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A B S T R A C T

Wilms tumor 1 (Wt1) is an essential factor for urogenital system development. Teleosts have two wt1s, named
as wt1a and wt1b. In this study, the expression pattern of wt1a and wt1b and their functions on the urogenital
system were analyzed by in situ hybridization and CRISPR/Cas9. wt1a was found to be expressed in the
glomerulus at 3 dah (days after hatching), earlier than wt1b. wt1a and wt1b were simultaneously expressed in
the somatic cells of gonads at 3 dah, while their cell locations were similar, but not identical in adult fish gonads.
Thewt1a-/- fish displayed pericardial edema and yolk sac edema at 3 dah and subsequently expanded as general
body edema at 6 dah, failed to develop glomerulus and died during 6–10 dah, whereas the wt1b-/- fish were
phenotypically normal. Immunohistochemical analyses revealed that the germ cell marker Vasa was expressed,
while somatic cell genes Cyp19a1a, Amh, Gsdf and Dmrt1 were not expressed in the wt1a-/- gonads at 6 dah.
The sex phenotypes of XX and XY in the wt1b-/- fish were not affected. Real-time PCR revealed that the ovarian
cyp19a1a expression was up-regulated in XX wt1b-/- fish, compared with XX control at 90 dah. Serum
estradiol-17β level was also up-regulated in XX wt1b-/- fish at 90 and 180 dah. The XY wt1b-/- fish had normal
serum estradiol-17β and 11-ketotestosterone levels and remained fertile. These results suggest that Wt1a and
Wt1b have different functions in the kidneys and gonads of tilapia.

1. Introduction

Urinary system and genital system are closely related during
embryogenesis. The urogenital apparatus includes the kidneys, gonads,
and urinary and reproductive ducts (Kuure et al., 2000; Nakamura
et al., 2006; Massé et al., 2009; Gerlach and Wingert, 2013). The
Wilms’ tumor 1 (WT1) gene encodes a zinc finger protein that is
mutated in a proportion of nephroblastomas, an embryonic kidney
tumor found in 1:10,000 newborns (Gessler et al., 1990; Pritchard-
Jones et al., 1990; Menke et al., 1998). In addition to being a candidate
tumor suppressor gene, WT1/Wt1 is also known to play critical roles in
the regulation of the urogenital system development, including the
kidney and gonad (Kreidberg et al., 1993).

In vitro and in vivo studies suggest that WT1/Wt1 acts as both a
transcriptional activator and repressor (Shimamura et al., 1997;

Palmer et al., 2001; Sim et al., 2002; Gurates et al., 2002, 2003;
Bradford et al., 2009). A combination of alternative splicing, alternative
translational start sites and RNA editing ofWT1 leads to the expression
of at least 24 different isoforms in human (Scholz and Kirschner,
2005). Of particular interest are two alternative splice donor sites at the
end of exon 9, leading to the insertion or omission of three amino acids
(KTS) between zinc finger domains 3 and 4 (designated as +KTS and
-KTS isoforms). In vitro studies (Caricasole et al., 1996) and computer
modeling (Kennedy et al., 1996) suggest that +KTS isoform can bind to
RNA, and it has been speculated that it may play a role in posttran-
scriptional modification. NMR relaxation experiments demonstrate
that the insertion of the KTS sequence leads to an increased linker
flexibility and loss of DNA binding of zinc finger 4 (Laity et al., 2000).
The KTS alternative splice site and zinc finger domain are highly
conserved in all vertebrates (Spotila and Hall, 1998; Carmona et al.,
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2001; Yamamura et al., 2005). In teleosts, two wt1 gene (wt1a and
wt1b) have been identified, and +KTS and -KTS splice variants exist in
both genes (Bollig et al., 2006; Klüver et al., 2009).

