. The DM were changed every 24 h.

Cells were collected after being induced in DM for 72 h. After being
washed with PBS, the cells were fixed with 4 % PFA, then washed by PBS
for 15 min, permeabilized with 0.25 % Triton X-100 (Solelybio, China)
for 20 min and washed by PBS again. Subsequently, the cells were
stained with 4/, 6-diamidino-2-phenylindole (DAPI, 2 mg/mL)
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(Solelybio, China) at room temperature for 2 min, followed by observed
and imaging under a fluorescence microscope (ECHO, USA). Ten fields
of each group were randomly selected to count the ratio of the numbers
of multinucleated myotubes (with 3 nuclei per cell) to all cells in the
fields.

3. Results
3.1. Identification of fgfrs in spotted sea bass

A total of 7 full-length fgfr genes were identified from spotted sea
bass genome, which are fgfrla, fgfr1b, fgfr2, fgfr3, fgfr4, fgfr5a, and
fgfr5b. A summary of the characteristics of the fgfr members was showed
in Table 1. The predicted protein lengths ranged from 494 to 945 aa, and
the predicted molecular weight ranged from 54.18 to 105.90 kDa. The
predicted pl varied from 5.63 to 9.31. Most of the Fgfrs were charac-
terized as unstable and hydrophilic proteins. Signal peptide prediction
showed that most of the Fgfr members contained signal peptide
sequence, excluding Fgfr3. There were 2 Fgfr members (Fgfrla and
Fgfr2) containing two transmembrane structures, and the rest contain-
ing one transmembrane structure. It’s worth noting that fgfr1-4 genes
shared similar CDS lengths, predicted protein lengths and subcellular
localization (Lysosome and (or) Nucleus). In contrast, fgfr5a and fgfr5b
are predicted to have relatively short protein sequences, and exhibit
distinct differences from other fgfr gene members.

3.2. Phylogenetic and syntenic analyses of fgfrs in spotted sea bass

To better understand the evolutionary relationships of Fgfrs, Fgfr
protein sequences of 13 species, including higher vertebrates and tele-
osts, were selected to conduct the phylogenetic analysis (Fig. 1). The
phylogenetic tree confirmed the identification of fgfr genes in spotted
sea bass. All the fgfr genes of spotted sea bass were primarily clustered
with other fish and then with the higher vertebrates.

The syntenic analysis were used to further ensure the accuracy of
annotations of multiple gene copies (fgfrla, fgfr1b, fgfr5a and fgfr5b).
The results showed that for these four fgfr genes, conserved genomic
neighborhoods were found across zebrafish, striped sea bass and spotted
sea bass (Fig. 2), which supported our annotations.

Additionally, the 7 fgfr genes of spotted sea bass were dispersed on 6
chromosomes (Chrs). Two fgfr genes (fgfr3 and fgfr5b) were located on
chr22, while the remaining fgfr genes were evenly distributed on chr12,
15, 16, 21 and 24 (Fig. 3).

3.3. Copy number comparison of fgfr genes in selected vertebrates

Several kinds of higher vertebrates and teleosts were selected to
compare their copy numbers of fgfr genes. As shown in Table 2, the copy
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numbers of fgfr genes among vertebrates fluctuated between 5 and 7.
Notably, 5 FGFR gene copies were found in all the selected higher ver-
tebrates. However, duplicated copies of fgfrl and fgfr5 appeared in
almost all teleost fishes, except for the channel catfish which has a single

copy of fgfrl.

3.4. Analysis of the gene structure and motifs of the fgfr family in spotted
sea bass

We also analyzed the gene structures of fgfr family in spotted sea bass
by visualizing the DNA sequence (CDS) and untranslated regions
(UTRs). Results showed that fgfr4 had the largest number of introns (20
introns), followed by fgfr3 (18 introns), fgfr2 (17 introns), fgfrla (17
introns) and fgfr1b (16 introns), while fgfr5a (7 introns) and fgfr5b (6
introns) had fewer introns (Fig. 4A). We observed three intron splicing
phases in fgfr genes (Fig. 4A). For fgfr1-4 members, they contained all
three kinds of intron phases, however, fgfr5a/b only had phase 0, and
phase 2 introns. For fgfr4, which had the most introns, there were eight
phase 0, three phase 1 and nine phase 2 introns identified along its gene
sequence.

