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Abstract: GATA-binding protein 6 (GATA6), a highly-conserved transcription factor of the GATA
family plays an important role in gonadal cell proliferation, differentiation and endoderm development.
In this study, the full-length cDNA of GATA6 of Paralichthys olivaceus (Japanese flounder) was
obtained. Phylogenetic, gene structure and synteny analyses demonstrated that GATA6 of P. olivaceus
is homologous to that of teleosts and tetrapods. The P. olivaceus GATA6 transcript showed higher
expression in testis than in ovary, demonstrating a sexually dimorphic gene expression. During
embryonic development, the expression of P. olivaceus GATA6 increased at the blastula stage,
demonstrating that GATA6 is involved in morphogenesis. Results of in situ hybridization showed that
GATA6 signals were detected in Sertoli cells, oogonia and oocytes. Moreover, 17α methyl testosterone,
a male hormone, could moderately upregulate P. olivaceus GATA6 and downregulate P. olivaceus
aromatase CYP19A1 in testis cells. These results suggest that GATA6 may play an important role
in gonadal development in P. olivaceus. This study provides valuable information on the function
of P. olivaceus GATA6, laying the foundation for further development of breeding techniques in
this species.

Keywords: Paralichthys olivaceus; GATA6; dimorphic expression; hormone stimulation; gonadal
development

1. Introduction

GATA-binding proteins (GATA1-GATA6) are a family of zinc finger transcription factors that
regulate the expression of target genes by binding to a common sequence, namely WGATAR. GATA
transcription factors play essential roles in the developmental control of cell fate, proliferation and
differentiation, organ morphogenesis and tissue-specific gene expression. These proteins, which were
identified in vertebrates and invertebrates, are evolutionarily conserved [1–3]. All GATA proteins
bear two conserved N- and C-terminal zinc finger domains. The C-terminal zinc finger domain is
required for binding, whereas the N-terminal zinc finger can stabilize binding and interaction with
other cofactors. Based on spatial and temporal expression patterns, GATA proteins can be categorized
into two subgroups, GATA1/2/3 and GATA4/5/6. GATA1/2/3 are mainly found in hematopoietic cell
lineages. They are essential in the differentiation of erythroids and megakaryocytes, the proliferation
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of hematopoietic stem cells and the development of T lymphocytes [4]. By contrast, GATA4/5/6 are
found in the organs of mesodermal and endodermal origin, such as heart, gut and gonads [5–8].

Being a member of the GATA family, GATA6 plays important roles in various development
processes, such as cardiac development [6]. GATA6 was recently found to induce a reprogramming
process and can be a substitute for Oct4 [9]. To date, many studies have shown that GATA6 is involved
in reproduction and gonadal development. The role of GATA6 in gonadal development in human
and mouse is well known. GATA6 mRNA is found in both granulosa cells and corpora luteum, and it
regulates the differentiation and proliferation of granulosa cells [10,11]. Knockdown of GATA4 and
GATA6 during luteinization inhibits progesterone production and gonadotropin responsiveness in
corpus luteum in mice [12]. GATA6 mRNA and protein are expressed in Sertoli and Leydig cells during
early stages of gestation [13]. In addition, both GATA4 and GATA6 transcripts were observed in late
fetal, neonatal, juvenile and adult Sertoli cells in mouse testis. In female mice, the loss of GATA4 and
GATA6 resulted in failed ovulation and infertility [14]. The combined loss of GATA4 and GATA6 could
cause abnormalities in testis, including irregular testis cords, few gonocytes and loss of steroidogenic
testis function [15]. Additionally, lines of evidence have shown that some target genes of GATA6 in
endocrine tissues play important roles in gonadal development and sex differentiation; these genes
include Amh, CYP11A and CYP17 [16,17]. Little is known about GATA6 expression and function
in teleosts. In Cynoglossus semilaevis, GATA6 expression is sexually dimorphic, and the methylation
pattern in the promoter region varied among males, females and pseudomales [18].

P. olivaceus is an economically important farmed marine fish in China. In this species, females
exhibit higher growth rates than males, and they attain larger sizes. Therefore, understanding the
regulation of sex differentiation and sex-controlled breeding in this species is both scientifically and
commercially necessary. In this study, we obtained the full-length of GATA6 from P. olivaceus and
assessed its relative expression pattern in different tissues and in the early stages of embryonic
development. We analyzed GATA6 expression levels in ovary and testis using in situ hybridization
(ISH). Moreover, P. olivaceus testis cells were treated with hormone. Our results will facilitate further
studies on the function of GATA6 in teleosts and provide fundamental information for sex-controlled
breeding techniques.

2. Results

2.1. Isolation and Characterization of GATA6 cDNA

The complete cDNA sequence of GATA6 was obtained using RACE. The full-length cDNA
of GATA6 was 1957 bp long (GenBank: KY039315) and consisted of a 92-bp 5′-UTR (Untranslated
Regions), a 257-bp 3′-UTR with a poly(A) tail and an ORF (Open Reading Frame) of 1608 bp (Figure 1).
The ORF encoded a polypeptide comprising 535 amino acids with a predicted molecular weight of
57.28 kDa and a theoretical isoelectric point of 8.82. Similar to that of other species, the predicted
peptide of GATA6 contained two conserved GATA-type zinc finger domains (amino acid Nos. 332–361,
Nos. 388–412) (Figures 1 and 2). The C-terminal zinc finger of GATA is responsible for binding to the
consensus DNA sequence WGATAR, whereas the N-terminal zinc finger interacts with transcription
cofactors and stabilizes the binding [1,19]. Hence, the obtained sequence was confirmed to be
P. olivaceus GATA6. Comparison of cDNA and genomic sequences showed that GATA6 contains eight
exons (Figure 3), which differed from most other known species. Based on the gene structure analysis,
the 5′-UTR sequences of GATA6 were located on the first exon and in a portion of the second exon
(Figure 3).
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Figure 1. Nucleotide and deduced amino acid sequences of P. olivaceus GATA6. Nucleotides are 
indicated in black and the amino acids in blue. Initiation codon and termination codon are in red. 
UTRs (Untranslated Regions) and ORF (Open Reading Frame) are denoted in lowercase and 
uppercase letters, respectively. The zinc finger domains are shaded, whereas the nuclear localization 
sequence is boxed. 

 
Figure 2. Amino acid sequence alignment of zinc finger domains of PoGATA6, DrGATA6, XtGATA6, 
GgGATA6 and MmGATA6. Asterisks show the cysteine that generates each zinc finger domain. 
Abbreviations: Po, P. olivaceus; Dr, D. rerio; Xt, X. tropicalis; Gg, G. gallus; Mm, M. musculus. 