Analysis of Wt1 expression in mice showed a developmentally
dynamic expression pattern with an onset at 9.5 days postcoitum (dpc)
within the urogenital ridge. During kidney development, Wt1 is
expressed at low levels within the un-induced metanephric blastema,
and increases during condensation and formation of comma- and S-
shaped bodies (Armstrong et al., 1993). In adult kidneys, Wt1 is
expressed within the glomerular podocytes (Gao et al., 2004). During
gonadal development, Wt1 expression can be found within the
coelomic epithelial cell layer, as well as the developing Sertoli cells of
males and the granulosa cells of females (Mundlos et al., 1993; Gao
et al., 2006, 2014). In zebrafish and medaka embryos, expression of
wt1a occurs earlier and more broadly than wt1b in the kidney (Bollig
et al., 2006; Perner et al., 2007; Klüver et al., 2009). In medaka,
expression of wt1a also occurs earlier than wt1b in the genital ridge. In
adult fish, wt1 genes also express in the kidneys and gonads. In adult
medaka,wt1a andwt1b are both expressed in Sertoli cells of the testes,
and expression of wt1a is more widespread than wt1b (Klüver et al.,
2009). These expression profiles suggest Wt1s have conserved role in
the urogenital system in teleosts.

The importance of WT1 during the development of the urogenital
system is reflected by mutations, which lead to two developmental
syndromes in man: Denys-Drash syndrome (DDS) and Frasier syn-
drome (Little and Wells, 1997). DDS patients suffer from diffuse
mesangial sclerosis, urogenital abnormalities, and a high risk of
developing Wilms’ tumors, whereas Frasier patients have focal seg-
mental glomerular sclerosis, show male-to-female sex reversal, how-
ever, do not usually develop tumors. Notably, WT1 mutations in
Frasier patients are found in intron 9 and affect recognition of the
second alternative splice donor site in the KTS region. As Frasier
syndrome is caused by dominant mutation, it has been proposed that
splice site mutation causes a shift in the ratio of KTS isoforms toward
the -KTS forms (Barbaux et al., 1997; Klamt et al., 1998).

Mice carrying homozygous mutations of Wt1 lack kidneys, gonads
and adrenal glands (Kreidberg et al., 1993). Most recent evidence
suggests that Wt1 participates in multiple functions in both testes and
ovaries in mammals (Ji et al., 2013; Chen et al., 2014; Gao et al., 2014;
Takasawa et al., 2014; Zhang et al., 2015a; Liu et al., 2016). In
zebrafish, knockdown of wt1a led to failure of glomerular differentia-
tion and morphogenesis, resulting in a rapidly expanding general body
edema, while inactivation of wt1b was compatible with early glomer-
ular development (Perner et al., 2007). In medaka, wt1a, wt1b and
wt1a/bmorphants die shortly before or after hatching, probably due to
non-functional pronephros and additional embryonic deformities,
while only double knockdown of wt1a and wt1b displayed strong
influence on the number of primordial germ cells (PGC) during gonad
development (Klüver et al., 2009). These results suggest that Wt1a and
Wt1b are involved in different functions in kidney and gonad devel-
opment in fish. However, the role of Wt1a and Wt1b in urogenital
system development has not been well elucidated owing to the lack of
knockout approach in teleosts.

Nile tilapia (Oreochromis niloticus) is an important aquaculture
fish that has an XX-XY sex-determination system (Sun et al., 2014a).
Nile tilapia is also a good model fish as the genomic sequence has been
determined and it gene editing methods have been established (Li
et al., 2013, 2014; Brawand et al., 2014). In this study, wt1a and wt1b
were identified in Nile tilapia. Their expression profiles in the kidney
and gonad of Nile tilapia were analyzed by in situ hybridization (ISH).
wt1a and wt1b knockout lines were separately established using
CRISPR/Cas9 technology. Our data suggested that wt1a and wt1b
have different functions in kidney and gonad development in Nile
tilapia. The wt1a-/- and wt1b-/- fish may be good models for revealing
Wt1 function in vertebrates.

2. Materials and methods

2.1. Animals

Nile tilapia, Oreochromis niloticus, were kept in recirculating,
aerated freshwater tanks at 26 °C with a natural photoperiod. All XX
progenies were obtained by crossing a pseudomale (XX male, produ-
cing sperm after hormonal sex reversal) with a normal female (XX). All
XY progenies were obtained by crossing a supermale (YY) with a
normal female. Animal experiments were conducted in accordance
with the Guide for Care and Use of Laboratory Animals and were
approved by the Committee of Laboratory Animal Experimentation at
Southwest University.

