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Abstract 

Sox7, Sox17, and Sox18 are members of the SoxF (Sry-related high-mobility 

group box) family of transcription factors. SoxF factors regulate endothelial cell fate, 

as well as development and differentiation of blood cells and lymphatic vessels. There 

is little information about the functions of these genes in fish. We obtained the 

full-length cDNA sequence of SoxF genes including Sox7, Sox17, and Sox18 in 

Cyprinus carpio. Sox7 and Sox18 had two copies. The construction of a phylogenetic 

tree showed that these genes were homologous to genes in other species. 

Chromosome synteny analysis indicated that the gene order of Sox7 and Sox18 was 
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highly conserved in fish. However, great change of genomic sequences around Sox17 

had happened. Numerous putative transcription factor binding sites were identified in 

the 5′ flanking regions of SoxF genes, which might be involved in the regulation of 

the nervous system, in vascular epidermal differentiation, and in embryonic 

development. The expression levels of SoxF genes were highest in gastrula, and 

abundantly expressed in the adult brain. We investigated the expression levels of SoxF 

genes in five specific parts of the brain. The expression levels of Sox7 and Sox18 were 

highest in the mesencephalon, while the expression level of Sox17 was highest in the 

epencephalon. The expression patterns of SoxF genes indicated a potential function of 

these genes in neurogenesis and in vascular development in carp. These results 

provide new information for further studies on the potential functions of SoxF genes 

in carp. 

Keywords. C. carpio; SoxF subgroup; phylogenetic analysis; chromosome synteny; 

transcription factor binding sites analysis; expression patterns 

Introduction 

The Sox genes are characterized by a DNA-binding Sry-related high mobility 

group (HMG) domain. These genes were first identified in mammals (Chang et al. 

2017; Cui et al. 2011). Since the discovery of the Sox gene, a large number of Sox 

transcription factors have been identified in vertebrates and invertebrates (Sarkar and 

Hochedinger 2013; Watanabe et al. 2016). With the use of whole genome sequencing 

and genome-wide characterization, more than 40 members of the Sox family have 

been identified in mammal, birds, reptiles, amphibians, and fish (She and Yang 2015; 



 

 

Wei et al. 2016). Over 20 Sox genes have been found in mice and humans (Schepers 

et al. 2002), 19 Sox genes have been found in medaka, and 27 Sox genes have been 

found in tilapia (Cnaani et al. 2007; Han et al. 2010). 

A considerable amount of evidence indicates that Sox genes participate in the 

regulation of a variety of developmental processes in animals. Sox transcription 

factors play a crucial role in neurogenesis, cardiogenesis, angiogenesis, 

chondrogenesis, in endoderm development, and in sex determination and 

differentiation (Kashimada and Koopman 2010; Jiang et al. 2012). 

The family of Sox genes is subdivided into 11 groups (named from A to K) based 

on the sequences of both DNA and proteins (Kamachi and Kondoh 2013; Wei et al. 

2016; Fu and Shi 2017). The SoxF subgroup transcription factors include three 

members (Sox7, Sox17, and Sox18) (Zhou et al. 2015). These three genes share some 

essential functions, including regulation of embryonic development, stem cell 

induction, and early mesoderm induction (Abdelalim et al. 2014; Kinoshita et al. 

2015; Banerjee and Ray 2017). 

In recent years, transcription factors of the SoxF subgroup have been widely 

studied and their functions characterized. These functions include the regulation of 

angiogenesis, and the regulation of endothelial cell fate (Morini and Dejana 2014; 

Kim et al. 2016). In mice, Sox7 is indispensable for primitive endoderm 

differentiation (Kinoshita et al. 2015). Sox7-enforced expression promotes the 

expansion of blood progenitors, impairs B lymphopoiesis, and regulates 

cardiovascular development (Behrens et al. 2014; Cuvertino et al. 2016; Lilly et al. 



 

 

2017). In addition, Sox7 promotes neuronal apoptosis by regulating β-catenin 

activity in mice (Wang et al. 2015). 

Sox17 haploinsufficiency leads to mice female subfertility; it is a critical marker 

of the fate of human primordial germ cells (Hirate et al. 2016; Irie et al. 2016). 

Sox17-related pathways are activated in brain arteriovenous malformation (Hermanto 

et al. 2016). 

Sox18 plays a major role in lymphangiogenesis, in angiogenesis, and in 

cardiovascular development in humans and in mice (Duong et al. 2014; Bastaki et al. 

2016). Sox18 hypomethylation and its interaction with other environmental and 

genetic factors causes neural tube defects (Rochtus et al. 2016).  

It is thus clear that SoxF genes are closely linked with the functions of the 

cardiovascular system and the nervous system. However, research on genes of the 

SoxF subgroup is scarce in teleost fish. Genes of the SoxF subgroup have not been 

characterized in the Yellow River carp. 

The common carp, Cyprinus carpio, is one of the most important cyprinid 

species, accounting for 10% of the global freshwater aquaculture production (Peng et 

al. 2014). The Yellow River carp (C. carpio var.) is a popular aquacultured fish in 

China. The Yellow River carp has great economic value because of its nutrient content, 

its rapid growth, and because it is easily cultivated. After gonad differentiation, 

female carps grow significantly faster than males (Wohlfarth et al. 1975; Wang 2009). 

The nervous system is involved in the regulation of food intake, movement, and 

reproduction (Dunn et al. 2016; Hwang et al. 2016; Zhang et al. 2016). Moreover, the 
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central nervous system participates in the regulation of sex differentiation in fish (Lin 

et al. 2016). So, structural and functional analysis of carp SoxF genes is of great 

scientific value for aquaculture. In this study, we describe the identification and 

molecular characterization of genes of the carp SoxF subgroup, we investigated the 

expression patterns of carp SoxF genes in adult fish and in early embryo development. 

Our results would help to understand the functions of the SoxF genes in the regulation 

of central nervous system and sex differentiation in carp. 

Materials and methods 

Materials 

Adult carps were obtained from Henan Provincial Research Institute of 

Aquaculture. Artificially-fertilized eggs were incubated at 23 ± 2℃ in hatching tanks 

with an open recirculation water system and continuous aeration. Embryos of five 

different stages (blastula, gastrula, neurula, tail-bud, hatching) were collected. The 

division of embryonic developmental stages was performed according to Lin and 

Chapman (Lin and Weng 1986; Chapman and George 2011). Adult tissues, including 

heart, liver, kidney, forebrain, hindbrain, gonad, foregut, hindgut, scale, fin, muscle, 

eye, spleen, and gill, were collected. Five parts of the fish brain (diencephalon, 

mesencephalon, macromyelon, epencephalon, telencephalon) were carefully separated. 

