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Abstract

Background Monopterus albus is a hermaphroditic fish with sex reversal from ovaries to testes via the ovotestes
in the process of gonadal development, but the molecular mechanism of the sex reversal was unknown.

Methods We produced transcriptomes containing mRNAs and IncRNAs in the crucial stages of the gonad, includ-
ing the ovary, ovotestis and testis. The expression of the crucial INcRNAs and their target genes was detected using
gRT-PCR and in situ hybridization. The methylation level and activity of the INCRNA promoter were analysed by apply-
ing bisulfite sequencing PCR and dual-luciferase reporter assays, respectively.

Results This effort revealed that gonadal development was a dynamic expression change. Regulatory networks

of IncRNAs and their target genes were constructed through integrated analysis of INcRNA and mRNA data. The
expression and DNA methylation of the INcRNAs MSTRG.38036 and MSTRG.12998 and their target genes Psmf38

and Ptk2[3 were detected in developing gonads and sex reversal gonads. The results showed that INncRNAs and their
target genes exhibited consistent expression profiles and that the DNA methylation levels were negatively regulated
INCRNA expression. Furthermore, we found that Ptk23 probably regulates cyp19al expression via the Ptk23/EGFR/
STAT3 pathway to reprogram sex differentiation.

Conclusions This study provides novel insight from IncRNA to explore the potential molecular mechanism by which
DNA methylation regulates INcCRNA expression to facilitate target gene transcription to reprogram sex differentiation
in M. albus, which will also enrich the sex differentiation mechanism of teleosts.

Highlights

Construction of the INcRNA-mRNA interaction network in the sex differentiation.
DNA methylation was negatively associated with INcCRNA expression in developing gonads.
Ptk23 regulate Ptk23/EGFR/STAT3 pathway to potentially regulate sex differentiation.
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Monopterus albus is a hermaphroditic fish that undergoes sex reversal from female to male via intersex dur-

ing the process of the gonadal differentiation which was an ideal model for epigenetic modification research.

After laying eggs, the female M.albus reversal to the intersex. So that the female have a shorter stage and smaller
body size which cause low egg production. In the present study, we produced the transcriptomes which con-

tain MRNA and IncRNA in the crucial stage of the gonad including ovary, ovotestis and testis. This effort reveals

that gonadal development was a dynamic expression changes. Regulatory networks of INcRNAs and its target genes
were constructed though integrated analysis of INcRNA and mRNA data. We found DNA methylation was nega-
tively associated with INncRNA (MSTRG.38036 and MSTRG.12998) expression in developing gonads. Additionally,
17a-methyltestosterone inhibit the expression of INcCRNA and increase methylation. Furthermore, we found that Ptk23
probably regulates cyp19al expression via the Ptk2[3/EGFR/STAT3 pathway to reprogram sex differentiation. The
present study on the gonadal differentiation of M. albus provides novel insights from IncRNA to explore potential
molecular mechanism. In the future, function of the INcRNA will be further studied and the gene editing technology
will be applied to cultivate the female with high fecundity to improve the yield of fish fry.

Introduction

Rice field eels (Monopterus albus) are a commonly
known freshwater fish in China. It has a snake-like body
and is widely distributed in China. Due to its high nutri-
tive value and good palatability, wild ricefield eel has
been overfished. Additionally, the wild population has
also decreased sharply due to environmental damage.
Altogether, the decline in natural resources, especially
the shortage of offspring material, necessitates breeding.
However, artificial breeding technology has succeeded
and provided a useful way to increase the wild population
and to improve the rice field eel industry.

Organisms of sexual reproduction have two kinds of
sex: female and male. The development processes of both
gonads are involved in sex determination and sex differ-
entiation. Therefore, the mechanism of sex differentiation
is one of the most fundamental biological issues. First
reported in 1944, M. albus was observed to have female-
to-male sex reversal [1]. In the early developmental
stage, an ovary structure is observed in ricefield eel; after
spawning, the ovary structure degenerates, and the male
germ cells begin to develop. When ricefield eel is grown
into the second developmental cycle of sexual maturity,
the ovary and testis structures are observed at this stage.
Finally, the structure of the ovary disappears completely,
and the structure of the testis forms afterwards. To date,
many differentially expressed genes have been identi-
fied and the function was studied on sex reversal in M.
albus [2-7], but the mechanism involved in sex reversal
is unclear.

With the development of biotechnology, many new
approaches have been applied to study the mechanism
of gonadal differentiation. Long noncoding RNAs (IncR-
NAs), as an important type of RNA, are transcripts that
are more than 200 bp in length and do not encode pro-
teins [8]. LncRNAs have lower concentrations than RNAs

but have higher tissue specificity [9, 10]. Based on their
relative position to protein coding genes, IncRNAs can be
divided into sense, antisense, bidirectional, intronic and
intergenic IncRNAs [11]. According to functional stud-
ies, IncRNAs can be divided into nuclear IncRNAs and
cytoplasmic IncRNAs [12]. Accumulating evidence indi-
cates that IncRNAs are involved in numerous biological
processes, such as cell proliferation, differentiation, stem
cell maintenance, RNA-protein, RNA-DNA and RNA-
RNA interactions [13-15]. A previous study demon-
strated that IncRNA expression and function have been
mainly studied in many fish involved in sex differentia-
tion and immune response, such as Nile tilapia [16], Chi-
nese tongue sole [17], coho salmon [18] and grass carp
[19]. Recently, IncRNAs in M. albus were also identified
and characterized [20]. However, the molecular mecha-
nism of IncRNA in M. albus gonad development is still
unknown.