 
Figure 3. Gene structure analysis of GATA6. Comparisons of genomic organizations of GATA6 
between teleosts and tetrapods. CDS (Coding Sequence) and UTRs are indicated by black and gray 
boxes, respectively, whereas introns are represented by lines. 

Figure 1. Nucleotide and deduced amino acid sequences of P. olivaceus GATA6. Nucleotides are
indicated in black and the amino acids in blue. Initiation codon and termination codon are in red.
UTRs (Untranslated Regions) and ORF (Open Reading Frame) are denoted in lowercase and uppercase
letters, respectively. The zinc finger domains are shaded, whereas the nuclear localization sequence
is boxed.
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Figure 3. Gene structure analysis of GATA6. Comparisons of genomic organizations of GATA6
between teleosts and tetrapods. CDS (Coding Sequence) and UTRs are indicated by black and gray
boxes, respectively, whereas introns are represented by lines.
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2.2. Homology and Phylogenetic Analysis

Alignment of deduced amino acid sequences of P. olivaceus GATA6 with those of other
vertebrates showed that GATA6 protein of P. olivaceus shared many features with that of other
fishes and mammals. Homology search was performed using BLASTP, and the results revealed
that P. olivaceus GATA6 protein is highly similar to other known GATA6 proteins, including the
proteins in Stegastes partitus (94%), Takifugu rubripes (92%), C. Semilaevis (90%), Oryzias latipes (88%) and
Mus musculus (52%).

To study the relationship between P. olivaceus and other vertebrates, we constructed a phylogenetic
tree by using MrBayes based on the deduced amino acid sequences of GATA6 (Figure 4). In the
phylogenetic tree, P. olivaceus and other teleosts were clustered into one group with 100% bootstrap
support, and other higher tetrapods were clustered in another group with 100% bootstrap support.
The two groups with 100% bootstrap support were subsequently merged into a cluster.
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on the result of the whole-genome sequence of P. olivaceus (unpublished). A conserved syntenic 
relationship was observed between the GATA6 gene and its surrounding genes in vertebrates ranging 
from fish to tetrapods (Figure 5). The GATA6 gene is generally flanked by mib1 and cables1, and the 
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Figure 4. Phylogenetic tree showing the relationship of P. olivaceus GATA6 with the GATA6 of other
vertebrates. A phylogram was constructed using MrBayes (mcmc = 200,000 generations). The species
and GenBank accession numbers or Ensembl numbers are as follows: H. sapiens, NP_005248.2;
M. musculus, NP_034388.2; G. gallus, NP_990751.1; X. tropicalis, NP_989422.1; C. semilaevis, XP_008332620.1;
M. zebra, XP_004542926.1; O. niloticus, XP_005476517.1; X. hellerii, XP_005809506.1; P. Mexicana,
XP_014853786.1; T. rubripes, XP_011614478.1; B. floridae, ACR66216.1. mcmc, Markov Chain Monte
Carlo analysis.

2.3. Genomic Synteny Analysis of GATA6

The location of GATA6 in many vertebrates was determined based on their published
whole-genome sequences of these organisms. P. olivaceus GATA6 was located on scaffold_43 based
on the result of the whole-genome sequence of P. olivaceus (unpublished). A conserved syntenic
relationship was observed between the GATA6 gene and its surrounding genes in vertebrates ranging
from fish to tetrapods (Figure 5). The GATA6 gene is generally flanked by mib1 and cables1, and the
surrounding genes of GATA6 were conserved in P. olivaceus compared with those in other teleosts,
although a few of the genes were lost or shifted. In summary, the upstream and downstream genes of
GATA6 exhibited conserved synteny in spite of the number of changes (loss or shift) that occurred
during evolution.
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2.4. Expression Patterns of GATA6 at Different Embryonic Developmental Stages and in Different Tissues

The temporal expression pattern of P. olivaceus GATA6 at the early stage of embryonic development
was investigated via qRT-PCR. The result showed that P. olivaceus GATA6 mRNA were nearly
undetectable in the stage prior to the low blastula stage. As embryonic development progressed,
mRNA expression of P. olivaceus GATA6 significantly increased during blastula stages and showed
the highest levels at the gastrula and somatic stages. After the gastrula stage, the relative mRNA
expression of P. olivaceus GATA6 remained stable until the hatching stage (Figure 6).
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Figure 6. Relative expression of GATA6 during embryonic development from fertilized egg to the
hatching stage in P. olivaceus. qRT-PCR analysis was used to quantify GATA6 mRNA with 18sRNA
as a reference. The relative expression variance is presented as a ratio (amount of GATA6 mRNA
normalized to the values of the corresponding reference genes). The data are shown as the mean ± SD
(n = 3). Columns with different letters show a significant difference (p < 0.05).

The distribution pattern of P. olivaceus GATA6 in different tissues was detected by semi-quantitative
RT-PCR. As shown in Figure 7A, P. olivaceus GATA6 transcripts were highly expressed in heart, intestines,
liver and testis, but weakly expressed in spleen, kidney, gill and ovary; the transcripts were nearly
undetectable in brain and muscle. To further verify the differences in mRNA expression of P. olivaceus
GATA6 between ovary and testis, we detected the relative expression of GATA6 by using qRT-PCR.
The results showed that GATA6 expression was significantly higher in the testis than ovary (Figure 7B).
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Figure 7. (A) Analysis of GATA6 transcripts for various tissues in P. olivaceus. Semi-quantitative
RT-PCR analysis was used to quantify GATA6 mRNA with β-actin as a reference; and (B) analysis of
GATA6 transcripts in the gonads of P. olivaceus. qRT-PCR analysis was used to quantify GATA6 mRNA
with β-actin as a reference. The relative expression variance is presented as a ratio (amount of GATA6
mRNA normalized to the values of the corresponding reference genes). The data are shown as the
mean ± SD (n = 3). The asterisks show a significant difference (p < 0.01).