2.2. Data mining and phylogenetic and syntenic analyses

The complete cDNA sequences of tilapia wt1a and wt1b were
obtained from the National Center for Biotechnology Information
(NCBI) databases with the accession numbers XM 005449373 and
XM 019359281, respectively. The cDNA sequences were available from
previous transcriptome data reported by our group (Tao et al., 2013).
We also designed primers based on the predicted open reading frames
(ORF) to confirm the cDNA sequence (Supplementary Table S1).

Genome databases, including the UCSC Genome Bioinformatics
(http://genome.ucsc.edu/), Ensembl (http://www.ensembl.org/) and
the NCBI databases (http://blast.ncbi.nlm.nih.gov/), were searched for
wt1-like sequences in available representative vertebrate genomes.

Multiple alignments of Wt1a and Wt1b amino acid sequences were
performed using ClustalX (http://www.clustal.org/). The neighbor-
joining method, as implemented in MEGA 5.0 (http://www.
megasoftware.net/), was used to construct the phylogenetic tree. For
syntenic analysis, the orientation and chromosomal positions of wt1a
and wt1b and their adjacent genes were determined. The gene loci
flanking the wt1 genes in the genomes of different vertebrates were
ascertained with the ensemble genome browser using tilapia wt1a
(ENSONIG00000011043) and wt1b (ENSONIG00000005545) as
query sequences. Genomic location data were then used to rebuild
the synteny maps surrounding the Wt1 genes in vertebrates.

2.3. Reverse transcription PCR (RT-PCR)

Total RNA (2.0 μg) was isolated from various tissues of adult XX
and XY fish. The quality and concentration of the RNA were assessed
using a NanoDrop 2000 (Thermo Scientific, USA). Total RNA was
treated with RNase-free DNase I (Thermo Scientific Corp, Waltham,
MA, USA). M-MLV Reverse Transcriptase (Promega, Madison, WI,
USA) was used for cDNA synthesis with oligo-dT (12−18) primers.
cDNA was subjected to amplification using specific primers based on
wt1a and wt1b. actb (accession number: EU887951) expression was
used as an internal reference for normalization. The wt1a, wt1b and
actb primers for tissue distribution are listed in Supplementary Table
S1. Amplification consisted of 35 cycles (actb 28 cycles) of 30 s at
95 °C, 60 °C for 30 s, and 72 °C for 30 s; followed by further extension
at 72 °C for 10 min. PCR products were separated on a 2.0% agarose
gel and visualized with ethidium bromide.

2.4. In situ hybridization (ISH)

The whole bodies (after removal of the yolk and gut) of XX and XY
tilapia fry, at 3, 5, 20 and 40 days after hatching (dah) and gonads of
tilapia at 90, 120 and 180 dah were fixed in 4% paraformaldehyde
(Sangon Biotech, Shanghai, China) in 0.85×PBS at 4 °C to determine
the expression of wt1a and wt1b in the gonad and kidney by ISH, as
described previously (Yu et al., 2014). Digoxigenin (DIG) -labeled
riboprobes of both wt1a and wt1b lacked the highly-conserved zinc-
finger encoding region to avoid cross-hybridization. The wt1a and

D. Jiang et al. Developmental Biology 428 (2017) 63–73

64

http://genome.ucsc.edu/
http://www.ensembl.org/
http://blast.ncbi.nlm.nih.gov/
http://www.clustal.org/
http://www.megasoftware.net/
http://www.megasoftware.net/


wt1b gene-specific primers for ISH are listed in Supplementary Table
S1. Sense and antisense DIG-labeled riboprobes for wt1a and wt1b
were transcribed in vitro with an RNA labeling kit (Roche Diagnostics
GmbH, Mannheim, Germany) from linearized pGEM-T-easy plasmid
(Promega, USA) containing partial ORFs of tilapia wt1a and wt1b.

2.5. Establishment of wt1a and wt1b mutant lines by CRISPR/Cas9

The tilapia wt1a and wt1b mutants were generated by CRISPR/
Cas9-induced gene knockout, as described previously (Li et al., 2014).
Briefly, gRNA and Cas9 mRNA were co-injected into one-cell stage
embryos at a concentration of 250 ng/μl and 500 ng/μl. Twenty
embryos were collected 72 h after injection. Genomic DNA was
extracted from pooled control and injected embryos and used for the
mutation assays. DNA fragments spanning the target site were
amplified using the primers listed in Supplementary Table S1. The
mutated sequences were analyzed by restriction enzyme digestion and
Sanger sequencing.