In the present study, we produced the transcriptomes
in the crucial stage of the gonad, including the ovary,
ovotestis and testis. As per the expression profile and
location in chromosome, two important IncRNAs and
their target genes, IncRNA MSTRG.38036/PsmfB8 and
MSTRG.12998/Ptk2p, were selected through integrated
analysis of IncRNA and mRNA data. The IncRNAs
MSTRG.38036 and MSTRG.12998 and their target genes
exhibited consistent expression profiles. The promoter
methylation level was negatively correlated with IncRNA
expression. Dual-luciferase reporter assays suggested that
Ptk2p regulated cyp19al expression via the Ptk23/EGFR/
STAT3 pathway to reprogram sex differentiation. This
study provides novel insight from long noncoding RNA
(IncRNA) to explore the potential molecular mechanism
by which DNA methylation regulates IncRNA expression
to facilitate target gene transcription to reprogram sex
differentiation.
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Materials and methods
Animals
Healthy M. albus were collected from the Aquatic Germ-
plasm Resources Preservation and Varieties Breeding
Center of Yangtze River Fisheries Research Institute, Chi-
nese Academy of Fishery Sciences, China. To study the
molecular mechanism of gonadal differentiation, gonad
from three key stages.

were collected from 3 females with the average weight
of 132 g and length of 45 cm, 3 intersexes with the aver-
age weight of 121 g and length of 48 cm and 3 males with
the average weight of 268 g and length of 58 g under the
guidance of the Yangtze River Fisheries Research Insti-
tute Care Committee (No. 2013001). Each sample was
divided into three parts: one part was frozen in liquid
nitrogen and stored at — 80 °C until RNA extraction; the
second was fixed in 4% paraformaldehyde (pH 7.5) for
24 h and stored in 70% ethanol to prepare for histology
according to a previously described method [21]; and the
third was preserved in ethanol for DNA extraction.

Library construction and RNA-seq

Nine IncRNAs (3 biological repeats per stage) were con-
structed in different gonad developmental stages (female,
intersex and male) in M. albus. Total RNA was extracted
by applying the TRIzol method according to the manu-
facturer’s instructions. A NanoDrop 2000 (Thermo
Fisher Scientific, USA) and Bioanalyzer 2100 (Agilent
Technologies, CA) were used to detect the concentra-
tion and quality. RNA integrity was identified by aga-
rose gel electrophoresis. Three samples of each group
and equal amounts of RNA from each sample were
used for RNA-seq. Ten micrograms of total RNA from
each sample was treated with the Ribo-Zero' = Magnetic
Kit (Epicentre, WI) to remove the rRNA, followed by
reverse transcription to construct the cDNA library with
the NEBNext Ultra Directional RNA Library Prep Kit
(NEB, USA). Then, the prepared paired-end sequencing
was performed on an Illumina Nova Seq6000 (Illumina
San Diego, USA). Clean data were obtained by remov-
ing reads containing adapters, reads containing poly-N
sequences and low-quality reads from the raw data. The
Q20, Q30, GC content and sequence duplication level of
the clean data were calculated.

LncRNA identification

The assembled transcripts were annotated using the gff
compare program. The unknown transcripts were used
to screen for putative IncRNAs. The computational
approaches, including CPC2/CNCI/Pfam/CPAT, were
combined to classify the nonprotein coding RNA from
the protein-coding RNA. The putative protein-coding
RNAs were filtered out using the minimum length and
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exon number threshold. Transcripts with lengths greater
than 200 nt and with more than two exons were selected
as IncRNA candidates and further screened using CPC2/
CNCI/Pfam/CPAT, which has the power to distinguish
protein-coding genes from noncoding genes. In addition,
different types of IncRNAs, including lincRNAs, intronic
IncRNAs, antisense IncRNAs, and sense IncRNAs, were
selected using cuffcompare.

Identification of the DEGs and DELncRNA

Differential expression analysis of the two groups was
performed using the DESeq R package (1.10.1). DESeq
provides statistical routines for determining differential
expression in digital gene expression data using a model
based on the negative binomial distribution. The result-
ing P values were adjusted using the Benjamini—-Hoch-
berg approach for controlling the false discovery rate.
Transcripts with an adjusted P value<0.01 and absolute
value of log2 (fold change) > 1 found by DESeq were con-
sidered differentially expressed.

Gene function analysis

Gene Ontology (GO) enrichment analysis of the differ-
entially expressed transcripts was implemented by the
topGO R package based on Wallenius noncentral hyper-
geometric distribution. KOBAS software was used to test
the statistical enrichment of differentially expressed tran-
scripts in KEGG pathways [22]. P<0.05 represents a sig-
nificant difference.