A total of 10 distinct conserved motifs of Fgfrs in spotted sea bass
were gained through MEME, and their amino acid sequence and func-
tion were presented in Table S2. Motifs 1, 5, 7 and 9 were four different
types of Immunoglobulin (Ig) domain, and motifs 2, 3, 4, 6, 8 and 10
belonged to the catalytic domain of Protein Kinase (PKc-like). More
interestingly, as shown in Fig. 4B, the four Ig motifs, were presented in
all Fgfrs of spotted sea bass, which are considered as the most conserved
motifs in the whole fgfr family. However, PKc motifs, 2-4, 6, 8 and 10
are absent in Fgfr5a and Fgfr5b of spotted sea bass. Besides, duplicates of
fgfr1 and fgfr5 exhibited similar intron/exon structure and intron phases,
and their encoded proteins shared similar motif compositions.

Based on the prediction of conserved domains (Fig. 4C), all the
spotted sea bass Fgfr proteins were composed of 3 main parts, including
the extracellular domain, the transmembrane (TM) domain, and the
intracellular tyrosine kinase (TK) domain, except for Fgfr5a/b. For the
extracellular part, the numbers of Ig-like domains varied across Fgfrs.
Fgfr2 and Fgfr4 had 2 and 4 Ig domains respectively, and the other Fgfrs
had three.

In this case, the accuracy of our annotation of fgfr genes of spotted
sea bass was supported by the results of phylogenetic, syntenic, and gene
structure analyses.

3.5. Expression of fgfr family under proliferation and differentiation
stages of myoblasts

Based on the RNA-seq data, all the 7 fgfr family members expressed
in the proliferation and differentiation of myoblasts cultured in vitro
(Fig. 5A). Compared to myoblasts cultured in GM for 72 h, a significant

Table 1
Characteristics of fgfr genes in spotted sea bass.
Gene CDS Predicted Molecular Instability Aliphatic Hydropathicity Transmembrane Signal Isoelectric Subcellular Accession
name length/ protein weight/ index index (GRAVY) domain ‘peptide point (pI) localization Number
bp length/aa kDa
fgfrla 2487 828 93.03 43.89 83.08 —-0.321 2 YES 6.47 Lysosome. PP395750
Nucleus.
fefrib 2127 708 79.08 51.72 90.86 —0.189 1 YES 6.49 Lysosome. PP395751
Nucleus.
fgfr2 2499 832 92.44 46.04 78.39 —-0.397 2 YES 6.04 Lysosome. PP395752
Nucleus.
fefr3 2538 845 94.66 47.10 83.51 —0.300 1 NO 5.72 Lysosome. PP395753
Nucleus.
fefr4 2838 945 105.90 44.49 83.11 —0.266 1 YES 5.63 Lysosome. PP395754
fefr5a 1485 494 54.18 44.76 79.53 —0.380 1 YES 9.27 Cell PP395755
membrane.
fefr5b 1530 509 56.28 39.30 79.84 —0.338 1 YES 9.31 Cell PP395756

membrane.
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Fig. 1. Phylogenetic tree of fgfr family members. The fgfr genes of spotted sea bass are marked with bold red font and ended with a red star. Different colors of outer

circle are used to mark five different clusters. Branches of different colors in the circle represent bootstrap values, and red, yellow, and green represent low, medium,
and high bootstrap values, respectively.

increase in the expression of fgfr1b and fgfr2 was observed, while a pattern of initially decreasing when cultured at GM, then increasing
notable decrease in the expression of fgfr4 and fgfr5b was detected in when switched to DM. It reached its lowest point on the first day
myoblasts cultured in DM for 48 h. Additionally, fgfr4 exhibited the cultured in DM and then peaked on the fourth day. This indicates that
highest expression levels during both proliferation and differentiation the expression of fgfr4 decreased during the process of myoblasts pro-
stages. Therefore, the putative essential role of fgfr4 in regulating the liferation, but increased during the differentiation process.
generation of skeletal muscle in spotted sea bass was further confirmed. It’s worth noting that fgfr4 was expressed higher in the proliferation
A more targeted qPCR was performed to measure the mRNA stage than in the differentiation stage (Fig. 5A), mainly due to the
expression levels of fgfr4 of cultured myoblasts during the transition sampling time and the dynamic expression profile of fgfr4 during myo-
from GM to DM (Fig. 5B). The mRNA expression of fgfr4 exhibited a genesis. And this was also consistent with the qPCR results (Fig. 5B).
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arrows represent distinct neighboring genes across different genomes.
3.6. Localization of fgfr4 in muscle tissue of spotted sea bass