This biological material was stored at −80℃ until RNA isolation was performed. 

Extraction of RNA from tissues 

For adult tissues, the biological materials from three individuals were pooled 

together respectively. For RNA extraction at different developmental stages, the 
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biological materials from five to ten embryos were pooled. Total RNA was extracted 

from adult tissues and embryos of different developmental stages using Trizol reagent 

(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions. Total 

RNA was treated with DNase I (Promega, Shanghai, China) to eliminate 

contaminating DNA. The quality of tissues RNA was estimated with a 28S:18S ratio 

of approximately 2:1, OD260/280 ratio≈1.9–2.2. RNA concentration was determined 

by spectrophotometric methods. cDNA was then synthesized using Prime Script 

Reverse Transcriptase (TaKaRa, Shiga, Japan) from 1 µg of total RNA. 

Molecular cloning of genes of the SoxF subgroup 

Based on the sequencing data of ovarian transcriptome of carp performed in our 

laboratory (unpublished data), three different cDNA sequences with high homology to 

SoxF genes of other species were identified by BLAST software 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Homology analysis of nucleotide sequence of 

the genes of the SoxF subgroup was performed by BLAST software. Homologous 

nucleotide and protein sequences were confirmed using the BLASTn and BLASTx 

search algorithm in NCBI (http://www.ncbi.nlm.gov/blast). 

To validate the accuracy of SoxF genes sequences from the transcriptome 

sequencing data, specific primers were designed on complete of the Sox7 (three 

primer pairs), Sox17 (two primer pairs), and Sox18 (three primer pairs) genes 

sequences respectively (table 1). These primers covered all the putative open reading 

frame (ORF) and some untranslated regions (UTRs) of the SoxF genes. Real-time 

PCR (RT-PCR) was performed on a C1000 TouchTM apparatus (Bio-Rad, Hercules, 
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CA, USA), in a 25 μL reaction volume that contained 2× PCR Master Mix (TaKaRa), 

1 μL of each specific forward and reverse primer, and 0.5 μL diluted cDNA. Ovary 

cDNA was used as template. Cycling conditions were as follow: 94°C for 3 min, 

followed by 34 cycles of 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C, plus a final 

extension step of 10 min at 72°C. The PCR products were analyzed by electrophoresis 

on 1% agarose gels stained with SYBR Green (Invitrogen). The DNA fragments were 

purified using an OMEGA Gel Extraction kit (OMEGA, Dalian, China), ligated into 

vector PMD19-T (TaKaRa), and transformed into chemically E.coli Competent Cells 

DH5α (TaKaRa, Dalian, China), according to the manufacturer’s instructions. Then 

the recombinant plasmids were sequenced. 

Sequence analysis and genomic structure analysis 

The CLUSTALW software (http://www.genome.jp/tools/clustalw/) was used for 

multiple alignments of amino acid sequences. Based on the amino acid sequences, a 

phylogenetic tree was constructed using MEGA6 (http://www.megasoftware.net). The 

5′ flanking sequences of Sox7, Sox17, and Sox18 were analyzed to identify potential 

transcription factor binding sites using the MatInspector 

(http://www.genomatix.de/matinspector.html) online program. Chromosome synteny 

was performed on the GENE module available in NCBI 

(https://www.ncbi.nlm.nih.gov/gene/). 

Expression pattern analysis by quantitative real-time PCR (qRT-PCR) 

The expression level of SoxF genes in embryos of different developmental stages, 

and in adult tissues, was analyzed by qRT-PCR. The cDNA templates were generated 
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by the method described in the previous section. Three technical replicates were 

carried out for each of the three biological replicates of every sample. The 40S rRNA 

gene was used as a reference gene in the expression profiling, because of its stable 

expression in different tissues and in various developmental stages (Zhang, et al., 

2016). A standard curve was constructed using serially diluted cDNA (100%, 50%, 

20%, 10%, 5%, 2%, and 1%) (supplementary figure 1). The correlation coefficients 

(R2) were all > 0.99. Samples used for qRT-PCR experiments had the same 

concentration. The further amplified with 18S primers to exclude the possible DNA 

contamination. The primers were designed on Primer Premier5 (PREMIER Biosoft 

Int., Palo Alto, CA, USA) and synthesized by Sangon Biotech (Shanghai, China). 

Specificity, efficiency, and linearity ranges were established for all primer pairs using 

DNA electrophoresis, melting curves, and standard curve analysis. The primers of 

Sox7 and Sox17 span 3′UTR and the ORF to ensure mRNA specificity. The primers of 

Sox18 were designed in ORF but not the conserved domains to prevent non-specific 

amplification (figure 1) (table 2). 

qRT-PCR was performed using a Light Cycler Roche 96 apparatus (Roche 

Diagnostics, Mannheim, Germany), in a 20 μL reaction volume containing 2× Ultra 

SYBR Mixture (TaKaRa), 0.2 μM of each specific forward and reverse primer, and 1 

μL diluted cDNA. Cycling conditions for amplification were as follows: 10 min at 

95℃, followed by 50 cycles of 15 s at 95℃, and 1 min at 60℃. Cycling conditions 

for melting curve analysis were as follows: 10 s at 95℃, 60 s at 65℃, and 1 s at 97℃. 

The data collected by Light Cycler Roche 96 software was analyzed using SPSS 



 

 

20.0 software. All data were expressed as the mean of RQ value (2−ΔΔCT) (ΔCT = CT 

value of the target gene minus the CT value of 40S rRNA, ΔΔCT = ΔCT of any 

sample minus calibrator sample) (Livak and Schmittgen 2001). One-way ANOVA 

followed by LSD test were performed for each organ and developmental stage to 

identify significant differences between samples. Statistically significant differences 

were considered if p < 0.05. 