Construction of the IncRNA-mRNA interaction network

Based on the interaction mode between IncRNAs and
their target genes, we applied two prediction methods.
(1) LncRNAs regulate the expression of adjacent genes.
The adjacent genes within 100 kb of IncRNAs are pre-
dicted to be their target genes mainly based on the posi-
tional relationship between IncRNAs and genes. (2) The
target genes of IncRNAs were predicted by analysing
the correlation between the expression of IncRNAs and
mRNAs among samples. The genomic structure and
chromosomal location of the candidate IncRNA and its
target gene were analysed as per the reported genome
data [23] using Integrative Genomics Viewer software.

Quantitative real-time PCR

Total RNA was extracted from the ovary, testis and
ovotestis using the TRIzol method. The extracted RNA
without genomic DNA was transcribed into cDNA
with random hexamers for mRNA and IncRNA. qRT-
PCR was performed on an ABI Q5 real-time PCR sys-
tem (Applied Biosystems, USA) using SYBR Premix Ex
Taq (Takara, China) with beta-actin as an internal con-
trol as previously described [24]. All qRT-PCR assays
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were performed on three samples, and each sample
was repeated three times to obtain the cycle threshold.
Finally, the expression of all mRNAs and IncRNAs were
calculated using the 272AT method.

In situ hybridization

To assess the expression of MSTRG.12998 and
MSTRG.38036 transcripts and their target genes in
gonadal cells, primers were designed according to the
sequences to amplify the T7 promoter sequence with a
synthetic probe (Additional file 1: Table S1). PCR prod-
ucts were purified by a QIAquick Gel Extraction Kit
(QIAGEN, Germany). The MEGAshortscript T7 High
Yield Transcription Kit (ThermoFisher Scientific, USA)
and DIG RNA labelling mix (Roche, Switzerland) were
used to obtain probes. According to a previous descrip-
tion [25], anti-digoxigenin-AP Fab fragments (Roche,
Switzerland) were used as the antibody, and BCIP/NBT
(Beyotime, China) was used to detect the positive signal.

17a-Methyltestosterone treatment
17a-methyltestosterone (MT) was used to treat M. albus
at 60 dpf to produce sex reversal in M. albus as described
in previous studies[26], and no treatment was applied
to the control group. Larvae were immersed in water
containing MT at concentrations of 100 pg/L (MT1),
200 pg/L (MT2) and 300 pg/L (MT3) for approximately
12 h daily. Additionally, the larvae were fed using daph-
nia at a concentration of 200 pg/g MT. The gonads were
collected after treatment for two months and divided into
three parts. One part was preserved in 4% paraformalde-
hyde (pH 7.5) to prepare tissue sections, the second part
was frozen in liquid nitrogen and then stored at —80 °C
for RNA extraction, and the last part was stored in etha-
nol for DNA extraction.

Treatment with ZD6474

Forty healthy M. albus individuals weighing 20 g were
collected for treatment with ZD6474 which was a
tyrosine kinase inhibitor. ZD6474 (10 mg, MCE, USA)
was dissolved in 1 ml DMSO to prepare a solution of
10 mg/ml according to the manufacturer’s instructions.
Then, according to the manufacturer’s instructions, the
injection solution was prepared with 1 ml of 10 mg/
ml ZD6474, 4 ml PEG300, 0.5 ml Tween 80 and 4.5 ml
physiological saline to a final concentration of 1 mg/
ml ZD6474. Each individual was injected with 300 pl of
1 mg/ml ZD6474, and the second group was injected
with an equal amount of solution without ZD6474 as the
control. After injection for 24, 48, 72, 96 h, gonads were
collected from at least three individuals, frozen in liquid
nitrogen and then stored at — 80 °C for RNA extraction.
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Bisulfite PCR methylation analysis

Genomic DNA was extracted from ovary, ovotestis
and testis tissues, and at least 15 individuals were used
in each group using the TIANamp Genomic DNA Kit
(Tiangen, China). Concentration and integrity were iden-
tified by an Agilent 2100 Bioanalyzer (Agilent, USA) and
agarose gel electrophoresis, respectively. Equal amounts
of DNA were mixed in the same group and treated using
a DNA methylation kit (Zymo, USA) following the manu-
facturer’s protocol. PCR amplification was conducted
using treated DNA as the template, and primers were
designed by online MethPrimer design software (http://
www.urogene.org/methprimer/). The PCR products were
purified and cloned into the PMD-18 T vector. A total of
15-20 positive clones from each group were sequenced,
and the methylation level was analysed using the DNA
methylation analysis platform (http://services.ibc.uni-
stuttgart.de/BDPC/BISMA/).