The cellular localization of the fgfr4 gene in the muscle tissue of
spotted sea bass was further detected. The FISH result showed that fgfr4
co-localized with pax7a/pax7b (Fig. 6), which are the marker genes of
skeletal muscle satellite cells, indicating that fgfr4 gene was also
expressed in skeletal muscle satellite cells. Notably, the number of cells
expressing pax7a/pax7b gene was larger than cells expressing fgfr4,
showing a partial co-localization result (Fig. 6).

3.7. Spotted sea bass fgfr4 inhibits differentiation of myoblasts

To investigate the role played by fgfr4 in the differentiation of
myoblasts in spotted sea bass, BLU-554, a specific antagonist for Fgfr4,
was incorporated with DM to cultrure the myoblasts from the BG group,
while the myoblasts in the CG group were treated with DM only. The
cells of both groups were collected at 12 h, 24 h, 48 h and 72 h for the
expression detection of myog, the marker gene of myogenic differenti-
ation. As shown in Fig. 7A, for both the BG and CG groups, the relative
expression levels of myog increased over time during the culture of cells
in DM. Remarkably, at 12 h and 24 h, the expressions of myog between
the BG and CG groups showed no significant difference, while the

expression of myog in the BG group was significantly higher than it in
the CG group at 48 and 72 h (P < 0.05).

At the same time, the differentiation status of myblast cells was also
observed through a fluorescence microscope. In the BG group, there
were more nuclei in each multinucleated myotubes and the myotubes
were much longer than which in CG group. However, in CG group,
myotubes were shorter and fragmented, and the majority of the myo-
blasts did not fuse into myotubes (Fig. 7B-C). DAPI nuclear staining
showed that the number of multinucleated myotubes in BG group
increased significantly (P < 0.05) compared with CG group. In conclu-
sion, the expression levels of myog and the numbers of multinucleated
myotubes both indicate that fgfr4 inhibits the differentiation of
myoblasts.

4. Discussion
4.1. Spotted sea bass fgfr family

By aligning the amino acid sequences of fgfr genes from several
model animals, we identified 7 fgfr genes (fgfrla, fgfrlb, fgfr2, fgfr3,

fgfr4, fefr5a, fgfr5b) in spotted sea bass genome, consistent with the re-
sults from zebrafish (Hall et al., 2006; Rohner et al., 2009). The accuracy
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Table 2
Copy numbers of fgfr genes in several representative vertebrates.

fefr1 fefr2  ffr3 fgfrd fofrS

species Total

Human

Mouse

Chicken

Cattle

Channel catfish
Torafugu
Zebrafish

Large yellow croaker
Rainbow trout
Japanese medaka
Striped sea bass
Turbot

Spotted sea bass

NNMNNNMNNNDNNRFR B A=
el e e e
e e
e e e
NN NDNNNNDNRE S = -
NNNNNNNNOouggu,

of the annotation and naming of the identified genes was further verified
by phylogenetic, syntenic and gene structure analysis. The phylogenetic
analysis showed that teleosts (except channel catfish) had two distinct
genes copies of fgfrl and fgfr5 clustering together, which is consistent
with the occurrence of whole-genome duplication at the base of teleost
evolution. Whole-genome duplicates have been frequently observed
during metazoan evolution, and a specific duplication event occurred in

fish (Meyer and Van de Peer, 2005). Whole-genome duplication is
considered an efficient mechanism for increasing the genetic material
available for further evolution (Trueb et al., 2005). Despite the occur-
rence of whole-genome duplication, not all duplicated genes were
maintained, and some duplicates of the gene family were lost again
during evolution (Cheng et al., 2022; Wang et al., 2020). This phe-
nomenon may explain the single-copy status of other genes within the

fefr family.
4.2. The structure of Fgfrs in spotted sea bass

In humans, most Fgfr proteins consist of three parts: an extracellular
domain, a single transmembrane domain, and an intracellular tyrosine
kinase domain. The extracellular domain is composed of either two or
three Ig-like loop domains (Mohammadi et al., 2005; Turner and Grose,
2010). The functional domain and structure analysis of Fgfrs in spotted
sea bass show consistency with those in humans. Notably, according to
our results, Fgfr4 of spotted sea bass has four Ig domains in its extra-
cellular part, showing its specificity compared to other Fgfrs (Fig. 5C).