2.5. In Situ Hybridization (ISH) of P. olivaceus GATA6 in Gonadal Sections

The distribution of P. olivaceus GATA6 mRNA in gonadal sections was analyzed through ISH
(Figure 8). Histological observation of the testis was performed at the telophase of Stage III; in this stage,
the testes mainly consist of primary and secondary spermatocytes, and spermatogonia are sporadically
situated adjacent to the interstitial compartment and at the intertubular location of the spermatogenic
tubules (Figure 8C). GATA6 mRNA signals were found only in Sertoli cells (Figure 8A,B). Histological
observation of the ovary was performed at the telophase of Stage II; in this stage, the ovary mainly
consists of oocytes in Stages II and III (Figure 8F). mRNA signals of GATA6 were distributed throughout
the cytoplasm of primary and secondary oocytes and in oogonia (Figure 8D,E). Hybridization signals
were not observed in the gonadal sections by using the respective sense probes (Figure 8C,F).
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Figure 8. Analysis of mRNA expression of P. olivaceus GATA6 in adult gonad by using in situ
hybridization (ISH). The positive cells (A,B,D,E) were stained with purple or blue, whereas the negative
control with sense probe hybridization (C,F) was unstained. P. olivaeus GATA6 mRNA were observed in
Sertoli cells (B), primary and secondary oocytes and oogonia (E). This experiment was done five times.
Abbreviations: Se, Sertoli cells; Sc, spermatocytes; St, spermatids; Oo, oogonia; Oc, oocytes. Scale bars
represent 100 µm.
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2.6. Expression Levels of GATA6 and CYP19A1 in Cultured P. olivaceus Testis Cells Stimulated with 17α-MT

As described above, GATA6 expression was significantly high in the testis, and its mRNA signals
were found only in Sertoli cells. A study has reported that the P. olivaceus genetically female larvae
could be induced to sex-reversal after being treated with 17α-MT, which is the most preferred hormone
used to induce masculinization [20]. Furthermore, 17α-MT treatment suppresses aromatase CYP19A1,
which is critical for ovary development [21]. By analyzing the promoter of CYP19A1, we found a
recognition sequence for P. olivaceus GATA6. Therefore, we wanted to know whether the expression
levels of P. olivaceus CYP19A1 and GATA6 in testis cells can be altered by 17α-MT. Additionally,
we aimed to figure out the role of GATA6 in testis development.

The qRT-PCR results showed that stimulation of P. olivaceus testis cells with 17α-MT reduced the
amount of CYP19A1 transcripts, and CYP19A1 expression was downregulated with the increase of
stimulation concentration (Figure 9). However, expression of GATA6 increased, and GATA6 expression
was upregulated with the increase of stimulation concentration (Figure 10).
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Figure 9. Expression of CYP19A1 mRNA in P. olivaceus testis cells stimulated with 1, 10 and 100 ng/mL
17α-MT. qRT-PCR analysis was used to quantify CYP19A1 mRNA with β-actin as a reference. The relative
expression variance is presented as a ratio (amount of CYP19A1 mRNA normalized to the values of the
corresponding reference genes). The data are shown as the mean ± SD (n = 3). Columns with different
letters show a significant difference (p < 0.05).
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Figure 10. Expression of GATA6 mRNA in P. olivaceus testis cells stimulated with 1, 10 and 100 ng/mL
17α-MT. qRT-PCR analysis was used to quantify GATA6 mRNA with β-actin as a reference. The relative
expression variance is presented as a ratio (amount of GATA6 mRNA normalized to the values of the
corresponding reference genes). The data are shown as the mean ± SD (n = 3). Columns with different
letters show a significant difference (p < 0.05).

3. Discussion

Sex differentiation is the process wherein the genital ridge differentiates into either testis or ovary.
Studies have recently shown that some transcription factors, such as SOX9 and GATA4, participate
in sex differentiation and gonadal development [22,23]. GATA transcription factors regulate the
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development and differentiation of eukaryotic organisms. GATA6, a member of the GATA family,
is associated with gonadal sex differentiation and development and regulates the development of the
heart, liver and intestine [19,24,25].

3.1. P. olivaceus GATA6 Forms the L-Type Protein

In this study, we obtain the full-length cDNA of P. olivaceus GATA6. The coding sequence is
1608 bp long and encodes 535 amino acids. The P. olivaceus GATA6 protein contains two typical zinc
finger domains, which are highly similar to GATA6 of other vertebrates GATA6 (Figure 2). Thus,
P. olivaceus GATA6 can identify and bind to the consensus DNA motif (A/T)GATA(A/G), thereby
regulating the transcription of target genes [1]. In mammals, the mRNA of GATA6 uses two Met codons
in frame as transcriptional initiation and produces L- and S-type GATA6 through leaky ribosome
scanning [26,27]. Recent studies have revealed that L-type GATA6 is potentially more active than
the S-type GATA6 [26,28]. Human and mouse GATA6 form the L-type protein, and S-type GATA6
is present in Gallus gallus and Anser cygnoides [29]. On the basis of the multiple amino acid sequence
alignment of GATA6, we found that P. olivaceus GATA6 forms the L-type protein, which is similar to
C. semilaevis GATA6 [18]. To date, the functional significance of L- and S-type GATA6 still needs to
be investigated.

The phylogenetic tree shows that GATA6 of all vertebrates are clustered in one group and then
separated into two subgroups. P. olivaceus GATA6 is clustered with the teleost GATA6 subgroup
while the tetrapods GATA6 were clustered in another subgroup. Phylogenetic analysis demonstrates
that P. olivaceus GATA6 is clustered with its homolog from C. semilaevis, which also belongs to
Pleuronectiformes [18,30]. Based on the protein sequences, the conserved and characteristic domains
and the phylogenetic analysis, the sequence we obtained is confirmed to be P. olivaceus GATA6.

3.2. P. olivaceus GATA6 Is Highly Conserved in Vertebrates

GATA6 has been studied in several vertebrates, including human, mouse, porcine and tongue
sole [18,31,32]. Moreover, GATA6 is annotated in published genomes of other model organisms.
We compared the gene structure of P. olivaceus GATA6 with those of GATA6 in other vertebrates
(Figure 3). Based on the number of exons, GATA6 is highly conserved in primates, rodents, birds and
amphibians. Interestingly, GATA6 of teleosts are classified into two kinds based on the number of
exons. GATA6 of P. olivaceus, Oreochromis niloticus and Maylandia zebra contain eight exons, whereas
the GATA6 of other teleosts contain seven exons, similar to tetrapods. We speculate that the extra exon
has been lost during the evolution of GATA6 from teleosts to tetrapods [33].

Chromosome synteny of the GATA6 gene was analyzed among fish, frog, chicken and mouse
genomes (Figure 5). The results reveal that the location of P. olivaceus GATA6 is highly similar to other
teleosts, but different from frog, chicken and mouse. This difference may be attributed to gene deletion
or rearrangement during evolution. Based on these results, we speculate that P. olivaceus GATA6 is
conserved during evolution and performs functions similar to those of GATA6 in other vertebrates.