Plasmid constructs

The double-restriction endonucleases Nhel and Xhol
(NEB, USA) were used to construct the expression plas-
mid pcDNA3.1-STAT3. The promoter sequence of
cyp19al was found in the genomic database. Three dele-
tion fragments (1599 bp, 1097 bp and 447 bp) of the pro-
moter were amplified from genomic DNA according to
the designed primers (Additional file 1: Table S1), and the
PCR products were purified and cloned into the pGL3-
basic vector (Promega, USA) using Kpnl and HindIIIL
Site-directed mutagenesis for the stat3 binding sites was
performed using a Fast Site-Directed Mutagenesis Kit
(Tiangen, China), and the primers are described in Addi-
tional file 1: Table S1.

Dual-luciferase reporter assays

HEK293T cells were obtained from the Center of Animal
Science and Animal Medicine, Shandong Agricultural
University. The cells were cultured at 37 °C in DMEM
(Thermo Fisher Scientific, USA) containing 10% FBS
(BioInd, Israel) and 1% P/S (Thermo Fisher Scientific,
USA). Before transfection, the cells were seeded onto
24-well plates. When the concentration reached 1x10°
per well, the DMEM was removed, and Opti-MEM was
added to incubate the cells. Then, 500 ng recombinant
constructs and 50 ng pRL-TK were cotransfected into the
cells in 400 pl opti-MEM medium using Lipofectamine
TM 3000 (Invitrogen, USA) according the manufac-
turer’s instructions and incubated at 37 °C for 6 h. After
that, opti-MEM medium was removed, and DMEM was
incubated for 48 h. Cells were collected, and luciferase
activity assays were performed using a dual-luciferase kit
(Promega, USA) on a Flexstation 3.
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Statistics

All the statistical tests were performed by using the SPSS
22.0 (IBM). The expression and methylation data of devel-
oping gonad were analysed by one-way ANOVA followed
by Duncan’s multiple comparison tests. Independent
sample t test was used to detect the difference of expres-
sion between control and experiment group treated by
MT or ZD6474, differences in the mean methylation level
between control and MT treated group and differences in
the luciferase activity. Differences in the ratio of methyl-
ated to unmethylated CpG at each site were assessed by a
chi-square test followed by Fisher’s exact test. A P value
of less than 0.05 was considered significant.

Results

RNA-seq in M. albus

To explore the putative candidate IncRNAs related to
sex reversal, 18 RNA-seq libraries were constructed
(nine for IncRNAs and mRNAs). A total of 350,071,576,
339,654,594 and 330,891,984 clean reads were obtained
from 52.24@G, 50.58G and 49.42G clean data in ovotestis,
ovary and testis tissues (Additional file 1: Fig S1), respec-
tively (Table 1). The data were deposited in the National
Genomics Data Center under the accession number
CRAO007120. All clean reads were assembled and mapped
to the reference genome of M. albus [23]. A range of
82.08-92.34% reads were mapped to the genome among
the 9 samples (Table 1). A total of 46,994,829, 33,212,365
and 37,683,079 clean reads were generated from ovotes-
tis, ovary and testis, respectively, and the data were
deposited in the National Genomics Data Center under
the accession number CRA007125.

LncRNA and mRNA identification

To assess the similarity of the gonad samples, pair-
wise Pearson’s correlation coefficients were calculated
between every two samples. The correlation coefficient
was >0.929 in the ovary group, >0.838 in the testis group

Table 1 Summary of LncRNA-seq dataset
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and>0.712 in the ovotestis group (Fig. 1A). Four meth-
ods, CPC, CNCI, CPAT, and PFAM, were used to iden-
tify IncRNAs, and 25840 overlapping IncRNAs were
obtained, including 24716 IncRNAs, 3769 antisense
IncRNAs, 6472 intronic IncRNAs and 883 sense IncR-
NAs (Fig. 1B). The length of the IncRNA was calculated
and showed that most of the IncRNAs were assembled
at 400 bp. With increasing length, the number of IncR-
NAs decreased (Fig. 1C). The number of IncRNA exons
was analysed, and the results showed that 97% of the
IncRNAs had fewer than 5 exons (Fig. 1D). The mRNA
sequence results showed that small amount of the mRNA
lengths were more than 3000 bp (Fig. 1E). mRNAs with
more than three exons exceeded 80% (Fig. 1F).

Identification of DEGs and DELncRNA

To detect the expression difference among the ovary,
ovotestis and testis groups, DEGs and DELncR-
NAs were analysed between the OVT/OV and TE/
OV groups. In the OVT/OV group, 4562 DEGs were
detected, including 4057 upregulated genes and 469
downregulated genes, with 1074 DEIncRNAs, includ-
ing 617 upregulated IncRNAs and 457 downregulated
IncRNAs (Fig. 2A). In the TE/OV group, 11853 DEGs
were detected, including 6330 upregulated genes and
5523 downregulated genes, with 1925 DELncRNAs,
including 768 upregulated IncRNAs and 1157 downreg-
ulated IncRNAs (Fig. 2B). A total of 3455 overlapping
genes were detected between the two groups (Fig. 2C).
To locate the differentially expressed mRNAs and
IncRNAs in the genome, the distribution of the DEGs
and DELncRNAs was calculated across the genome in
the OVT/OV and TE/OV groups (Fig. 2D). To better
understand the mechanism of the regulatory network,
GO enrichment analysis was performed for the DEGs
and DELncRNAs The DEGs in the OVT/OV groups
were categorized as immune response, translation and
cell adhesion (Fig. 2E), and the DEGs in the TE/OV