What needs to be clarified is that Fgfr5 is not a typical member of Fgfr
family, showing considerable differences from the other four members
in gene structure and predicted protein secondary structure. FGFR5 was
firstly identified in human cartilage cDNA libraries in 2000, and was
named FGFRL1 (FGFR-like 1) for its similar structure to the FGFR1



H. Li et al.

A fgfria

Gene 927 (2024) 148717

B VTR
CcDs
forr1p |} a
fgfr2
fgfr3
orrs J— _—
fotsa | —
forso |} [ |
5 3
0 10000 20000 30000 40000 50000 60000 70000
B . Motif 9
fofr1a EN R N ’ C o KR e - Motif S
I if 1
fofr1b N ER 7 an-EEs o L m:' 7
fgfr2 ’ [ - ? . o K - Motif 8
1gfr3 ;KR R ’ o o EEEE ;. S, Mouto
gt 0 [N - . o EEEE . _— Vot 4
fofr5b — NN KNS e 7 M"":z
fofrsa R EECEE WEE , F— et
5 3
(] 100 200 300 400 500 600 700 800 900 1000
SN  PTXc_FGFR1
c Girta — — ., 0 supedamiy
ftrib - — ——
G FTxc FGFR
L E— — - — e rorr
g3 — - . — SR FGFR3_TM
fotrd — — PTKe_FGFR3
forrse —— - PTKe_FGFRA
T G2
ig!rsbsl o ) \gl_2_FGFRL1-ike
5 70 0 0 0 o S et

Fig. 4. Analyses of conversed motif and gene structure of Fgfr family in spotted sea bass. A, The gene structure of fgfrs. B, The distribution of 10 conserved motifs. C,
The distribution of conversed domains. UTRs (untranslated regions) and CDSs (coding sequences) were represented as different color rectangles and black lines
represented introns. PTKc, catalytic domain of the protein tyrosine kinase; Ig, immunoglobulin domain; Igl 2, second immunoglobulin (Ig)-like domain; TM,
transmembrane domain; IGc2, immunoglobulin C-2 type domain; I-set, immunoglobulin I-set domain.

>
3
|

FPKM value (RNA-seq)

fafr1a fgfrib fgfr2 fgfr3 fgfrd fgfr5a fgfr5b

»
]

N w
| |

Relative expression level
-
1

o
|

GM1 GM2 GM3 DM1 DM2 DM3 DM4

Fig. 5. The expression of fgfr family members of spotted sea bass during myogenesis. A, The expression of fgfr genes in skeletal muscle cells at the proliferation stage
(PS) and differentiation stage (DS) in spotted sea bass. B, The chronological expression of fgfr4 in proliferating and differentiating myoblasts over the time course.
Myoblasts at PS were sampled after culturing the cells in growth medium for 72 h, and DS samples were collected after transferring the cells to differentiation
medium for 48 h. GM1-3: Myoblasts cultured in growth medium (GM) for 24 h, 48 h and 72 h, respectively. DM1-4: Myoblasts cultured in differentiation medium
(DM) for 24 h, 48 h, 72 h, and 96 h, respectively. The data are shown as the mean + S.E.M. (n = 3), and different letters above error bars indicate significant

differences (p < 0.05).

(Wiedemann and Trueb, 2000). One year later, other two teams found
FGFRL1 from mouse, and termed it FGFR5 in order to distinguish it with
FGFR1 (Kim et al., 2001; Sleeman et al., 2001). As presented in gene and
protein structure analyses, Fgfr5 proteins in spotted sea bass lack the
intracellular tyrosine kinase domain and have no receptor activity,
which is consistent with the structure of FGFR5 in humans (Zhuang
et al., 2010). Although Fgfr5 has been known for over two decades, it is
still not universally recognized as a member of Fgfr family, with quite a
few articles describing only four members in this family (Gabler et al.,
2022; Leerberg et al., 2019; Levine et al., 2020). However, to provide
more comprehensive information and highlight the distinctions among
them, we considered Fgfr5 as a member of the Fgfr family in this study.