Results 

Sequence analysis of C. carpio SoxF (CcSoxF) genes 

The full-length cDNA sequence of carp Sox7 was 2339 bp, including a 265 bp 5′ 

UTR and a 880 bp 3′UTR; the ORF was 1194 bp. The predicted amino acid sequence 

was 397 residues long, contained a 72 amino acids SOX HMG box DNA-binding 

domain, at positions 42 to 113, and contained a SOX C-terminal transactivation 

domain (which was 215 amino acids long). The amino acid sequence of the 

DNA-binding site was RMNFMAKRANKGWR, consisting of amino acids at 

positions 45, 47, 48, 50, 51, 54, 55, 58, 62, 70, 75, 78, 81, and 100 (figure 1a). 

The full-length cDNA sequence of Sox17 was 1653 bp; it contained an ORF of 

999 bp, a 5′UTR of 134 bp, and a 3′UTR of 520 bp. The predicted amino acid 

sequence was 332 residues long, and contained a conserved HMG box DNA-binding 

domain of 72 amino acids at positions 62 to 133. Within the HMG box DNA-binding 

domain, the amino acid component of DNA-binding sites was the same as in the Sox7 

(figure 1b). 

The full-length cDNA sequence of carp Sox18 was 2458 bp; it contained a 



 

 

5′UTR of 243 bp, a 3′UTR of 895 bp, and an ORF of 1320 bp that predicted 439 

amino acids. The HMG box was composed of 72 amino acids. The sequence of Sox18 

DNA-binding site was RMNFMAKRANKGWR, consisting of amino acids at 

positions 96, 98, 99, 101, 102, 105, 106, 109, 113, 121, 126, 129, 132, and 151. The 

225 amino acids of the SOX C-terminal transactivation domain were located at 

positions 205 to 429 (figure 1c). 

Based on these results, the three sequences were submitted to GenBank 

respectively Sox7 (KY860088), Sox17 (KY860088) and Sox18 (KY860088) of C. 

carpio. 

Alignment and phylogenetic analysis 

BLASTp analysis using NCBI and CLUSTALW showed that Sox7, Sox17, and 

Sox18 had conserved HMG boxes (figure 2). Moreover, the deduced amino acid 

sequences of Sox7 and Sox18 showed high homology to zebrafish Sox7 (96.4% 

homology) and Sox18 (95.8% homology), but low homology to human, mouse, 

chicken, and monkey Sox7 (46.4%–56.2% homology) and Sox18 (50.1%–38.6% 

homology). The amino acid sequence of Sox17 showed high homology with 

Sinccyclocheiluw rhinocerous Sox17a (88.2% homology) and with zebrafish Sox17 

(71.5% homology) (table 3). 

In order to evaluate the evolutionary relationships between carp SoxF genes and 

other species, a phylogenetic tree was constructed using the MEGA6 software. Sox7, 

Sox17, Sox18 were split into three different branches. The sequences of amino acids 

between carp Sox7 and zebrafish Sox7 were highly identical; the two genes were 



 

 

grouped into one clade. Carp Sox18 was homologous to zebrafish Sox18, and carp 

Sox17 was homologous to Sinccyclocheiluw rhinocerous Sox17a (figure 3) 

(supplementary table 1). 

Chromosome synteny and genomic analysis 

The genomic DNA sequence of carp Sox7 (http://www.carpbase.org/help.php) 

was interrupted by one intron between positions 497 bp and 1696 bp of the complete 

ORF, which was 1199 bp long (figure 4a). Two copies of Sox7 were found, located at 

scaffold 1136 and scaffold 77. The genomic DNA sequences and cDNA sequences of 

two Sox7 were identical respectively. The genomic sequence of one Sox7 was flanked 

by the genes tdh3, pinx1, rp1l1, and blk. Another was flanked by the genes IGFBP5, 

ZBED4, and sirt7. Analysis of the data of whole genome sequences and a 

cross-species comparison of chromosome locations showed that the genes tdh3, pinx1 

sox7, rp1l1, blk were always closely linked in fish. These genes except blk were also 

linked in mice and human.  

The Sox17 genomic sequence had four introns, whose lengths were 773 bp, 43 

bp, 134 bp, and 72 bp, respectively (figure 4b). The Sox17 gene was detected on 

LG17. In medaka and in tilapia, Sox17 and Sox17a were adjoined. In Xenopus, Sox17 

and Sox17b were adjoined. There was only one Sox17 gene in carp and in zebrafish, 

which was similar to mammals. Among the flanking genes, only lypla1 was conserved 

among the analyzed species. 

The Sox18 genomic sequence contained one intron between 628 bp and 1837 bp, 

whose length was 1209 bp. Two copies of Sox18 were found, located on scaffold 192. 



 

 

The two copies of Sox18 were adjacent, and flanked by tcea2 and xkr7. The cDNA 

sequences of two Sox18 copies were identical (figure 4c). The arrangement of 

flanking genes was highly conserved in fish. 

Analysis of binding sites for transcription factors  

The 2000 bp 5′ flanking sequences upstream of Sox7, Sox17 and Sox18 were 

analyzed with genomatix software (Genomatix Software Inc., Ann Arbor, MI, USA). 

Transcription factor binding sites with a matrix score higher than 0.9 were generally 

convinced from numerous potential binding sites for transcription factors that were 

predicted within the 5′ regulatory region. Those transcription factor binding sites were 

drawn on the schematic diagram (figure 5) (supplementary table 2). Among the 

transcription factors binding sites, BSX and NEUROG are closely related to 

neurogenesis, Oct4, Nanog, and FOXL1 regulate pluripotency and stem cell properties, 

MEF2/3 and GATA regulate the cardiovascular system, and finally MTBF and HNF6 

are muscle-specific and liver-enriched. AP1, CEBPB, and Sp1 are also identified. 

The homology of C. carpio to D. rerio, at the 2000 bp upstream 5′ flanking 

sequences of Sox7, Sox17, Sox18 was 43.81%, 38.37%, and 55.02%, respectively. 

The homology of C. carpio to O. latipes, at the 2000 bp upstream 5′ flanking 

sequences of Sox7, Sox17, Sox18 was 32.96%, 28.18%, and 27.37%, respectively. 

The 2000 bp upstream 5′ flanking sequences of Sox7, Sox17, Sox18 in D. rerio 

and O. latipes were also analyzed with genomatix software. Based on analysis of the 

transcription factor binding sites, there were 19, 10 and 21 same transcription factor 

binding sites between C.carpio and D. rerio Sox7, Sox17, Sox18. Compared to the O. 