F0 fish were screened by restriction enzyme digestion, as outlined
above. Males reach sexual maturity at 180 dah, much earlier than
females (at 240 dah or even later) in Nile tilapia and mature males
produce sperm daily while females spawn only once in a 14 day
spawning cycle. Heterozygous F1 offspring were obtained by a F0 male
founder mated with a wild type XX female fish. The F1 fish were
genotyped by fin clip assay and the individuals with frame-shift
mutations were selected. XY male and XX female siblings of F1
generation, carrying the same mutation, were mated to generate
homozygous F2 mutants.

2.6. Genotyping

Genomic DNA of fin clips was isolated by phenol/chloroform
extraction following proteinase (Sigma, Germany) digestion. The
genotypic sex of the fish was determined by sex-linked DNA Marker-
5 (Sun et al., 2014a).

The wt1a and wt1b F2 mutants were detected using the hetero-
duplex motility assay (HMA), as previously reported (Zhang et al.,
2015b). In brief, fragments including the target sites of wt1a (159 and
179 bp) and wt1b (92 and 109 bp) were amplified by gene specific
primers (Supplementary Table S1). A three-step PCR was carried out as
follows: 95 °C for 3 min, 37 cycles of 95 °C for 30 s, 60 °C for 30 s and
72 °C for 20 s, followed by 10 min at 72 °C; and 5 μl of PCR reaction
was electrophoresed on 12% polyacrylamide gels at 250 V for 30 min,
after which the gel was stained with ethidium bromide and visualized
using a Gel Doc XR System (Bio-Rad, USA).

2.7. Sampling and histological examination

The whole bodies of wt1a and wt1b F2 generation fries, at 3 and 6
dah (after removal of the yolk and gut), and gonads of wt1a and wt1b
F2 generation fish, at 90 and 180 dah, were sampled. Samples were
fixed in Bouin's solution for 24 h at room temperature, dehydrated and
embedded in paraffin. Tissue blocks were sectioned at 5 µm and
stained with hematoxylin and eosin.

2.8. Immunohistochemistry (IHC)

The whole bodies of XX/XY wt1a-/- and wt1a+/+ fry, at 6 dah, and
gonads of XX/XY wt1b-/- and control fish, at 90 dah, were sampled.
Sections were prepared as outlined above. Production of polyclonal
antibodies and IHC analysis were performed, as described previously
(Li et al., 2015). Cyp19a1a (cytochrome P450, family 19, subfamily A,
polypeptide 1a) and Vasa (DEAD-box helicase 4) antibodies were
provided by Professor Yoshitaka Nagahama, the National Institute
for Basic Biology, Okazaki, Japan (Kobayashi et al., 2003; Zhang et al.,
2014). Amh (Anti-Müllerian hormone), Dmrt1 (double sex- and mab-

3-related transcription factor-1) and Gsdf (gonadal soma-derived
factor) antibodies were prepared in our laboratory (Sun et al., 2014b;
Jiang et al., 2016; Xie et al., 2016). Antibodies against Cyp19a1a, Vasa,
Amh, Dmrt1, and Gsdf were diluted at 1:3000, 1:100, 1:1000, 1:100
and 1:1000, respectively. Goat anti-rabbit antibody conjugated with
horseradish peroxidase (SV0002, Boster, China) was used to detect
primary antibodies.

2.9. Real-time PCR

Ovaries and testes were dissected from the wt1b-/- and control XX/
XY fish at 90 dah. Total RNA extraction and cDNA synthesis were
carried out as mentioned above. Real-time PCR was performed on an
ABI-7500 real-time PCR machine (Applied Biosystems, USA), with the
SYBR® Premix Ex Taq™ II (Takara, Japan) according to the manufac-
turer's instructions. The relative abundance of wt1a, cyp19a1a, amh
and cyp11b2 (cytochrome P450, family 11, subfamily B, polypeptide 2)
transcripts was evaluated using the formula: R =2-ΔΔCt. The reference
gene actb was used to normalize the expression values. Primer
sequences used for real-time PCR are listed in Supplementary Table S1.

2.10. Serum steroid hormone assay

Blood samples were collected from the caudal veins of wt1b-/- and
control XX/XY fish at 90 and 180 dah and stored at 4 °C overnight.
Serum was collected after centrifugation and stored at −20 °C until use.
Serum estradiol-17β and 11-ketotestosterone levels were measured
using enzyme immunoassay kits (Cayman, USA), according to the
manufacturer's instructions.