Sample ID Clean reads (n) Clean base (G) Mapped reads Mapped rate (%) Q20 (%) Q30 (%)
OVT36 114,076,308 17.03 95,483,267 83.70% 97.54 93.56
OVT46 121,430,968 18.12 106,896,037 88.03% 97.69 93.84
OvT48 114,564,300 17.09 96,394,766 84.14% 97.54 93.56
ov3 110,642,888 16.56 102,070,868 92.25% 9848 95.71
Oov4 115,562,548 17.29 106,707,764 92.34% 98.58 95.91
ov6 113,449,158 16.98 100,571,879 88.65% 98.29 9541
TES 110,378,442 1647 92,301,970 83.62% 98.27 95.30
TE6 108,000,138 16.13 88,650,132 82.08% 98.11 94.94
TE7 112,513,404 16.82 92,960,416 82.62% 98.21 95.18
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groups were mainly classified as cell cycle, translation
and cilium assembly (Fig. 2F). The DELncRNA in the
OVT/OV groups was mainly classified as positive regu-
lation of cell death (Fig. 2G), and in the TE/OV groups
DELncRNA was mainly distributed in terms of cellular
component morphogenesis and regulation of response
to stress (Fig. 2H).

Construction of the IncRNA-mRNA interaction network

According to the location and co-expression profile of
the IncRNA and mRNA, 354 IncRNAs and their target
genes were located on the same chromosome as the co-
expression profile (Table S2). Due to the expression pro-
file of target genes, 15 pairs of IncRNAs and its target
genes showed potential function in sex reversal during
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Fig. 2 Identification of DEGs and DELNcRNAs in the developing gonad of Monopterus albus. Volcanos plot for the DEGs and DELncRNAs
between OVT vs OV (A), TE vs OV (B). C Venn diagram for the overlap genes between OVT vs OV, and TE vs OV. D location of the DEGs

and DELncRNAs on the genome. GO enrichment for the DEGs between OVT vs OV (E), TE vs OV (F), GO enrichment for the DELNcRNAs
between OVT vs OV (G), TE vs OV (H). The expression level differing at least twofold in the gonad between the two groups was considered

as the DEGs or DELNcRNAs

the gonadal development (Fig. S1). Out of the 15 pairs
of IncRNAs and its target genes, 4 pairs (MSTRG.38036/
PsmP8, MSTRG.12998/Ptk2p, MSTRG.24970/new-
Gene_11061, and MSTRG.34402/newGene_17932) had
consistent expression patterns between IncRNAs and
their target genes (Additional file 2: Fig S2), with the
highest expression in OVTs and low expression in OVs
and TEs. According to the annotation of target genes,
MSTRG.38036/PsmfB8 and MSTRG.12998/Ptk2p were
selected for further study.

Identification and characterization of the IncRNAs

The 1808 bp and 551 bp full-length sequences of
MSTRG.38036 and MSTRG.12998 transcripts were
screened from the genomic and transcriptomic data
(Additional file 3: Fig. S3A, C). MSTRG.38036 and its
target gene proteasome subunit beta type-8 (Psmf8)
were located on chromosome 3, and MSTRG.38036
contained 3 exons (Additional file 3: Fig. S3B). Addition-
ally, MSTRG.12998 and its target gene protein tyrosine
kinase 2p (Ptk2p) were located on chromosome 10, and
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MSTRG.12998 contained 2 exons (Additional file 3: Fig.
S3D).

DNA methylation was negatively associated

with MSTRG.38036 and MSTRG.12998 expression

in developing gonads

To detect the regulatory mechanism of MSTRG.12998
and MSTRG.38036 in gonadal development, we ana-
lysed the association between RNA transcription
and DNA methylation. We found a region around the
promoter of MSTRG.38036 and MSTRG.12998 with
high CpG. The methylation primers were designed
at both ends of the methylation island according to
the promoter sequences (Additional file 6: Table S1).
We found that the MSTRG.12998 and MSTRG.38036
expression profiles were the same as those of their tar-
get genes Ptk2f and Psmf8, with the highest expres-
sion in the ovotestis and low expression in the ovary
and testis (Fig. 3A, D). To detect the distribution of
MSTRG.12998, MSTRG.38036, and their target genes
in gonads, in situ hybridization was used to identify
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their expression in ovary, ovotestis and testis cells. A
sense probe was used as the negative control, and no
signal was found (Additional file 4: Fig. S4). We found
that the distribution of MSTRG.12998 and its target
gene Ptk2f5 was similar in the gonads (Fig. 3B). Addi-
tionally, MSTRG.38036 and its target gene Psmf38
shared a consistent expression profile in gonad devel-
opment (Fig. 3D). The distributions of MSTRG.38036
and Psmf8 in gonads were also detected, and they were
similar to that of MSTRG.12998 and its target gene
(Fig. 3E). The methylation levels of the MSTRG.12998
and MSTRG.38036 promoters were detected in the
same sample during gonad development. We found
that the lowest methylation levels of the MSTRG.12998
(Additional file 6: Table S3) and MSTRG.38036 (Addi-
tional file 6: Table S4) promoters were exhibited in OVT
(Fig. 3C, F), while significantly high methylation lev-
els were observed in OV and TE in the MSTRG.12998
and MSTRG.38036 promoters, respectively (Fig. 3C, F).
From the results, we found that methylation status was
negatively associated with gene expression.