 

 

latipes, there were 23, 10 and 20 same transcription factor binding sites. Among the 

transcription factor binding sites of Sox7, BSX, GATA4, NF-Y, Oct6, Sox4 and Sox9 

were peculiar in C. carpio. FOXL1 and Oct6 were peculiar in C.carpio Sox17. While 

among the transcription factor binding sites of Sox18, GATA2, Oct4, Sox2 and Sox7 

were peculiar in C. carpio (supplementary table 2). 

Expression pattern of the CcSoxF genes during embryonic development 

We studied carp embryos of five different developmental stages including 

blastocyst, gastrula, nerve embryonic stage, tail-bud stage, and hatching stage. Sox7 

had the highest expression in gastrula, followed by the tail-bud stage and hatching 

stage. Sox7 expression was extremely low in blastocysts and in the nerve embryonic 

stage. The expression of Sox17 was highest in gastrula, followed by the nerve 

embryonic stage. The expression of Sox17 was extremely low in blastocysts, in the 

tail-bud stage and, in the hatching stage. The expression of Sox18 was extremely low 

in all developmental stages (figure 6). 

Expression pattern of the CcSoxF genes in adult tissues 

 Sox7 had the highest expression in brain, followed by spleen, heart, eye, muscle, 

fin, scales, gill, kidney, gut and liver. Sox7 was expressed at extremely low levels in 

the gonads. The expression levels of Sox17 and Sox18 were relatively low compared 

to Sox7. The expression level of Sox17 was highest in the eye, followed by spleen, 

then heart, brain, gill, fin, next scale, and muscle. The expression level of Sox17 was 

extremely low in gut, kidney, liver, and gonad. The expression level of Sox18 was 

highest in the heart, followed by brain, spleen, eye, gut, kidney, muscle, and gonad. 



 

 

The expression level of Sox18 was extremely low in fin, gill, liver, and scale (figure 

7).  

Expression pattern of the CcSoxF genes in adult brain 

Because of the high levels of expression found in the brain, we investigated the 

expression levels of Sox7, Sox17 and Sox18 in five parts of the brain. The expression 

level of Sox7 in the mesencephalon was highest, followed by the epencephalon, 

telencephalon, and diencephalon. The expression level of Sox7 was lowest in the 

macromyelon. The expression levels of Sox17 and Sox18 were relatively low 

compared to Sox7. Sox17 had the highest expression levels in the epencephalon, 

followed by diencephalon. Sox17 expression was extremely low in the macromyelon, 

the mesencephalon, and the telencephalon. The expression level of Sox18 was highest 

in the mesencephalon, followed by the macromyelon, and extremely low in the 

diencephalon, epencephalon, and telencephalon (figure 8). 

Discussion 

According to previous reports, the interplay between Sox7 and RUNX1 regulates 

hemogenic endothelial fate (Lilly et al. 2016). Sox18 regulates the development of 

blood vessels and regulates lymphangiogenesis (Wang et al. 2015). Sox17 promotes 

endothelial cell differentiation and hematopoiesis (Clarke et al. 2015; Goveia et al. 

2014). SoxF promotes neuronal apoptosis and affects the development of the neural 

tube. Sox17 has been involved in brain arteriovenous vessels (Bastaki et al. 2016; 

Duong et al. 2014). There has been little research concerning neurogenesis. In this 

study we investigated the structure, chromosome synteny, transcription factor binding 



 

 

sites in the 5′ flanking regions and expression pattern of SoxF in carp. 

There were two copies of Sox7 in the carp genome. One copy was located in 

scaffold 1136 and flanked by pinx1 and rp1l1. In fish and in mammals, pinx1, Sox7, 

and rpl11 were neighboring genes, but there were differences in gene arrangement 

between fish and mammals. Another copy was located in scaffold 77 flanked by 

ZBED4 and sirt7. However, the gene arrangement on both sides of Sox7 was not 

conserved. We speculate that the duplication of this gene might be due to 

chromosome rearrangements or gene insertions. 

We found that Sox17 was located in LG17. In medaka and tilapia, Sox17 and 

Sox17a were adjoined. In Xenopus, Sox17 is located next to Sox17b. In carp, zebrafish, 

and mammals only one copy of Sox17 was found. Sox17 and lypla1 were clustered 

together in carp, while in other species, these two genes are separated by mrpl15. The 

arrangement and direction of genes around Sox17 were different. Therefore, genes 

rearrangement around Sox17 in fish had often taken place. 

We detected two copies of Sox18 in carp scaffold 192 at different positions. 

Sox18 was flanked by tcea2 and xkr7. These three genes are clustered together in fish. 

In mammals, Sox18 is flanked by tcea2 and prpf6. There are apparent differences in 

gene order and direction in different species. 

Chromosome rearrangement (translocations and inversions) frequently occurred 

at the time of genome replication in fish for SoxF genes. However, conservative gene 

arrangement was generally consistent respectively. 

Two copies of Sox7 were detected in C. carpio genome. One was located in 



 

 

scaffold 77, another was located in scaffold 1136. The mature mRNA sequences, 

transcription factor binding sites, UTR sequences, and expression patterns of the two 

copies were identical, but the sequence of their introns was different. The flanking 

genes of Sox7 in scaffold 1136 and in scaffold 77 were also different. It is noteworthy 

that the flanking genes of Sox7 in scaffold 1136 were conserved among different 

species, but the flanking genes of Sox7 in scaffold 77 were not. Therefore, we 

hypothesized that the copy of Sox7 in scaffold 77 was caused by the insert. A similar 

example also appeared in Sox18. Based on the karyotype analysis of carp, Yu 

suggested that carp were likely to be tetraploid. The tetraploid underwent a long 

process and gradually evolved into diploid (Yu et al., 1987). In this process, some 

segments of chromosomes and genes were inserted, or deleted, and their positions 

changed frequently. We suggest that it was possible that variation in gene arrangement 

around SoxF along chromosomes were caused in this process. 

Analysis of the patterns of gene expression is the basis of the study of gene 

function. In the previous report, the SoxF transcription factors play a complex role in 

regulating cardiovascular and vascular development in mice and zebrafish, and in 

regulating Xenopus embryonic development (Lilly et al. 2017). SoxF promotes the 

proliferation and differentiation of lymphatic vessels (Francois et al. 2011). Sox7, 

Sox17, and Sox18 regulate vascular development in mouse retina (Zhou et al. 2015). 