2.11. Statistical analysis

All data are expressed as means ± SD. Significant differences in the
data between groups were analyzed by one-way ANOVA with Duncan's
post-hoc test using a threshold of P < 0.05. Paired-samples T test was
also used with the significance level at P < 0.05. All statistical calcula-
tions were performed using SPSS 16.0 (SPSS, Chicago, IL, USA).

3. Results

3.1. Sequence analysis

We identified two wt1 genes in the tilapia genome comparable to
those found in zebrafish and medaka (Bollig et al., 2006; Klüver et al.,
2009). The two tilapia wt1 genes were designated wt1a (NCBI
accession number: KY432302) and wt1b (NCBI accession number:
KY432303). The reconstructed full-length ORFs of wt1a and wt1b are
encoded by nine exons. The KTS is located between zinc finger domains
3+4 (Supplementary Fig. S1). Additionally, in certain clones of wt1a,
we detected a splice isoform lacking exon 4 (84 bp) (Schnerwitzki et al.,
2014), which was also present in the +/− KTS isoform, while a wt1b
sequence lacking exon 4 was never detected.

The wt1a and wt1b ORFs encode proteins of 442 and 423 amino
acids, respectively. Alignment of the Wt1a and Wt1b sequences
revealed proteins with an overall amino acid identity of 71%, but with
a much higher identity of 93% in the zinc-finger regions. The overall
sequence of Wt1a shares 65% and 67% identity with Wt1/WT1 of
mouse and human, respectively, while Wt1b shares 63% identity with
Wt1/WT1 of both mouse and human. However, in the zinc-finger
region, there is high sequence homology among them. The zinc-finger
region of Wt1a shares 91% and 93% identity with Wt1/WT1 of mouse
and human, respectively, and Wt1b shares 90% identity with Wt1/WT1
of both mouse and human. Multiple alignments showed that tilapia
Wt1a was highly homologous to Wt1a from medaka (94%), tetraodon
(Tetraodon nigroviridis) (87%) and zebrafish (81%) at the amino acid
level. Tilapia Wt1b showed a high degree of similarity to the Wt1b of
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medaka (83%), tetraodon (78%) and zebrafish (69%) (Supplementary
Fig. S1).

3.2. Phylogenetic and syntenic analyses

Phylogenetic analysis also revealed that fish Wt1a and Wt1b
clustered into two different clades. The Wt1a group contained the fish
Wt1a and the Wt1 from tetrapods, indicating that this ortholog may
have evolved from the ancient Wt1 protein. In contrast, the Wt1b
group only contained teleost Wt1, indicating that this ortholog may
have resulted from a recent fish-specific genome duplication
(Supplementary Fig. S2). wt1a and its upstream genes, tcpiil1 and
hipk3a, were conserved in synteny in both teleosts and tetrapods, as
did wt1b along with its upstream genes, prrg4, cstf3 and hipk3b, and
its downstream genes, rcan1, pax6b, elp4 and immp1l (Supplementary
Fig. S3).

3.3. Tissue distribution

In adult female fish, wt1a was highly expressed in the spleen, ovary
and heart, but only weakly expressed in the gill, liver, kidney, stomach,
hypothalamus and pituitary. wt1b was highly expressed in the spleen,
ovary and heart, moderately expressed in the liver, but weakly
expressed in other tissues. In adult male fish, wt1a was highly
expressed in the spleen, testis and heart, but weakly expressed in the
gill, liver and kidney. wt1b was highly expressed in the spleen, testis,
liver and kidney, moderately expressed in the heart and hypothalamus,
and only weakly expressed in other tissues (Supplementary Fig. S4).

3.4. Expression of wt1a and wt1b in larval kidney

ISH analysis showed that wt1a was found to be expressed in the
pronephros at 3 dah, while wt1b was not detected at the same time
point. wt1b was expressed more laterally and weakly in the glomerulus
than wt1a in the area of the glomerular-tubular junction at 5 dah
(Fig. 1A, a-d). Bothwt1a andwt1b were expressed in the glomerulus of
the kidney at 20 and 40 dah (Fig. 1A, e-h).