3.3. P. olivaceus GATA6 Regulates Organs Originating from Endoderm and Mesoderm

The temporal expression profile of P. olivaceus GATA6 during embryonic development shows that
the transcripts are very low starting from the unfertilized eggs to the high blastula stage, although it
begins to increase at the blastula stage. This result is consistent with the result for other GATA members
in teleosts [18,30]. Endoderm differentiation and organogenesis begin at the blastula stage. Moreover,
studies have demonstrated that GATA6 is essential for endoderm differentiation [24,34–36]. Our results
suggest that P. olivaceus GATA6 regulates the organs originating from endoderm and mesoderm.

3.4. P. olivaceus GATA6 Transcripts Are More Abundant in Testis than Ovary

The tissue distribution pattern of P. olivaceus GATA6 shows that GATA6 is expressed in the heart,
intestines, liver, spleen, kidney and gonad, similar to the expression distribution of GATA6 of other
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vertebrates [5,6]. Furthermore, the amount of P. olivaceus GATA6 transcripts is significantly higher
in testis than in ovary according to the qRT-PCR result (Figure 7A,B). Given the sexually dimorphic
pattern of GATA6 expression, it is possible that P. olivaceus GATA6 influences gonadal development by
binding to target genes related to sex determination.

3.5. P. olivaceus GATA6 Is Expressed in Oogonia, Oocytes and Sertoli Cells

In human and mouse, GATA6 are only expressed in Sertoli and Leydig cells, which are classified
as somatic cells [13,37]. By contrast, C. semilaevis GATA6 mRNA is expressed in spermatogonia,
spermatocytes and Sertoli cells [18]. In the present study, the ISH analysis of testis shows that the
P. olivaceus GATA6 transcripts were only detected in Sertoli cell. This result is similar to that for
mammalian GATA6, suggesting that the functions of GATA6 may be analogical in testis. In mammalian
ovaries, GATA6 are strongly expressed in corpora lutea and follicles [10,31,38]. In addition, the loss of
GATA4 and GATA6 using knockout technology can lead to abnormal ovarian structure and infertility,
including oocyte reduction and ovulation failure [14]. Compared with mammalian gonads, ovaries of
teleosts do not have corpus luteum and follicles, whose structure is relatively uncomplicated. Our ISH
analysis of ovary shows that the P. olivaceus GATA6 mRNA is expressed in oocytes and oogonia.
Therefore, we speculate that GATA6 is necessary to maintain gonad function and oogenesis.

3.6. P. olivaceus GATA6 Is Possibly Involved in the Synthesis of 17β Estradiol by Regulating CYP19A1

In mammals, GATA6 expression is hormonally controlled [16,37]. Our study found that stimulation
with 17α-MT can enhance GATA6 expression level in P. olivaceus testis cells (Figure 9), indicating that
P. olivaceus GATA6 is also hormonally controlled.

The combined loss of GATA4 and GATA6 could disrupt the function of gonads [14,15]. Aromatase
CYP19A1 is the key enzyme in estrogen synthesis. Treatment with aromatase inhibitor can induce a
full functional sex reversal in female adult gonochoristic teleosts, such as O. latipes, O. niloticus [39,40]
and Danio rerio [41]. Thus, GATA6 and CYP19A1 are both critical in gonad development. In addition,
P. olivaceus CYP19A1 is possibly a target gene of GATA6 given that there is a recognition sequence for
GATA6 in the CYP19A1 promoter. Stimulation with 17α-MT could improve the GATA6 expression
level, but reduced the CYP19A1 expression level in P. olivaceus testis cells (Figures 9 and 10). Our results
strongly imply that P. olivaceus GATA6 protein may exert a negative regulatory effect on transcription
of P. olivaceus CYP19A1 or it may increase as part of a mechanism activated to compensate the decrease
of estradiol. A comparison of previous and present results suggests that GATA6 in P. olivaceus may
play an important role in gonadal development and reproduction.

4. Materials and Methods

4.1. Ethics Statement

This research was conducted in accordance with the Institutional Animal Care and Use Committee
of the Ocean University of China and the China Government Principles for the Utilization and Care of
Vertebrate Animals Used in Testing, Research and Training (State Science and Technology Commission
of the People’s Republic of China for No. 2, 31 October 1988.).

4.2. Specimen and Tissue Collection

P. olivaceus specimens used in this study were obtained from a fish farm in Yantai, Shandong
Province, China, and maintained at 17 ◦C. For the experiments on gene expression, tissues and
organs were collected from three 1-year-old male and female P. olivaceus individuals. Samples were
snap-frozen in liquid nitrogen and then stored at −80 ◦C until further use. Each sample was collected
in triplicate.

Fertilized eggs were obtained through artificial fertilization and incubated at 17 ± 1 ◦C in
sterile sea water with an open recirculation water system and sufficient air supply. Embryos at
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different developmental stages were observed under a stereomicroscope. Three pools of samples
at 12 embryonic stages (1-cell, 4-cell, 16-cell, morula, high blastula, low blastula, early gastrula,
mid-gastrula, late gastrula, neurula, tail bud and hatching stages) were separately collected from
mixed families by using a nylon net (100-mesh). Embryos were immersed in 1 mL of RNAwait liquid
(Solarbio, Shanghai, China) overnight at 4 ◦C and then stored at −80 ◦C until further use.

The gonads (ovary and testis) used for ISH were washed with phosphate buffer saline and then
fixed in 4% paraformaldehyde in PBS overnight at 4 ◦C. After removing the envelopes, the gonads were
dehydrated in a gradient series of increasing methanol concentration and stored in 100% methanol
at −20 ◦C.

4.3. RNA Extraction and cDNA Synthesis

Total RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s protocol. The extracted total RNA was treated with RNase-free DNase I
(TaKaRa, Dalian, China) to remove DNA contaminants and then frozen at−80 ◦C. Reverse transcription
and cDNA synthesis were performed with 1 µg of total RNA and random hexamer primers by using
a Reverse Transcriptase M-MLV Kit (TaKaRa) according to the manufacturer’s protocol. The quality
and quantity of the total RNA were evaluated electrophoretically using 1.5% agarose gel and
spectrophotometrically using Nano Photometer Pearl (Thermo Scientific, Carlsbad, CA, USA).