SoxF genes are dispensable for primitive endoderm differentiation. In this study, SoxF 

genes were expressed in each developmental stage of carp. The expression level was 

highest in gastrula. SoxF genes were expressed in all adult tissues. The expression 



 

 

level was highest in eye, in spleen, and in heart. These results indicated that the SoxF 

genes seemed to possess similar functions to those previously reported in other 

animals. 

However, the expression level of SoxF genes was high in the brain. Therefore, 

meticulous analysis of the expression of SoxF was performed in five regions of the 

carp brain. Sox7 and Sox18 exhibited the highest expression in the mesencephalon. 

Sox17 was highly expressed in the epencephalon. We hypothesized that SoxF genes 

might be associated with neurological development. 

Sequences at 5′UTRs play an important role in the regulation of gene expression. 

We analyzed the 2000 bp upstream 5′ flanking sequences of each member of the SoxF 

subgroup by bioinformatics software. We identified several transcription factor 

binding sites related to neural development. 

BRN4 induces differentiation of neural stem cells into neurons and promotes 

maturation of new neurons and maintains cells survival (Tan et al. 2010). BRN3 

regulates the development of the central nervous system; it is an important factor that 

regulates the normal development and differentiation of retinal ganglion cells (Huang 

et al.2011). HNF induces pluripotent stem cells to differentiate into hepatic cells 

(Yahoo et al. 2016). BSX plays an important role in the early stages of vertebrate 

neuronal determination and neurogenesis (Takahashi and Holland 2004). In addition, 

RUSH, FOXL1, MYT1, and GSH2 might interact with SoxF genes to regulate their 

functions in the nervous system. Oct4, TAL1 and Nanog might be attributed to neural 

stem/progenitor (Gabut et al. 2011). 



 

 

Other transcription factor binding sites were found. The GATA family of 

transcription factors plays an indispensable role in ectoderm differentiation, in the 

hematopoietic system, and in the development of the heart, thymus, and intestine (Jin 

and Liu 2009; Tarradas et al. 2016). MEF2 regulates cardiac development and the 

cardiovascular system (Sacilotto et al. 2016; Desjardins et al. 2016). These results 

correspond to the previous study about the function of SoxF on vascular development 

(Morini and Dejana 2014; Kim et al. 2016). AP1, CEBPB, Sp1 are widely expressed 

in eukaryotes and play an important role in various cells processes. 

The discovery of these transcription factor binding sites and the expression 

pattern analysis of SoxF genes was consensus. These results further verify that SoxF 

genes might participate in neurological development and are important for 

maintaining neurological functions. 

In summary, we obtained the full-length cDNA sequence of SoxF genes 

including Sox7, Sox17, and Sox18 in carp. Sox7 and Sox18 all had two copies. The 

construction of a phylogenetic tree showed that these genes were homologous to 

genes in other species. Chromosome synteny analysis indicated that the gene order of 

Sox7 and Sox18 was highly conserved in the fish. However, genomic sequences 

around Sox17 in fish was rearranged during evolution. Numerous putative 

transcription factor binding sites were identified in the 5′ upstream flanking regions of 

SoxF genes, which might be involved in the regulation of the nervous system, in 

vascular epidermal differentiation, and in embryonic development. The expression 

patterns of SoxF genes indicated a potential function of SoxF genes in neurogenesis, 



 

 

and in vascular development, in carp. These results provide new information for 

further studies on the potential functions of SoxF genes in carp. 
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Figure legends 

Figure 1. Nucleotide sequences of Sox7 (a), Sox17 (b) and Sox18 (c) in C. carpio. The 

deduced amino acid sequence is shown underneath the CDS (coding sequence). The HMG 

(high-mobility group) box domain is shaded in gray and the C-TAD (sox C-terminal 

transactivation domain) domain is boxed. The start and stop codons are shaded in red. The 

DNA-binding sites are shaded in yellow. Primers designed for qRT-PCR experiments are marked 

in a red box. Nucleotides and amino acids are numbered at the right end of the lines. 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Sox7,+Sox17,+and+Sox18+Cooperatively+Regulate+Vascular+Development+in+the+Mouse+Retina.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sox7,+Sox17,+and+Sox18+Cooperatively+Regulate+Vascular+Development+in+the+Mouse+Retina.


 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 



 

 

 

 

 



 

 

Figure 2. Multiple alignments of SoxF subgroup proteins in different species. Sox7, Sox17, 

Sox18. All the sequences of SoxF homologues were retrieved from NCBI. The HMG box 

characteristic of Sox proteins is marked with a red frame. The alignment was generated by 

DNAMAN. GenBank accession numbers of sequences are shown in supplementary table 1. 

 

 

 

 

Figure 3. Phylogenetic tree of C. carpio Sox7, Sox17 and Sox18 in comparison with SoxF 

proteins in other representative vertebrates, using predicted amino acid sequences. The phylogenic 

tree was constructed by MEGA (version 6.0) using the Neighbor-Joining method with 1,000 

bootstrap replicates. The scale bar is 0.5. Gen Bank accession numbers of sequences are shown in 

supplementary table 1. 



 

 

 

 

Figure 4. Genomic organization and chromosomal synteny. Sox7 (a), Sox17 (b), Sox18 (c). 

Schematic presentation of genetic structure, exons (dark blue), and introns (light blue). C. carpio 

Sox7, Sox17, and Sox18, and their protein products. The 5′ and 3′ UTR (light green), and ORF 

(dark green) encoding the amino acid sequences are shown relative to their lengths in the cDNA 



 

 

sequences. Protein domains are shown relative to their lengths and positions in the amino acid 

sequences. N-ter, N-terminal domain (yellow); HMG box, high-mobility group box domain (pink); 

C-ter, C-terminal domain (purple). The following figures show the length and position of the 

sequence, chromosome syntenic relationships of C.carpio Sox7, Sox17, and Sox18 genes with 

teleostean orthologs. Conserved syntenies are shown for chromosomal segments containing Sox7, 

Sox17, and Sox18. Rectangles represent genes in chromosome scaffolds and arrows represent 

gene-coding directions. Chr, chromosome; Sca, scaffold. 