4.3. Spotted sea bass fgfr4 expressed in satellite cells

In the present study, all seven fgfr genes were detected to be

expressed during the proliferation and differentiation periods in skeletal
muscle of spotted sea bass. The expression of fgfr1b was relatively higher
during the differentiation stage, while fgfr4 was expressed at the highest
level in both stages. In rats, FGFR1 and FGFR4 were mainly detected to
be expressed in skeletal muscle among the five types of receptors in the
FGFR family (Martelly et al., 2000). The FGFR1 signaling pathway
mainly plays a role in promoting proliferation and inhibiting differen-
tiation (Cai et al., 2020; Scata et al., 1999). In adult mouse and chick,
studies found that Fgfr4 was highly expressed in muscle satellite cells to
influence the proliferation and differentiation of muscle (Phelps et al.,
2016; Yablonka-Reuveni et al., 2015; Zhang et al., 2018). According to
our previous studies, fgfr4 has the highest relevance with body mass and
body length by constructing a high-density linkage map and performing
QTL fine mapping (Liu et al., 2020). Additionally, an increase in
expression of fgfr4 was observed when the myoblasts was switched to
DM (Fig. 5B), which was also detected in differentiating mouse



H. Li et al.

Gene 927 (2024) 148717

Fig. 6. Dual-fluorescence in situ hybridization of fgfr4 and pax7a/pax7b in muscle tissue of spotted sea bass. A and E, Localization of fgfr4 mRNA (green regions,
stained with Alexa Fluor 488). B and F, Localization of pax7a mRNA (B), and pax7b mRNA (F) (red regions, stained with Alexa Fluor 594). C and G, Localization of
cell nucleus (blue regions, stained with DAPI (4, 6-diamidino-2-phenylindole)). D and H, Co-expression signals of fgfr4 and pax7a/pax7b (indicated by the white

arrowheads). Scale bars = 60 pm.
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Fig. 7. Effect of Fgfr4 specific antagonist BLU-554 on differentiation of myo-
blasts. A, The myogenin (myog) expression levels of myoblasts treated with
BLU-554 at 12 h, 24 h, 48 h and 72 h. B, The fluorescence assay of myoblasts at
72 h after treatment with BLU-554. C, Proportion of myotubes after induced
differentiation for 72 h. CG, the control group in which the myoblasts were
treated with differentiation medium (DM) only. BG, the BLU-554 treatment
group in which the myoblasts were treated with DM supplemented with 20
nmol/ml BLU-554 antagonist. *, p < 0.05; ***, p < 0.001.

myoblasts (Cavanaugh and DiMario, 2017; Zhang et al., 2018). These
previous results all indicated that fgfr4 may play a crucial part in the
growth of spotted sea bass.

Our FISH assay results suggested that fgfr4 gene was co-localized in
the same cells as pax7a/pax7b. Given that the expression of pax7 is
considered as a marker of skeletal muscle satellite cells (Olguin and
Pisconti, 2012), and satellite cells play a crucial role in myogenesis, the
co-localization of fgfr4 in these cells confirms its association with myo-
genesis in spotted sea bass. This suggested that fgfr4 may influence
regeneration by regulating the proliferation and differentiation of skel-
etal myoblasts. However, it was noteworthy that in the FISH assay, more
cells expressed pax7a/b than fgfr4. In mouse muscle, FGFR4 mRNA was
reported undetectable normally, but high expression can be detected
when muscle injury occurs (Zhao and Hoffman, 2004). This led us to
consider the possibility that fgfr4 was highly expressed only in activated
satellite cells, with no expression in quiescent cells. These results all
suggest that fgfr4 have an important role in muscle growth and
development.