3.5. Expression of wt1a and wt1b in larval and adult gonads

ISH analysis showed thatwt1a andwt1b were expressed in somatic
cells of both sexes during embryonic stages from 3 dah onward
(Fig. 1B, a-h). In the adult stage, wt1a was expressed in the interstitial
cells, theca cells and granulosa cells, while wt1b was expressed in the
interstitial cells of the ovary. In the testis, wt1a was expressed in the
somatic cells, likely to be Sertoli cells by their location, while wt1b was
expressed in myoid cells and Sertoli cells in adult stage (Fig. 1B, i-l).

3.6. Efficient disruption of wt1a and wt1b by CRISPR/Cas9

The gRNA sites containing Fok I andHp166 II adjacent to PAM, for
mutation analysis, were selected in the first exon of wt1a and wt1b,
respectively. Genomic DNA from 20 pooled injected embryos was used
as a template for PCR amplification and mutation assays. Complete
digestion with a selected restriction enzyme produced two fragments in
the control groups, while an intact DNA fragment was observed in
embryos injected with both Cas9 mRNA and target gRNA. The
percentage of uncleaved bands was measured using Quantity One
Software. Representative Sanger sequencing results from the uncleaved
bands are listed (Fig. 2A; Supplementary Fig. S5).

3.7. Establishment of homozygous wt1a and wt1b mutant lines

The XY F0 wt1a or wt1b deficient fish were screened by enzyme
digestion. The XY F0wt1a andwt1b deficient fish were able to produce
sperm at adult stages. The mutation types of wt1a and wt1b in the F1

generation were screened by enzyme digestion and sequencing. The
wt1a and wt1b heterozygous F1 offspring selected to breed the F2
generation were found to have 20 and 17 bp deletions, respectively.
Frame-shift mutation resulted in premature termination of wt1a and
wt1b (Fig. 2B; Supplementary Fig. S6). HMA (heteroduplex motility
assay) identified the heterozygouswt1a+/- andwt1b+/- individuals with
both heteroduplex and homoduplex amplicons, while the wt1a+/+,
wt1a-/-, wt1b+/+ and wt1b-/- individuals possessed only the homo-
duplex amplicons (Fig. 2C).

3.8. Effects of wt1a and wt1b mutation on kidney development

The F2 wt1a-/- fish developed pericardial edema and yolk sac
edema at 3 dah and subsequent general body edema at 6 dah. All
wt1a-/- fish died before 10 dah, while wt1b-/- fish were normal and
viable (Fig. 3A, B). Only wt1a+/+ and wt1a+/- fish (12:24) in the wt1a
F2 generation survived into adulthood, proving that the wt1a homo-
zygous mutation in tilapia is lethal (Table 1). Histological observations
revealed that the glomerulus did not form in the pronephros of wt1a-/-

fish, while glomerulus of wt1b-/- and wild type fish were not affected at
6 dah (Fig. 3C).

3.9. Effects of wt1a and wt1b mutation on gonad development

Histology observation showed that the gonad morphology of both
male and female wt1a-/- fish was abnormal. The diameters of the
gonads and PGCs were smaller compared with the control at 6 dah, and
the shapes of the gonads were irregular. wt1a-/- fish died during 6–10
dah, as mentioned above. We analyzed the gene expression in F2
wt1a-/- fish gonads at 6 dah. IHC was performed to detect germ cell
marker Vasa and somatic cell genes (Cyp19a1a, Dmrt1, Gsdf and
Amh). IHC revealed that Vasa was expressed in the PGC of both XX
and XY wt1a+/+gonads. Cyp19a1a was expressed in somatic cells of the
XX wt1a+/+, while Amh, Gsdf and Dmrt1 were expressed in somatic
cells in XY wt1a+/+ gonads at 6 dah. Vasa was expressed in the PGC of
both XX and XY wt1a-/- gonads, while Amh, Gsdf, Dmrt1 and
Cyp19a1a were detected in neither XX nor XY wt1a-/- gonads at 6
dah (Fig. 4).