4.4. Molecular Cloning of GATA6

A pair of degenerate primers (Table 1) was designed based on the conserved sequences of GATA6
in other teleosts. PCR amplification was performed as follows: initial denaturation step at 95 ◦C for
5 min; 30 cycles at 95 ◦C for 30 s, 55 ◦C for 30 s and 72 ◦C for 1 min; and a final extension at 72 ◦C for
10 min. 5′ and 3′ rapid amplification of cDNA ends (RACE) was performed to isolate the full-length
cDNA of GATA6 from gastrula using a SMART RACE cDNA Amplification Kit (Clontech, Beijing,
China) in accordance with the manufacturer’s protocol. Gene-specific primers (GSPs) were designed
based on the known cDNA sequence. The GSPs used in nested PCR were 5′ RACE1 and 5′ RACE2 for
5′ RACE (Table 1) and 3′ RACE1 and 3′ RACE2 for 3′ RACE (Table 1). PCR was conducted according
to the SMART RACE amplification methods. PCR products were separated through 1.5% agarose gel
electrophoresis, purified using a Zymoclean Gel DNA Recovery Kit (Zymo Research, Orange, CA,
USA), cloned into the pMD-18T vector (TaKaRa) and sequenced.

Table 1. Primers used in this study. RACE, rapid amplification of cDNA ends.

Primers Sequence (5′–3′) Tm (◦C) Usage

gata6-Fw GRTCAAGSGAGAAGTATCC 59 Degenerate PCR
gata6-Rv CWGATRGCTGGGTCAAG 59 Degenerate PCR

gata6-5′Rv1 GCTGGATACTTCTCGCTTGAC 63 5′ RACE
gata6-5′Rv2 CCGTGGTTGGTGGTCATTAT 62 5′ RACE
gata6-3′Fw1 CGCTCGCCATGAAGAAAGA 62 3′ RACE
gata6-3′Fw2 ACAAAGGGATCCTCTGGAAATAA 62 3′ RACE
gata6-RT-Fw CATCCACCTCCTCATCCAATTC 62 qRT-PCR/semi-RT-PCR
gata6-RT-Rv CATCTGATGGCTGGGTCAAG 62 qRT-PCR/semi-RT-PCR

Cyp19a1-RT-Rv CACCTTTCTGTTTGGGTTTG 62 qRT-PCR
Cyp19a1-RT-Rv GTCTCCATACCTCTTGTTGTAG 62 qRT-PCR
gata6-ISH-Fw CATCCACCTCCTCATCCAATTC 62 ISH probe
gata6-ISH-Rv CCACACCAATCTGGAAACAAATC 62 ISH probe

4.5. Semi-Quantitative RT-PCR and qRT-PCR

Specific primer pairs (GATA6-RT-FW/RV and CYP19A1-RT-FW/RV, Table 1) used in RT-PCR
were designed based on the characteristics of GATA6 and CYP19A1. Pre-experiments were conducted
to confirm the generation of single cDNA PCR products.
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Total RNA was extracted from embryos and adult tissues, followed by cDNA synthesis.
Three biological replicates of each sample were analyzed, and each sample was run in triplicate.
Semi-quantitative RT-PCR and qRT-PCR were performed according to the methods described by
Liu et al. [42] and Liu et al. [18], respectively.

4.6. ISH

The ISH of GATA6 expression in gonads was performed using the probe (Table 1) spanning the
3′-UTR of GATA6 cDNA. DIG-labeled RNA sense and antisense probes were synthesized using a DIG
RNA Labeling Kit (SP6/T7) (Roche, Mannheim, Germany) according to the manufacturer’s protocol.
ISH on paraffin sections of gonads was performed according to the method described by Gao et al. [43].

4.7. Hormonal Stimulation and Primary Cultures of P. olivaceus Testis Cells

Testes of P. olivaceus were collected, washed and minced to isolate cells. The minced tissue
was transferred into culture flasks containing DMEM/F12 medium and incubated for 8 h at 24 ◦C.
The consumed medium was replaced with a fresh one. The cells were subsequently cultured in
DMEM/F12 medium containing 20% FBS, 10 mM HEPES, 10 mM non-essential amino acids, 2 mM
L-glutamine, 50 µg/mL streptomycin and 50 U/mL penicillin in air. The reagents and media were
purchased from Gibco (Thermo Fisher Scientific Inc.).

The P. olivaceus testis cells were separately stimulated with 1, 10 and 100 ng/mL 17α methyl
testosterone (17α-MT). After 24 h, total RNA was extracted and qRT-PCR was performed.

4.8. Bioinformatics Analysis and Phylogenetic Tree Construction

Homologous nucleotide and protein sequences were confirmed through BLAST searches in NCBI
and Ensembl. Multiple sequence alignments were conducted using ClustalX 2.1. A phylogenetic tree
was constructed using MrBayes 3.2.3.

4.9. Statistical Analysis

qRT-PCR data were statistically analyzed using one-way ANOVA followed by Fisher’s Least
Significant Difference (LSD) test using SPSS 20.0 (IBM, New York, NY, USA); p < 0.05 indicated
statistical significance.

5. Conclusions

We report on the full-length cDNA sequence and genomic organization of P. olivaceus GATA6.
The result of bioinformatics analysis showed that GATA6 is conserved in terms of genomic structure
and potential regulatory domains. The semi-RT-PCR result shows that P. olivaceus GATA6 mRNA is
detected in heart, liver, intestines and gonads, which all originate from the mesoderm and endoderm.
Furthermore, P. olivaceus GATA6 shows a sexual expression dimorphic pattern in gonads, and its
expression was significantly higher in testis than in ovary. The ISH analysis of gonads shows that
P. olivaceus GATA6 mRNA is detected in oocytes, oogonia and Sertoli cells. In our study, 17α-MT
treatment moderately upregulated P. olivaceus GATA6, but downregulated CYP19A1 in testis cells.
We speculate based on the finding that P. olivaceus GATA6 may be involved in 17β estradiol synthesis
by regulating CYP19A1. These results suggest that P. olivaceus GATA6 may perform an essential
function in gonadal development.

Acknowledgments: This work was supported by the National Natural Science Foundation of China (No. 31672646).
The funders had no role in study design, data collection and analysis, decision to publish, nor preparation of
the manuscript.

Author Contributions: Zan Li, Xiumei Liu, Quanqi Zhang and Xubo Wang conceived of and designed the
experiments. Zan Li, Xiumei Liu, Yan Sun and Mengxun Wang performed the experiments. Zan Li, Xiumei Liu,
Jinxiang Liu, Yuezhong Liu and Xubo Wang analyzed the data. Zan Li, Xiumei Liu and Xubo Wang wrote the
paper. All authors have read and approved the final manuscript.