[ MISTRG 38036
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profile of MSTRG.12998 and ptk2f in ovary, ovariotestis and testis detected by qRT-PCR; B expression location of MSTRG.12998 and ptk2(3 in ovary,
ovariotestis and testis detected by In Situ Hybridization; C DNA methylation level of MSTRG.12998 in ovary, ovariotestis and testis of Monopterus
albus. D expression profile of MSTRG.38036 and psmf38 in ovary, ovariotestis and testis detected by gRT-PCR; E expression location of MSTRG.38036
and psmp8 in ovary, ovariotestis and testis detected by In Situ Hybridization; F DNA methylation level of MSTRG.38036 and psmf38 in ovary,
ovariotestis and testis of Monopterus albus. The different lowercase letters indicated the significant difference in INcRNAs expression between gonad
of different stage (P<0.05). The different capital letters indicated the significant difference in target genes expression between gonad of different
stage (P<0.05). In Fig. 4C and F, top row indicated the INcRNA promoter methylation sites and the numerical values in the right label indicated

the mean methylation level of each group. PO primary oocyte, PSG primary spermatocyte, YM Yolk mass, YV Yolk vesicle, SG spermatogonium
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17a-Methyltestosterone increase the expression of IncRNA
and decrease methylation

To further detect the relationship of methylation level and
gene expression in gonadal development, the DNA meth-
ylation level and expression profile of MSTRG.12998 and
MSTRG.38036 were detected after MT treatment. The
expression of MSTRG.12998, MSTRG.38036 and their
target genes Ptk2f and Psmf8 was upregulated after
MT treatment (Fig. 4A, B). The methylation status of the
MSTRG.12998 and MSTRG.38036 promoters showed
that the methylation level of the MSTRG.12998 promoter
was significantly decreased (Additional file 6: Table S5,
Fig. 4C, P < 0.05), while there was no significant differ-
ence in the MSTRG.38036 promoter after MT treatment
(Additional file 6: Table S6, Fig. 4D, P> 0.05). However,
we found that the methylation level of CpG site 6 in the
MSTRG.38036 promoter was significantly decreased
(Fig. 4E, P <0.05). Methylation status negatively regulates
gene expression in gonadal development.

Ptk2p regulate Ptk2[3/EGFR/STAT3 pathway to potentially
regulate sex differentiation

To detect the role of Ptk2f in gonadal development,
ZD6474, an inhibitor of protein tyrosine kinase, was
used to inhibit the expression of Ptk2f5. Expression of
Ptk2p were detected after treatment of 24, 48, 72, 96 h
and the best treatment effect was observed at 72 h with
the lowest expression of Ptk2f (Additional file 5: Fig S5).
cypl9al was a key gene to regulate the level of estrogen
in sex differentiation and the promoter of cyp19al was
analyzed. Signal transducer and activator of transcription
3 (stat3) was found to be an important transcription fac-
tor, and many binding sites were predicted in the cyp19al
promoter using JASPAR online software. As per a previ-
ous report, the Ptk2B/EGFR/STAT3 pathway is involved
in many physiological processes. Does the pathway play
a role in gonadal development? After ZD6474 treat-
ment, the expression of Ptk2p, egfr (XM_026312839) and
cypl9al (EU841366) was significantly decreased (Fig. 5A,
P <0.05), while the expression of stat3 (XM_020607298.1)
and dmrtla (AF421347) was significantly increased
(Fig. 5A, P <0.05). To determine the exact binding sites of
stat3 in the cyp19al promoter, a luciferase reporter assay
with a series of deletions was conducted, and the lucif-
erase activities were significantly higher than those of the

(See figure on next page.)
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basic group in the three deletion constructs (Fig. 5C, P
< 0.05). The luciferase activities showed that key regula-
tory elements ranged from -1 to -435 and contained two
stat3 binding sites. To further determine the regulatory
role of stat3 in cyp19al expression, site mutants were
constructed using pGL3-cypl9alpro3 as the template.
Three mutants, stat3mutl, stat3mut2 and stat3mutl +2,
were obtained (Fig. 5D). Luciferase activities were sig-
nificantly decreased after stat3 binding to pGL3-cyp19a-
1pro3 (Fig. 5E, P < 0.05). When one or two binding sites
were mutated, the luciferase activities exhibited no sig-
nificant differences among the groups (Fig. 5E, P > 0.05).
However, after stat3 binding to the mutation of pGL3-
cypl9alpro3, we found that the luciferase activities
were significantly increased in the pGL3-cyp19alpro3s-
tat3mut2/pGL3-cyp19alpro3 group (Fig. 5E, P < 0.05),
while no significant difference was observed in the pGL3-
cypl9alpro3stat3mutl/pGL3-cypl9alpro3 and pGL3-
cypl9alpro3stat3mutl +2/pGL3-cyp19alpro3  groups
(Fig. 5E, P>0.05).