 

 

 

 



 

 

 

 

 

 

Figure 5. A schematic diagram of putative regulatory motifs in the promoter of Sox7 (a), 



 

 

Sox17 (b) and Sox18 (c) in C. carpio. The scale is given above and the full names of the potential 

transcription factors binding sites are provided at the bottom. The plus–minus sign indicates the 

transcription factors binding strand. Transcriptional start site (ATG) is designated as +1. 

Transcription factors names are shown in supplementary table 2 

 

 

 

Figure 6. Relative expression levels of C. carpio Sox7, Sox17, and Sox18 during 

embryonic development. Data were normalized using the reference gene 40S. Different letters 

indicate significant differences of the expression levels of SoxF genes at each stage, which was 

analyzed by one-way ANOVA followed by LSD test at a 0.05 probability level using SPSS 

software. The relative expression values are shown in supplementary table 3. 



 

 

 

 

Figure 7. Relative expression levels of female C. carpio Sox7, Sox17, and Sox18 genes in 

different adult tissues. Data were normalized using the reference gene 40S. Different letters 

indicate significant differences of expression levels of SoxF genes in each organ, which was 

analyzed by one-way ANOVA followed by LSD test at a 0.05 probability level using SPSS 

software. The relative expression values are shown in supplementary table 3. 



 

 

 

 

 

Figure 8. Relative expression levels of C. carpio Sox7, Sox17, and Sox18 genes in different 

parts of the adult brain. Data were normalized using the reference gene 40S. Different letters 

indicate significant differences of the expression levels of SoxF gene in each organ, which was 

analyzed by one-way ANOVA followed by LSD test at a 0.05 probability level using SPSS 

software. The relative expression values are shown in supplementary table 3. 

 



 

 

 

Supplemental Figure 1. Standard curve of serially diluted cDNA samples (100%, 50%, 

20%, 10%, 5%, 2%, and 1%) was constructed using Light Cycler Roche 96 software. 

 



  

36 

supplemental table 1. Identification numbers of sequences used in alignment and phylogenetic 

analysis 

  

Species name Gene Identification 

numbers 

Alligator sinensis Sox7 XP_006028221.1 

Alligator mississippiensis Sox18 XP_006273131.1 

Bos taurus Sox17 NP_001193180.1 

Cyprinus carpio  Sox7 KY860088 

Sox17 KY860089 

Sox18 KY860090 

Cyprinodon variegatus Sox7 XP_015227182.1 

Danio rerio Sox7 NP_001074219.1 

Sox17 NP_571362.2 

Sox18 XP_001337702.1 

Erinaceus europaeus Sox17 XP_007516051.1 

Sox18 XP_007524500.1 

Gallus gallus Sox7 XP_001234628.1 

Sox17 NP_001034415.1 

Sox18 NP_989640.1 

Gekko japonicus Sox7 XP_015284766.1 

Homo sapiens Sox7 NP_113627.1 

Sox17 NP_071899.1 

Sox18 NP_060889.1 

Ictalurus punctatus Sox18 XP_017341862.1 

Latimeria chalumnae Sox18 XP_006010839.1 

Macaca fascicularis Sox7 XP_005562646.1 

Sox17 NP_001270474.1 

Sox18 XP_015285553.1 

Mus musculus Sox7 NP_035576.1 

Sox17 NP_035571.1 

Sox18 NP_033262.2 

Oryzias latipes Sox18 XP_011475950.1 

Oreochromis niloticus Sox7 XP_005460371.1 

Sox17 XP_003439290.1 

Poecilia reticulata Sox7 XP_008396141.1 

Sox17 XP_008401761.1 

Parus major Sox18 XP_015503375.1 

Sinocyclocheilus rhinocerous Sox17a XP_016396342.1 

Xenopus tropicalis Sox7 NP_001016326.1 

Sox17a NP_989425.1 

Sox18 NP_001123409.1 

Zonotrichia albicollis Sox7 XP_005493348.1 
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supplementary table 2. The comparison of transcription factor binding sites of 5’ flanking 

between C.carpio, D. rerio and O. latipes SoxF subgroup. All TF names in figure 5. 

a 

   
TF name Detailed Information Zebrafish Medaka 

AP1 Activator  protain 1 + + 

BSX Brain specific homeobox - - 

BRN2 Brn-2, POU-III protein class + + 

BRN3 Brn-3, POU-IV protein class - + 

BRN5 Brn-5 POU domain factors - + 

CEBPB CCAAT/enhancer binding protein beta + + 

E2F E2F transcription factor 6 + + 

FOXL1 Fork head related activator-7 + + 

GATA3 GATA-binding factor 3 + + 

GATA4 GATA binding protein 4 - - 

HNF1 Hepatic nuclear factor 1 + + 

HNF3 Hepatocyte nuclear factor 3 (alpha, beta) (FOXA1, FOXA2); + + 

HNF6 Liver enriched Cut-Homeodomain transcription factor HNF6 (ONECUT1) + + 

MEF3 MEF3 binding sites + + 

MEF2 MEF2, myocyte-specific enhancer binding factor + + 

MTBF Muscle-specific Mt binding site - + 

NANOG Homeobox transcription factor Nanog - + 

NF-Y Nuclear factor Y (Y-box binding factor) - - 

Oct1 Octamer-binding factor 1 + + 

Oct6 POU-factor Tst-1/Oct-6 - - 

SOX1 Sex-determining region Y gene product + - 

SOX3 SRY-box containing gene 3 + - 

SOX4 SRY-related HMG-box gene 4 - - 

SOX5 SRY (sex determining region Y)-box 5 + + 

SOX6 SRY (sex determining region Y)-box 6 + + 

SOX9  SRY-related HMG box gene 9 - - 

SP1 Stimulating protein 1, ubiquitous zinc finger transcription factor + + 

GSH2 Homeodomain transcription factor Gsh-2 - + 

RUSH SWI/SNF related nucleophosphoproteins with a RING finger DNA binding 

motif 

+ + 

TAL1 T-cell acute lymphocytic leukemia 1, SCL - + 

MYT1 Myelin transcription factor 1-like, neuronal C2HC zinc finger factor 1 + + 
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b   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c 