Int. J. Mol. Sci. 2017, 18, 160 12 of 14

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lowry, J.A.; Atchley, W.R. Molecular evolution of the GATA family of transcription factors: Conservation
within the DNA-binding domain. J. Mol. Evol. 2000, 50, 103–115. [CrossRef] [PubMed]

2. Patient, R.K.; McGhee, J.D. The GATA family (vertebrates and invertebrates). Curr. Opin. Genet. Dev. 2002,
12, 416–422. [CrossRef]

3. Lentjes, M.H.; Niessen, H.E.; Akiyama, Y.; de Bruine, A.P.; Melotte, V.; van Engeland, M. The emerging role
of GATA transcription factors in development and disease. Expert Rev. Mol. Med. 2016, 18, e3. [CrossRef]
[PubMed]

4. Weiss, M.J.; Orkin, S.H. GATA transcription factors: Key regulators of hematopoiesis. Exp. Hematol. 1995, 23,
99–107. [PubMed]

5. Huggon, I.C.; Davies, A.; Gove, C.; Moscoso, G.; Moniz, C.; Foss, Y.; Farzaneh, F.; Towner, P. Molecular cloning
of human GATA6 DNA binding protein: High levels of expression in heart and gut. Biochim. Biophys. Acta
1997, 1353, 98–102. [CrossRef]

6. Charron, F.; Nemer, M. GATA transcription factors and cardiac development. Semin. Cell Dev. Biol. 1999, 10,
85–91. [CrossRef] [PubMed]

7. Jing, C.X.; Yang, J.Z.; Ai, Q.Y.; Miao, N.Z.; Zhao, Y.F.; Wang, Y.M. [The GATA family in reproduction].
Zhonghua Nan Ke Xue 2009, 15, 932–936. [PubMed]

8. Laverriere, A.C.; MacNeill, C.; Mueller, C.; Poelmann, R.E.; Burch, J.B.; Evans, T. GATA4/5/6, a subfamily of
three transcription factors transcribed in developing heart and gut. J. Biol. Chem. 1994, 269, 23177–23184.
[PubMed]

9. Shu, J.; Zhang, K.; Zhang, M.; Yao, A.; Shao, S.; Du, F.; Yang, C.; Chen, W.; Wu, C.; Yang, W.; et al. GATA family
members as inducers for cellular reprogramming to pluripotency. Cell Res. 2015, 25, 169–180. [CrossRef]
[PubMed]

10. Heikinheimo, M.; Ermolaeva, M.; Bielinska, M.; Rahman, N.A.; Narita, N.; Huhtaniemi, I.T.; Tapanainen, J.S.;
Wilson, D.B. Expression and hormonal regulation of transcription factors GATA4 and GATA6 in the mouse
ovary. Endocrinology 1997, 138, 3505–3514. [PubMed]

11. Padua, M.B.; Fox, S.C.; Jiang, T.; Morse, D.A.; Tevosian, S.G. Simultaneous gene deletion of GATA4 and
GATA6 leads to early disruption of follicular development and germ cell loss in the murine ovary. Biol. Reprod.
2014, 91, 24. [CrossRef] [PubMed]

12. Convissar, S.M.; Bennett, J.; Baumgarten, S.C.; Lydon, J.P.; DeMayo, F.J.; Stocco, C. GATA4 and GATA6
Knockdown during Luteinization Inhibits Progesterone Production and Gonadotropin Responsiveness in
the Corpus Luteum of Female Mice. Biol. Reprod. 2015, 93, 133. [CrossRef] [PubMed]

13. Ketola, I.; Toppari, J.; Vaskivuo, T.; Herva, R.; Tapanainen, J.S.; Heikinheimo, M. Transcription factor GATA6,
cell proliferation, apoptosis, and apoptosis-related proteins Bcl-2 and Bax in human fetal testis. J. Clin.
Endocrinol. Metab. 2003, 88, 1858–1865. [CrossRef] [PubMed]

14. Bennett, J.; Wu, Y.G.; Gossen, J.; Zhou, P.; Stocco, C. Loss of GATA6 and GATA4 in granulosa cells blocks
folliculogenesis, ovulation, and follicle stimulating hormone receptor expression leading to female infertility.
Endocrinology 2012, 153, 2474–2485. [CrossRef] [PubMed]

15. Padua, M.B.; Jiang, T.; Morse, D.A.; Fox, S.C.; Hatch, H.M.; Tevosian, S.G. Combined loss of the GATA4 and
GATA6 transcription factors in male mice disrupts testicular development and confers adrenal-like function
in the testes. Endocrinology 2015, 156, 1873–1886. [CrossRef] [PubMed]

16. Kiiveri, S.; Liu, J.; Westerholm-Ormio, M.; Narita, N.; Wilson, D.B.; Voutilainen, R.; Heikinheimo, M.
Transcription factors GATA4 and GATA6 during mouse and human adrenocortical development. Endocr. Res.
2002, 28, 647–650. [CrossRef] [PubMed]

17. Jimenez, P.; Saner, K.; Mayhew, B.; Rainey, W.E. GATA6 is expressed in the human adrenal and regulates
transcription of genes required for adrenal androgen biosynthesis. Endocrinology 2003, 144, 4285–4288.
[CrossRef] [PubMed]

18. Liu, J.; Zhang, W.; Sun, Y.; Wang, Z.; Zhang, Q.; Wang, X. Molecular characterization and expression profiles
of GATA6 in tongue sole (Cynoglossus semilaevis). Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 2016, 198,
19–26. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s002399910012
http://www.ncbi.nlm.nih.gov/pubmed/10684344
http://dx.doi.org/10.1016/S0959-437X(02)00319-2
http://dx.doi.org/10.1017/erm.2016.2
http://www.ncbi.nlm.nih.gov/pubmed/26953528
http://www.ncbi.nlm.nih.gov/pubmed/7828675
http://dx.doi.org/10.1016/S0167-4781(97)00049-3
http://dx.doi.org/10.1006/scdb.1998.0281
http://www.ncbi.nlm.nih.gov/pubmed/10355032
http://www.ncbi.nlm.nih.gov/pubmed/20112745
http://www.ncbi.nlm.nih.gov/pubmed/8083222
http://dx.doi.org/10.1038/cr.2015.6
http://www.ncbi.nlm.nih.gov/pubmed/25591928
http://www.ncbi.nlm.nih.gov/pubmed/9231805
http://dx.doi.org/10.1095/biolreprod.113.117002
http://www.ncbi.nlm.nih.gov/pubmed/24899573
http://dx.doi.org/10.1095/biolreprod.115.132969
http://www.ncbi.nlm.nih.gov/pubmed/26510866
http://dx.doi.org/10.1210/jc.2002-021647
http://www.ncbi.nlm.nih.gov/pubmed/12679484
http://dx.doi.org/10.1210/en.2011-1969
http://www.ncbi.nlm.nih.gov/pubmed/22434075
http://dx.doi.org/10.1210/en.2014-1907
http://www.ncbi.nlm.nih.gov/pubmed/25668066
http://dx.doi.org/10.1081/ERC-120016980
http://www.ncbi.nlm.nih.gov/pubmed/12530677
http://dx.doi.org/10.1210/en.2003-0472
http://www.ncbi.nlm.nih.gov/pubmed/12959982
http://dx.doi.org/10.1016/j.cbpb.2016.03.006
http://www.ncbi.nlm.nih.gov/pubmed/27040526