These data suggest that stat3 binding site 2 played
a role in stat3 regulation, while binding site 1 did not.
Taken together, we speculate that ZD6474 inhibited
Ptk2f3 expression to affect the Ptk2B/EGFR/STAT3 path-
way to regulate cypl9al expression by stat3 binding site
2 in the process of gonadal development (Fig. 5F).

Discussion

In the present study, M. albus, a classic sex reversal fish,
was used as a good model species to perform epigenetic
modification, especially for IncRNAs, in the process of
gonadal development. We produced a transcriptome
including mRNA and IncRNA of the key gonad stages
in the ovary, ovotestis and testis. The expression pro-
files of mRNAs and IncRNAs were compared, and IncR-
NAs and their target genes were screened according to
the location and co-expression profile. After a series of
evaluation tests, we found that MSTRG.38036/Psmf38
and MSTRG.12998/Ptk2p exhibited a co-expression pro-
file, and their expression was significantly upregulated
from the ovary to the ovotestis, while their expression
decreased from the ovotestis to the testis, suggesting
that the expression profile changed during the gonadal
development process. According to the expression char-
acteristics of sex differentiation genes from a previous

Fig. 4 Expression and methylation level of LncRNAs in ovary and degenerated ovary treated by MT. Expression profile of MSTRG.12998/ptk2f3 (A)
and MSTRG.38036/psmf8 (B) in ovary and degenerated ovary; Mathylation level of MSTRG.12998 (C) and MSTRG.38036 (D) promoter in ovary
and degenerated ovary; E mathylation level of each CpG site in MSTRG.38036 promoter in ovary and degenerated ovary. P<0.05 indicate
significantly difference, which was marked by *.In Fig. 5C and D, top row indicated the IncRNA promoter methylation sites and the numerical

values in the right label indicated the mean methylation level of each group
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of deletions constructs; D Schematic showing the mutation of stat3 and the wild type; E Luciferase assay showing site mutation of promoter

in 293 T cells; F Diagram illustrating the hypothetical mechanism of ptk23 during sex differentiation in M. albus by Ptk23/EGFR/STAT3 pathway. The
mean = SEM was from three independent experiments, *P < 0.05 show significantly difference

report [27, 28], we propose a hypothesis where they both
involved sex reversal during gonadal development.

To verify this hypothesis, the expression patterns of
MSTRG.38036/PsmfB8 and MSTRG.12998/Ptk2p were
compared, and the methylation status of MSTRG.38036
and MSTRG.12998 was detected during gonadal devel-
opment. Furthermore, the expression patterns and meth-
ylation status were also detected during sex reversal after
M. albus larvae were treated with MT. Moreover, a dual-
luciferase reporter assay revealed that Ptk2f3 regulates
cypl9al expression through the Ptk2B/EGFR/STAT3
pathways to be involved in sex differentiation.

Noncoding RNAs, once considered to be “transcrip-
tional noise”, were recently shown to have biological
functions. The function of IncRNAs has been reported