TF name Detailed Information Zebrafish Medaka 

AP1 Activator  protain 1 + + 

BRN2 Brn-2, POU-III protein class + + 

BRN3 Brn-3, POU-IV protein class + + 

CEBPB CCAAT/enhancer binding protein beta + + 

E2F E2F transcription factor 6 - + 

FOXL1 Fork head related activator-7 - - 

GATA1 GATA-binding factor 1 + + 

HNF3 Hepatocyte nuclear factor 3 (alpha, beta) (FOXA1, FOXA2); + - 

Oct6 POU-factor Tst-1/Oct-6 - - 

SOX1 Sex-determining region Y gene product + + 

GSH2 Homeodomain transcription factor Gsh-2 + + 

RUSH SWI/SNF related nucleophosphoproteins with a RING finger DNA binding 

motif 

+ + 

MYT1 Myelin transcription factor 1-like, neuronal C2HC zinc finger factor 1 + + 
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Note: The ‘+’ indicated the same transcription factor binding sites among C. carpio, D. rerio and 

O. latipes. The ‘-’ indicated the different transcription factor binding sites among C. carpio, D. 

rerio and O. latipes. 

a: Sox7, b: Sox17, c: Sox18. 

 

TF name Detailed Information Zebrafish Medaka 

AP1 Activator  protain 1 + + 

BSX Brain specific homeobox + + 

BRN2 Brn-2, POU-III protein class + + 

BRN3 Brn-3, POU-IV protein class + + 

BRN4 POU domain transcription factor brain 4 - + 

BRN5 Brn-5 POU domain factors + - 

CEBPB CCAAT/enhancer binding protein beta + + 

E2F E2F transcription factor 6 + + 

FOXL1 Fork head related activator-7 + - 

GATA1 GATA-binding factor 1 + + 

GATA2 GATA-binding factor 2 - - 

GATA3 GATA-binding factor 3 + + 

HNF1 Hepatic nuclear factor 1 + - 

HNF3 Hepatocyte nuclear factor 3 (alpha, beta) (FOXA1, FOXA2); + + 

MEF2 MEF2, myocyte-specific enhancer binding factor + + 

MTBF Muscle-specific Mt binding site + + 

Oct1 Octamer-binding factor 1 + + 

Oct4 POU domain, class 5, transcription factor 1 - - 

SOX1 Sex-determining region Y gene product - + 

SOX2 SRY (sex determining region Y)-box 2 - - 

SOX3 SRY-box containing gene 3 + + 

SOX5 SRY (sex determining region Y)-box 5 + - 

SOX6 SRY (sex determining region Y)-box 6 + + 

SOX7 SRY (sex determining region Y)-box 7 - - 

SOX9  SRY-related HMG box gene 9 - + 

SP1 Stimulating protein 1, ubiquitous zinc finger transcription factor - + 

GSH2 Homeodomain transcription factor Gsh-2 + - 

RUSH SWI/SNF related nucleophosphoproteins with a RING finger DNA binding 

motif 

+ + 

MYT1 Myelin transcription factor 1-like, neuronal C2HC zinc finger factor 1 + + 

 Sox7 Sox17 Sox18 

 2-△△ct SD 2-△△ct SD 2-△△ct SD 

eye     0.339936 0.069758 0.033726 0.004656 0.038473 0.00879 

fin         0.208772 0.037479 0.011359 0.000936 0.003852 0.000243 
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supplemental table 3.  Relative expression values of SoxF 

 

 

forebrain  0.933033 0.017036 0.001922 0.000817 0.061925 0.018767 

foregut 0.031467 0.004058 0.003122 0.001705 0.010333 0.00093 

gill      0.130912 0.033314 0.016213 0.000925 0.004091 0.001411 

heart      0.66128 0.356708 0.014714 0.003742 0.198884 0.03257 

hindbrain  1 0.074735 0.012402 0.003428 0.112656 0.011185 

hindgut    0.043185 0.004711 0.00296 0.000547 0.013792 0.000814 

kidney     0.116091 0.04265 0.000992 0.000625 0.020333 0.010239 

liver      0.059678 0.017611 0.002167 0.00171 0.004809 0.001736 

muscle    0.266093 0.062826 0.005002 0.002516 0.024069 0.014651 

scal       0.160058 0.009178 0.009142 0.001175 0.00657 0.001478 

spleen     0.467596 0.069826 0.019823 0.002889 0.054159 0.014894 

gonad 0.005921 0.003726 0.004405 0.004391 0.015916 0.01296 

blastula period 0.015027 0.010096 0.00693 0.003469 0.00032 0.001357 

gastrula period 0.85698 0.198506 2.66475 0.496925 0.004615 0.000942 

neurula period 0.016573 0.008118 0.639493 0.060966 0.001266 0.001315 

tail bud period 0.169145 0.054996 0.009289 0.000101 0.004731 0.003169 

hatching period 0.124424 0.012702 0.004206 0.001061 0.006615 0.010812 

diencephalon         1.918528 0.208009 0.03082 0.00399 0.011023 0.004598 

mesencephalon          5.883467 0.404617 0.006302 0.005406 0.071463 0.005523 

macromyelon          1.148698 0.135804 0.010404 0.003466 0.049951 0.00559 

epencephalon         3.638474 0.302378 0.103187 0.006101 0.006848 0.001853 

telencephalon          2.841527 0.528742 0.01323 0.009395 0.005706 0.00053 
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  Table 1. The primers used to validate the accuracy of the SoxF genes sequences 

Table 2. Sequence of the primers used in qRT-PCR 

 

 

  
Usage Primer name Primer sequences（5' - 3'） 

Sox7-full-length 

1.Sox7-Fw 5' ATCTCTCTCACAGTGCTCTT 3' 

1.Sox7-Rv 5' CGAGTAGTAGGTCTGGTGTT 3' 

2.Sox7-Fw 5' CAGCAGCTTCGATACGTACC 3' 

2.Sox7-Rv 5' GACTTCCTGTAGCTTCTCTT 3' 

3.Sox7-Fw 5' CGGCAGCCTATTACAACAAC 3' 

3.Sox7-Rv 5' AGACCTACAGACAGAATCAC 3' 

Sox17-full-length 

1.Sox17-Fw 5' GCGTGTAGGAGATGAGCAGT 3' 

1.Sox17-Rv 5' TGCTGTGCTTATAAGTGTGA 3' 

2.Sox17-Fw 5' CTGCCATGCCTCCTGATTAC 3' 

2.Sox17-Rv 5' TCCTAACACAGCCATGAACC 3' 