Int. J. Mol. Sci. 2017, 18, 160 13 of 14

19. Molkentin, J.D. The zinc finger-containing transcription factors GATA4, 5, and 6. Ubiquitously expressed
regulators of tissue-specific gene expression. J. Biol. Chem. 2000, 275, 38949–38952. [CrossRef] [PubMed]

20. Pandian, T.J.; Sheela, S.G. Hormonal induction of sex reversal in fish. Aquaculture 1995, 138, 1–22. [CrossRef]
21. Kitano, T.; Takamune, K.; Nagahama, Y.; Abe, S.I. Aromatase inhibitor and 17α-methyltestosterone cause

sex-reversal from genetical females to phenotypic males and suppression of P450 aromatase gene expression
in Japanese flounder (Paralichthys olivaceus). Mol. Reprod. Dev. 2000, 56, 1–5. [CrossRef]

22. Bagheri-Fam, S.; Sinclair, A.H.; Koopman, P.; Harley, V.R. Conserved regulatory modules in the Sox9
testis-specific enhancer predict roles for SOX, TCF/LEF, Forkhead, DMRT, and GATA proteins in vertebrate
sex determination. Int. J. Biochem. Cell Biol. 2010, 42, 472–477. [CrossRef] [PubMed]

23. Manuylov, N.L.; Fujiwara, Y.; Adameyko, I.I.; Poulat, F.; Tevosian, S.G. The regulation of Sox9 gene expression
by the GATA4/FOG2 transcriptional complex in dominant XX sex reversal mouse models. Dev. Biol. 2007,
307, 356–367. [CrossRef] [PubMed]

24. Fujikura, J.; Yamato, E.; Yonemura, S.; Hosoda, K.; Masui, S.; Nakao, K.; Miyazaki, J.J.; Niwa, H. Differentiation
of embryonic stem cells is induced by GATA factors. Genes Dev. 2002, 16, 784–789. [CrossRef] [PubMed]

25. Burch, J.B. Regulation of GATA gene expression during vertebrate development. Semin. Cell Dev. Biol. 2005,
16, 71–81. [CrossRef] [PubMed]

26. Takada, K.; Obayashi, K.; Ohashi, K.; Ohashi-Kobayashi, A.; Nakanishi-Matsui, M.; Maeda, M. Amino-
terminal extension of 146 residues of L-type GATA6 is required for transcriptional activation but not for
self-association. Biochem. Biophys. Res. Commun. 2014, 452, 962–966. [CrossRef] [PubMed]

27. Maeda, M.; Ohashi, K.; Ohashi-Kobayashi, A. Further extension of mammalian GATA6. Dev. Growth Differ.
2005, 47, 591–600. [CrossRef] [PubMed]

28. Takeda, M.; Obayashi, K.; Kobayashi, A.; Maeda, M. A unique role of an amino terminal 16-residue region of
long-type GATA6. J. Biochem. 2004, 135, 639–650. [CrossRef] [PubMed]

29. Yuan, X.; Xia, L.; Dong, X.; Hu, S.; Zhang, Y.; Ding, F.; Liu, H.; Li, L.; Wang, J. Transcription factors
GATA4 and GATA6: Molecular characterization, expression patterns and possible functions during goose
(Anser cygnoides) follicle development. J. Reprod. Dev. 2014, 60, 83–91. [CrossRef] [PubMed]

30. Liu, J.; Zhang, W.; Du, X.; Jiang, J.; Wang, C.; Wang, X.; Zhang, Q.; He, Y. Molecular characterization and
functional analysis of the GATA4 in tongue sole (Cynoglossus semilaevis). Comp. Biochem. Physiol. Part B:
Biochem. Mol. Biol. 2016, 193, 1–8. [CrossRef] [PubMed]

31. Gillio-Meina, C.; Hui, Y.Y.; LaVoie, H.A. GATA4 and GATA6 transcription factors: Expression,
immunohistochemical localization, and possible function in the porcine ovary. Biol. Reprod. 2003, 68, 412–422.
[CrossRef] [PubMed]

32. Brewer, A.; Gove, C.; Davies, A.; McNulty, C.; Barrow, D.; Koutsourakis, M.; Farzaneh, F.; Pizzey, J.;
Bomford, A.; Patient, R. The human and mouse GATA6 genes utilize two promoters and two initiation
codons. J. Biol. Chem. 1999, 274, 38004–38016. [CrossRef] [PubMed]

33. Gillis, W.Q.; St, J.J.; Bowerman, B.; Schneider, S.Q. Whole genome duplications and expansion of the
vertebrate GATA transcription factor gene family. BMC Evol. Biol. 2009, 9, 207. [CrossRef] [PubMed]

34. Duncan, S.A. Generation of embryos directly from embryonic stem cells by tetraploid embryo
complementation reveals a role for GATA factors in organogenesis. Biochem. Soc. Trans. 2005, 33, 1534–1536.
[CrossRef] [PubMed]

35. Capo-Chichi, C.D.; Smedberg, J.L.; Rula, M.; Nicolas, E.; Yeung, A.T.; Adamo, R.F.; Frolov, A.; Godwin, A.K.;
Xu, X.X. Alteration of Differentiation Potentials by Modulating GATA Transcription Factors in Murine
Embryonic Stem Cells. Stem Cells Int. 2010, 2010, 602068. [CrossRef] [PubMed]

36. Bai, H.; Sakurai, T.; Godkin, J.D.; Imakawa, K. Expression and potential role of GATA factors in trophoblast
development. J. Reprod. Dev. 2013, 59, 1–6. [CrossRef] [PubMed]

37. Ketola, I.; Rahman, N.; Toppari, J.; Bielinska, M.; Porter-Tinge, S.B.; Tapanainen, J.S.; Huhtaniemi, I.T.;
Wilson, D.B.; Heikinheimo, M. Expression and regulation of transcription factors GATA4 and GATA6 in
developing mouse testis. Endocrinology 1999, 140, 1470–1480. [PubMed]