to regulate development and disease in biological pro-
cesses [29-32]. Previous reports have demonstrated that
IncRNAs have important roles in gonadal development
[33-35]. In M. albus, noncoding RNAs have been iden-
tified and characterized [20, 36]. Until now, the IncRNA
regulatory mechanism in gonadal development has
remained unclear. In the present study, we produced a
transcriptome in the key stage to screen critical IncRNAs
and investigate the regulatory mechanism of candidate
IncRNAs in gonadal development. In mice, IncRNA Xist
binds to a critical site in the Xist gene body and silences
a series of genes from this site to the rest of the X chro-
mosome to inactivate the X chromosome [37-39]. Many
researchers have expected the functions of IncRNAs in
gonadal development and reproduction to be conserved.
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Conversely, most IncRNAs are differentially expressed
in mammalian gonads, and only a small number have a
specific role in gonadal development [40—45], such as
testis-specific IncRNA regulate steroidogenesis [45]. In
mice, after knockout of the IncRNA Tslrnl, the sperm
count was reduced to 20%, but there was no change in
fertility [46]. Until now, in mice, to our knowledge, only
IncRNA Tugl has shown significant male fertility roles,
while IncRNA Tugl is replaced with LacZ, which could
lead to morphological defects in sperm and complete
sterility [46]. Unlike mammals, the regulatory mecha-
nism of IncRNAs has been reported very rarely in fish.
Recently, in Cynoglossus semilaevis, Tang et al. found
that the miRNA cse-miR-196 binds to circdmrtl and the
IncRNA AMSDT to upregulate the expression of the gsdf
gene to facilitate testis differentiation [47]. In the pre-
sent study, 15 pairs of candidate IncRNAs and their tar-
get genes were identified, and IncRNA MSTRG.38036
and MSTRG.12998, as per the expression profile and its
target gene function, were selected for further study. The
IncRNAs MSTRG.38036 and MSTRG.12998 and their
target genes share a consistent expression profile, with
the highest expression in the ovotestis and low expres-
sion in the ovary and testis. After spawning by female M.
albus, the ovary degenerates, the testis begins to develop,
and the M. albus enters the intersexual stage. From a
previous report, the male sex-determining gene exhib-
ited significantly high expression when the testis began
to develop [48, 49]. Thus, the expression profile sug-
gested that IncRNA MSTRG.38036, MSTR@G.12998 and
its target genes were potentially involved in sex reversal.
For further verification, MT was used to treat the lar-
vae of M. albus. We found that the ovary was degener-
ated after MT treatment for two months. However, in
another report, we observed that M. albus larvae treated
with an aromatase inhibitor for four months led to ovary
reversal into testis [50]. The results indicate that an aro-
matase inhibitor could cause sex reversal in M. albus, but
adequate treatment time is needed. The expression of the
IncRNAs MSTRG.38036 and MSTRG.12998 and their
target genes was significantly upregulated after MT treat-
ment (Fig. 4). The DNA methylation levels of the IncRNA
MSTRG.38036 and MSTRG.12998 promoters were
assessed in developing gonads and sex reversal ovaries.
The methylation status was dynamic, and the methyla-
tion level was negatively associated with gene expression.
These results suggested that DNA methylation probably
inhibited IncRNA MSTRG.38036 and MSTRG.12998
expression. Numerous previous reports have shown that
DNA methylation regulates gene expression to repro-
gram sex [51, 52]. For further study, the expression of
Ptk2f3 was repressed using ZD6474, which is an inhibitor
of protein tyrosine kinases [53]. After ZD6474 treatment,
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the expression of genes involved in the Ptk2B/EGFR/
STAT3 pathways was significantly changed (Fig. 5A).
Ptk2f3 is a protein tyrosine kinase, and epidermal growth
factor receptor (EGFR) functions as the receptor of Ptk2f3
[54]. When the expression of Ptk2f was downregulated,
EGFR expression was also downregulated. Thus, the
expression of genes involved in the Ptk2/EGFR/STAT3
pathway was changed. Signal transducer and activator
of transcription 3(stat3) binding sites were found in the
promoter region of cyp19al. Does stat3 regulate cyp19al
expression? To verify this hypothesis, dual-luciferase
reporter assays were conducted, and we found that stat3
binds to the promoter region of cypi9al and inhibits
cypl9al expression. Thus, we speculate that Ptk2f regu-
lates cypI9al expression to reprogram sex differentia-
tion. Taken together, we identified a potential regulatory
pathway of Ptk2p in sex differentiation.

Conclusions

We produced transcriptomes containing mRNAs and
IncRNAs in the crucial stages of the gonads, includ-
ing the ovary, ovotestis and testis. This effort revealed
that gonadal development is a dynamic expression
change. Regulatory networks of IncRNAs and their tar-
get genes were constructed through an integrated anal-
ysis of IncRNA and mRNA data. The expression and
DNA methylation of the IncRNAs MSTRG.38036 and
MSTRG.12998 and their target genes Psmf38 and Ptk2f
were detected in developing gonads and sex reversal
gonads. The results showed that IncRNAs and their tar-
get genes exhibited consistent expression profiles and
that the DNA methylation levels were negatively corre-
lated with IncRNA expression. Furthermore, the dual-
luciferase reporter assays showed that Ptk2f3 probably
regulates cyp19al expression via the Ptk2B/EGFR/STAT3
pathway to reprogram sex differentiation. This study pro-
vides novel insight from IncRNA to explore the potential
molecular mechanism by which DNA methylation regu-
lates IncRNA expression to facilitate target gene tran-
scription to reprogram sex differentiation in M. albus,
which will also elucidate the sex differentiation mecha-
nism of teleosts.

Perspectives and significance

Monopterus albus is a hermaphroditic fish that under-
goes sex reversal from female to male via intersex
during the process of the gonadal differentiation
which was an ideal model for epigenetic modification
research. The present study on the gonadal differentia-
tion of M.albus provides novel insights from IncRNA
to explore potential molecular mechanism that DNA
methylation regulate IncRNA expression to facili-
tate target gene transcription to reprogram sex
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differentiation in M.albus.In the future, function of the
IncRNA will be further studied and the gene editing
technology will be applied to cultivate the female with
high fecundity to improve the yield of fish fry.

Abbreviations

DEGs Differently expression gene
DELNcRNA  Differently expression INcRNA
OVT/0OV Ovotestis/ovary group

TE/ OV Testis/ovary group

EGFR Epidermal growth factor receptor

MT 17a-Methyltestosterone
Ptk23 Protein-tyrosine kinase 2-beta
PsmpB8 Proteasome subunit beta type-8
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