Sox18-full-length 

1.Sox18-Fw 5' GTCCTGGTGTTGCTTCTATT 3' 

1.Sox18-Rv 5' ATATTGGAGTAGAGACCGTT 3' 

2.Sox18-Fw 5' GGAGGCGGAGATTCAGTGTT 3' 

2.Sox18-Rv 5' AGCATACAGTAGCTGGATGG 3' 

Usage Primer name Primer sequences（5' - 3'） 
Product size (bp) GenBank accession 

numbers 

qRT-PCR 
Sox7-RT-Fw 5′- CATCCACTCATCTCTCTCAC -3′ 184 KY860088 

Sox7-RT-Rv 5′- GGACGAATACGCGCTTATCA -3′ 

qRT-PCR 
Sox17-RT-Fw 5′- GGCTACAGTCTACATTCATC -3′ 127 KY860089 

Sox17-RT-Rv 5′- AGACATCAAGACTGAGCTGG -3′ 

qRT-PCR Sox18-RT-Fw 5′- CCTGCCTTCACCTCTCATCT -3′ 120 KY860090 

Sox18-RT-Rv 5′-TCAATCCTGTCCACTTCACC-3′ 

qRT-PCR 
40S-RT-Fw 5′- CCGTGGGTGACATCGTTACA-3′ 117 AB012087 

40S-RT-Rv 5′-TCAGGACATTGAACCTCACTGTCT-3′ 

qRT-PCR 
18S-RT-Fw 5′- GAGTATGGTTGCAAAGCTGAAAC-3′ 129 FJ710826 

18S-RT-Rv 5′-AATCTGTCAATCCTTTCCGTGTCC-3′ 
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Table 2. Sequence of the primers used in qRT-PCR 

 

Table 3. Amino acid sequence percent identities of C. carpio Sox7, Sox17 and Sox18 

compared to other vertebrates SoxF subgroup proteins respectively 

a 

  Cc Dr On Cv Xt Mm Mf Hs As Gg Za Gj 

Cc 100%            

Dr 96.4% 100%           

On 75.1% 76.0% 100%          

Cv 73.3% 73.8% 86.5% 100%         

Xt 57.8% 57.4% 54.4% 52.2% 100%        

Mm 56.2% 57.4% 52.4% 50.3% 62.6% 100%       

Mf 56.2% 57.4% 52.4% 50.3% 62.6% 100% 100%      

Hs 55.2% 55.8% 51.0% 49.2% 63.9% 89.2% 89.2% 100%     

As 53.4%  53.6% 52.8% 50.7% 57.2% 66.6% 66.6% 67.0% 100%    

Gg 51.5% 52.3% 51.0% 49.7% 56.2% 60.4% 60.4% 61.6% 73.5% 100%   

Za 51.5% 51.6% 50.0% 48.2% 55.6% 59.4% 59.4% 60.1% 72.9% 88.8% 100%  

Gj 46.4% 47.4% 45.8% 45.1% 51.5% 53.1% 53.1% 53.6% 66.8% 57.4% 56.6% 100% 

  



  

43 

b 

  Cc Sr Dr On Pr Ee Mf Hs Xt Bt Gg Mm 

Cc 100%            

Sr 88.2% 100%           

Dr 71.5% 70.1% 100%          

On 55.3% 44.0% 43.0% 100%         

Pr 53.8% 43.1% 42.7% 86.5% 100%        

Ee 46.7% 38.2% 39.0% 53.1% 54.3% 100%       

Mf 46.2% 37.1% 38.5% 53.1% 54.8% 88.8% 100%      

Hs 45.8% 37.3% 39.0% 52.0% 54.0% 88.0% 96.6% 100%     

Xt 45.5%  39.2% 39.0% 47.7% 47.9% 50.1% 48.4% 49.2% 100%    

Bt 44.4% 35.8% 37.6% 53.0% 54.2% 86.8% 88.4% 88.4% 48.3% 100%   

Gg 44.3% 34.9% 36.5% 49.2% 51.2% 59.0% 57.8% 57.9% 48.9% 61.4% 100%  

Mm 42.9% 34.8% 35.7% 50.9% 53.5% 81.7% 82.8% 83.0% 49.5% 81.3% 57.1% 100% 

c 

  Cc Dr Ip Am Lc Gg Pm Xt Ee Mm Hs Mf 

Cc 100%            

Dr 95.8% 100%           

Ip 69.2% 71.8% 100%          

Am 52.8% 54.6% 50.4% 100%         

Lc 52.4% 54.2% 52.0% 74.0% 100%        

Gg 50.1% 51.4% 50.0% 87.1% 72.9% 100%       

Pm 49.7% 51.0% 50.1% 87.6% 73.1% 96.2% 100%      

Xt 48.9% 49.8% 48.1% 65.7% 58.3% 61.3% 61.5% 100%     

Ee 39.5% 39.9% 38.1% 51.5% 45.9% 50.3% 50.5% 48.6% 100%    

Mm 39.1% 39.0% 37.5% 48.9% 46.6% 48.9% 47.9% 48.2% 78.6% 100%   

Hs 38.6% 38.9% 37.1% 50.9% 46.8% 52.5% 51.0% 49.4% 83.3% 87.5% 100%  

Mf 38.6% 38.9% 37.1% 50.6% 47.1% 52.5% 51.0% 49.1% 83.6% 87.3% 98.7% 100% 

 

Notes: The highest percent is marked by gray part. For GenBank accession numbers of  
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sequences see supplemental table 1.   

a: Sox7, b: Sox17, c: Sox18. 

 Am (Alligator mississippiensis); As (Alligator sinensis); Al (Austrofundulus limnaeus); Bt (Bos taurus); Cc  

 (C.carpio); Cv (Cyprinodon variegatus); Dr (Danio rerio); Ee (Erinaceus europaeus); Gg (Gallus.gallus);   

 Gj (Gekko japonicus); Hs (Homo sapiens); Ip (Ictalurus punctatus); Lc (Latimeria chalumnae); Mm(Mus  

 musculus); Mf (Macaca fascicularis); On ( Oreochromis niloticus); Pr (Poecilia reticulata); Pm (Parus  

 major); Sr (Sinocyclocheilus rhinocerous); Xt(Xenopus tropicalis); Za (Zonotrichia albicollis). 

 

 