38. LaVoie, H.A. The GATA-keepers of ovarian development and folliculogenesis. Biol. Reprod. 2014, 91, 38.
[CrossRef] [PubMed]

39. Paul-Prasanth, B.; Bhandari, R.K.; Kobayashi, T.; Horiguchi, R.; Kobayashi, Y.; Nakamoto, M.; Shibata, Y.;
Sakai, F.; Nakamura, M.; Nagahama, Y. Estrogen oversees the maintenance of the female genetic program in
terminally differentiated gonochorists. Sci. Rep. 2013, 3. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.R000029200
http://www.ncbi.nlm.nih.gov/pubmed/11042222
http://dx.doi.org/10.1016/0044-8486(95)01075-0
http://dx.doi.org/10.1002/(SICI)1098-2795(200005)56:1&lt;1::AID-MRD1&gt;3.0.CO;2-3
http://dx.doi.org/10.1016/j.biocel.2009.07.001
http://www.ncbi.nlm.nih.gov/pubmed/19616114
http://dx.doi.org/10.1016/j.ydbio.2007.04.040
http://www.ncbi.nlm.nih.gov/pubmed/17540364
http://dx.doi.org/10.1101/gad.968802
http://www.ncbi.nlm.nih.gov/pubmed/11937486
http://dx.doi.org/10.1016/j.semcdb.2004.10.002
http://www.ncbi.nlm.nih.gov/pubmed/15659342
http://dx.doi.org/10.1016/j.bbrc.2014.09.019
http://www.ncbi.nlm.nih.gov/pubmed/25234600
http://dx.doi.org/10.1111/j.1440-169X.2005.00837.x
http://www.ncbi.nlm.nih.gov/pubmed/16316404
http://dx.doi.org/10.1093/jb/mvh077
http://www.ncbi.nlm.nih.gov/pubmed/15173203
http://dx.doi.org/10.1262/jrd.2013-080
http://www.ncbi.nlm.nih.gov/pubmed/24531706
http://dx.doi.org/10.1016/j.cbpb.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26667142
http://dx.doi.org/10.1095/biolreprod.102.009092
http://www.ncbi.nlm.nih.gov/pubmed/12533404
http://dx.doi.org/10.1074/jbc.274.53.38004
http://www.ncbi.nlm.nih.gov/pubmed/10608869
http://dx.doi.org/10.1186/1471-2148-9-207
http://www.ncbi.nlm.nih.gov/pubmed/19695090
http://dx.doi.org/10.1042/BST0331534
http://www.ncbi.nlm.nih.gov/pubmed/16246163
http://dx.doi.org/10.4061/2010/602068
http://www.ncbi.nlm.nih.gov/pubmed/21048850
http://dx.doi.org/10.1262/jrd.2012-100
http://www.ncbi.nlm.nih.gov/pubmed/23428586
http://www.ncbi.nlm.nih.gov/pubmed/10067876
http://dx.doi.org/10.1095/biolreprod.114.122499
http://www.ncbi.nlm.nih.gov/pubmed/24990805
http://dx.doi.org/10.1038/srep02862
http://www.ncbi.nlm.nih.gov/pubmed/24096556


Int. J. Mol. Sci. 2017, 18, 160 14 of 14

40. Sun, L.; Jiang, X.; Xie, Q.; Yuan, J.; Huang, B.; Tao, W.; Zhou, L.; Nagahama, Y.; Wang, D. Transdifferentiation
of Differentiated Ovary into Functional Testis by Long-Term Treatment of Aromatase Inhibitor in Nile Tilapia.
Endocrinology 2014, 155, 1476–1488. [CrossRef] [PubMed]

41. Takatsu, K.; Miyaoku, K.; Roy, S.R.; Murono, Y.; Sago, T.; Itagaki, H.; Nakamura, M.; Tokumoto, T. Induction
of Female-to-Male Sex Change in Adult Zebrafish by Aromatase Inhibitor Treatment. Sci. Rep. 2013, 3.
[CrossRef] [PubMed]

42. Liu, K.; Xu, Y.; Wang, Y.; Wei, S.; Feng, D.; Huang, Q.; Zhang, S.; Liu, Z. Developmental expression and
immune role of the class B scavenger receptor CD36 in zebrafish. Dev. Comp. Immunol. 2016, 60, 91–95.
[CrossRef] [PubMed]

43. Gao, J.; Wang, J.; Jiang, J.; Fan, L.; Wang, W.; Liu, J.; Zhang, Q.; Wang, X. Identification and characterization of
a nanog homolog in Japanese flounder (Paralichthys olivaceus). Gene 2013, 531, 411–421. [CrossRef] [PubMed]

© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1210/en.2013-1959
http://www.ncbi.nlm.nih.gov/pubmed/24437491
http://dx.doi.org/10.1038/srep03400
http://www.ncbi.nlm.nih.gov/pubmed/24292399
http://dx.doi.org/10.1016/j.dci.2016.02.021
http://www.ncbi.nlm.nih.gov/pubmed/26915754
http://dx.doi.org/10.1016/j.gene.2013.08.030
http://www.ncbi.nlm.nih.gov/pubmed/24013085
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Isolation and Characterization of GATA6 cDNA 
	Homology and Phylogenetic Analysis 
	Genomic Synteny Analysis of GATA6 
	Expression Patterns of GATA6 at Different Embryonic Developmental Stages and in Different Tissues 
	In Situ Hybridization (ISH) of P. olivaceus GATA6 in Gonadal Sections 
	Expression Levels of GATA6 and CYP19A1 in Cultured P. olivaceus Testis Cells Stimulated with 17-MT 

	Discussion 
	P. olivaceus GATA6 Forms the L-Type Protein 
	P. olivaceus GATA6 Is Highly Conserved in Vertebrates 
	P. olivaceus GATA6 Regulates Organs Originating from Endoderm and Mesoderm 
	P. olivaceus GATA6 Transcripts Are More Abundant in Testis than Ovary 
	P. olivaceus GATA6 Is Expressed in Oogonia, Oocytes and Sertoli Cells 
	P. olivaceus GATA6 Is Possibly Involved in the Synthesis of 17 Estradiol by Regulating CYP19A1 

	Materials and Methods 
	Ethics Statement 
	Specimen and Tissue Collection 
	RNA Extraction and cDNA Synthesis 
	Molecular Cloning of GATA6 
	Semi-Quantitative RT-PCR and qRT-PCR 
	ISH 
	Hormonal Stimulation and Primary Cultures of P. olivaceus Testis Cells 
	Bioinformatics Analysis and Phylogenetic Tree Construction 
	Statistical Analysis 

	Conclusions 