We compared the phenotype versus genotype of 91 wt1b F2
offspring at 90 and 180 dah. Three wt1b genotypes (wt1b+/+,
wt1b+/- and wt1b-/-) were present in Mendelian ratios. The phenotype
sexes of the wt1b F2 were consistent with the genotype sexes (Table 1).
IHC analysis showed that Cyp19a1a was expressed in the interstitial
cells of wt1b-/- and wt1b+/+ ovaries of XX fish, but was not expressed
in wt1b-/- and wt1b+/+ testes of XY fish at 90 dah (Fig. 5A). cyp19a1a
was significantly up-regulated in XX wt1b-/- ovaries compared with the
wt1b+/+ ovaries, while amh expression was significantly down-regu-
lated in XY wt1b-/- testes compared with the wt1b+/+ testes at 90 dah.
wt1a and cyp11b2 expression in XX and XY wt1b-/- gonads was not
influenced at 90 dah (Fig. 5B). Serum estradiol-17β levels in XX
wt1b-/- fish were significantly higher than those of the XX wt1b+/+ fish
at 90 and 180 dah. The serum estradiol-17β and 11-ketotestosterone
levels in the XY wt1b-/- fish were not changed (Fig. 5C). The wt1b-/-

male were fertile as they produce 100% wt1b+/- progenies when mated
with wt1b+/+ wild-type females (Supplementary Fig. S7).

4. Discussions

Wilms tumor protein Wt1 is an essential factor for kidney and
gonad development. Teleosts possess two wt1 co-orthologs (wt1a and
wt1b) due to fish-specific genome duplication. Functional studies of
Wt1a and Wt1b have only been carried out in model fish species
(Perner et al., 2007; Bollig et al., 2009). In this study, we identified two
wt1 co-orthologs in Nile tilapia and analyzed their expression and
function during kidney and gonad development using ISH and
CRISPR/Cas9 knockout approaches. Our results showed functional
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divergence at the transcriptional level, as well as functional redundancy
at the protein level, and compensation between tilapia wt1a and wt1b.

4.1. Conservation of wt1a and wt1b during teleost evolution

In this study, only one copy of the wt1 genes were successfully
isolated from spotted gar (Lepisosteus oculatus), coelacanth
(Latimeria chalumnae) and elephant shark (Callorhinchus milii).
Synteny analysis revealed that the genes surrounding wt1 from teleost
species (including tilapia) and genes surrounding wt1 from other bony
fishes (coelacanth and spotted gar) and tetrapods were quite conserved.
These results confirmed that wt1b is a teleost-specific gene and
originated from the fish-specific genome duplication (3R) which took

place approximately 350 million years ago (Volff, 2005). Both wt1
genes in tilapia are expressed in the +KTS and –KTS isoforms, which
are highly conserved throughout vertebrate evolution (Haber et al.,
1991; Kent et al., 1995; Hammes et al., 2001). In addition, alternative
splicing of wt1a exon 4, which is a common event in teleosts, is also
found in tilapia (Schnerwitzki et al., 2014). Tilapia Wt1a and Wt1b
sequences are evolutionarily conserved with those of other teleosts.

4.2. Function of Wt1a and Wt1b on kidney development

The expression profiles of wt1a and wt1b in tilapia embryonic
kidneys were temporally and spatially similar to those of zebrafish and
medaka (Bollig et al., 2006, 2009; Klüver et al., 2009). A highly

Fig. 1. Expression of wt1a and wt1b in tilapia kidney (A) and gonads (B) analyzed by in situ hybridization. (A) a-d, wt1a was expressed in the glomerulus of kidney at 3, 5, 20 and 40
dah. e,wt1b was not expressed in the kidney at 3 dah; f-h,wt1b was expressed in the glomerulus of kidney at 5, 20 and 40 dah. GL, glomerulus; PT, pronephric tubule; MT, mesonephric
tubule. (B) a-h, wt1a and wt1b were expressed in the somatic cells of gonads at 3 and 5 dah. In most case, a single PGC will be observed in one cross section of gonads at 3 and 5 dah.
PGCs were distinguishable morphologically from somatic cells by their larger size. If the cross sections are in the center of the PGCs, the PGCs may occupy larger area of the cross section
and the boundaries between them are relatively clear (Fig. 1B, a, c, e, f, g). On the other hand, if the cross sections are on the edges of the PGCs, the PGCs and somatic cells may overlap
with each other on some cross sections to make the boundaries between them unclear (Fig. 1B, b, d, h). i, wt1a was expressed in the interstitial cells, thecal cells and granulosa cells of
ovary at 180 dah; j, wt1a was expressed in the Sertoli cells of testis at 120 dah. k and l, wt1b was expressed in the myoid cells and Sertoli cells of testis, and in the interstitial cells of the
ovary at 180 dah. PGC, primordial germ cells; OC, oocytes; SC, spermatocyte. A purple color corresponds to a positive signal.
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conserved retinoic acid responsive element (5`-AGTTGA-(N)5-
GGGTCA-3`), which controls zebrafish wt1a expression in the prone-
phros (Bollig et al., 2009), was also found 8.3 kb upstream of Nile
tilapia wt1a. The regulatory element and expression profiles diver-
gences provide evidence for different functions ofwt1a andwt1b in the
development of the pronephric kidney in teleosts.