4.4. Fgfr4 inhibits the differentiation of myoblasts

To further investigate the role of Fgfr4 in myoblast differentiation, in
vitro cultured differentiating myoblasts were subjected to BLU-554. BLU-
554 (also known as Fisogatinib) is an effective and selective specific
small molecule inhibitor for Fgfr4 by specifically binding to the C552
residue located in the kinase domain of Fgfr4 (Hagel et al., 2015; Levine
et al., 2020). At the onset of differentiation of myoblasts, the expression
of myog is induced (Ciciliot and Schiaffino, 2010), indicating the
advancement of the differentiation process. Compared with the negative
control group, the relative expression level of myog in BLU-554 treat-
ment group increased significantly (P < 0.05) (Fig. 7A). Additionally,
the proportion of multinucleated myotubes to all cells in the BLU-554
treatment group was higher than that in the control group. These re-
sults suggest that inhibition of Fgfr4 led to an increase in myog expres-
sion and a higher proportion of multinucleated myotubes, indicating
enhanced myoblast differentiation process. Interestingly, treating
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differentiating myoblasts with Fgfr4 inhibitor could improve the dif-
ferentiation process, while the expression of fgfr4 of myoblasts was up-
regulated when cultured in DM (Fig. 5B). We speculated that the up-
regulated expressions of fgfr4 were possibly a strategy myblasts used
to counteract the effects of differentiation stimuli of DM, and similar
patterns of regulation of myoblasts differentiation were also observed at
Fgf2 (Jin et al., 2023), FoxO1 (Yuan et al., 2010), TMEM182 (Luo et al.,
2021). These provide further evidence of the involvement of Fgfr4 in the
regulation of myogenesis and support its potential role in influencing the
differentiation process of skeletal myoblasts.

Previous studies about FGFR4 did not show entirely consistent
findings in different models. For instance, in chicken and mouse, loss of
Fgfr4 function resulted in defects of myogenesis (Marics et al., 2002; Yu
et al.,, 2004), but fgfr4 null mutant zebrafish was observed normal
development with no evident muscle defects (Leerberg et al., 2019).
However, whether in higher vertebrates or zebrafish, they all exhibit a
determinate growth pattern of skeletal muscle development (Biga and
Goetz, 2006). In this study, blocking Fgfr4 with BLU-554 promoted the
differentiation of myoblasts of spotted sea bass. Additionally, treating
differentiating myblasts with Fgf6a, Fgféb and Fgfl8, which were
identified as potential ligands for Fgfr4, could also inhibit the differen-
tiation process of myoblast in spotted sea bass (Yang et al., 2023).
Therefore, Fgfr4 may play an important part in the maintenance of the
indeterminate growth pattern of teleosts. Furthermore, the generation of
skeletal muscle is a complex process involving various regulators and
related signaling pathways, and one outcome may be caused by a mul-
tiple factors (Zhang et al., 2022a). For instance, FGFR4 could promote
the differentiation of MuSCs, while synergistic effects of TGFb2, WNT9a,
and FGFR4 weaken the differentiation of MuSCs (Zhang et al., 2018).
Given these complexities, more studies focused on the Fgfs-Fgfr4
pathway and pure preparations in vivo experiment are needed to illu-
minate the mechanism of Fgfr4 regulating myogenesis of spotted sea
bass.

5. Conclusion

In the present study, a total of 7 genes encoding Fgfr proteins were
identified from spotted sea bass genome. Meanwhile, a series of analyses
with respect to the family like systematic phylogenetic analysis, copy
number analysis, gene structure analysis were conducted, which are
helpful to support the annotations of spotted sea bass fgfrs and provide a
reference for studies of Fgfr family in other teleosts. The transcriptomic
data revealed that fgfr4 was the most highly expressed gene among the
fefrs during the proliferation and differentiation stages of spotted sea
bass myoblasts. Additionally, qPCR results demonstrated a decreasing
trend in fgfr4 expression levels during proliferation and an increasing
trend during differentiation in myoblasts. The results of FISH experi-
ments showed fgfr4 and pax7a/pax7b partly co-localized in skeletal
muscle satellite cells. In the myoblasts group treated with fgfr4 antag-
onist, a higher mRNA expression level of the myog gene and more
forming myotubes in treatment were observed compared to the control
group cells. Collectively, our study indicates that fgfr4 is important for
skeletal muscle growth and can inhibit the differentiation of myoblasts.
Our findings supplement the research on the absence of fgfr4 in the
myogenesis of bony fish and provide a theoretical basis for the regula-
tory mechanism of the growth traits in spotted sea bass.
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