Inactivation of Wt1 in mice caused embryonic lethality and multiple
organ defects, most notably agenesis of the kidneys (Kreidberg et al.,

1993). The kidney defects seen in Wt1 mutation mice were mimicked
by the wt1a homozygous mutation in tilapia and wt1a morphant
zebrafish embryos. wt1b morphant embryos were compatible with
early glomerular development, however, they subsequently developed
cysts in the glomeruli, tubules and pericardial edema suggesting that
Wt1b functions at later stages of nephrogenesis in zebrafish (Perner
et al., 2007). In medaka, wt1a, wt1b and wt1a/b morphants were
embryonic lethal suggesting that both wt1a and wt1b are essential for

Fig. 2. Design of CRISPR/Cas9 targetingwt1a andwt1b and establishment of homozygous mutation lines. (A)wt1a andwt1b genes and target sites of CRISPR/Cas9 (arrowheads). The
numbers indicate the base positions starting at the adenine nucleotide of the initiation codon. Nucleotide sequences of the CRISPR/Cas9 target sites and PAM (in red) listed. (B) The F1
fish selected for breeding F2. Nucleotide and amino-acid sequences of CRISPR/Cas9 target sites (arrowheads), PAM (red) and the resultant deletions. Deletion of 20 bp form the first
exon of wt1a and deletion of 17 bp in the first exon of wt1b were obtained. Predicted amino-acid sequences of wild type (WT) and deletion alleles are listed. Asterisks indicate stop
codons. (C) The genotypes were identified by heteroduplex motility assay (HMA) on PCR amplicons, which shows homoduplexes (open arrowhead) in WT (+/+) and homozygous
mutant (-/-) and both homoduplexes and heteroduplexes (arrow) in the heterozygous mutant (+/-), M, DNA marker.

Fig. 3. Effects of homozygous mutation of wt1a and wt1b on embryonic and larval development of Nile tilapia. (A) Observation of the embryonic and larval development of wt1a and
wt1b mutant fish. wt1a+/+ and wt1a+/- in F2 fish, wt1b+/- and wt1b-/- F2 fish is normal at 3 and 6 dah, while wt1a-/- fish developed pericardial edema and yolk sac edema at 3 dah,
which became more serious at 6 dah. Pericardial edema is marked by arrows and yolk sac edema by arrowheads. (B) Survival rate of the wt1a mutant F2 embryos. The survival rate of
wt1a-/- fish is significantly lower than that of wild type and wt1a +/-

fish. Paired-samples T-test was carried out (P < 0.05). (C) Histological observation of cross sections of kidney of the
wt1a-/-,wt1b-/- and the wild type fish at 6 dah. The glomerulus and pronephric tubule were observed in thewt1b-/- and the wild type fish, but not in thewt1a-/- fish. In addition, PGCs in
the wt1b-/- and the wild type fish are much larger than that of wt1a-/- fish. GL, glomerulus; PT, pronephric tubule; PGC, primordial germ cell.
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embryonic pronephros development (Klüver et al., 2009). In contrast
to medaka and zebrafish, the wt1b-/- tilapia fish were viable, with
normal glomerulae suggesting that Wt1b was redundant for pronephric
kidney development in tilapia. Taken together, Wt1a alone or together
with Wt1b perform the functions of mammalian Wt1 during kidney
development in teleosts. Double-homozygous knockouts need to be
established in the future to judge whether double mutants would be
more severely affected than the wt1a mutants and whether there is
compensation or redundancy of Wt1 subtypes.

4.3. Function of Wt1a and Wt1b on sex determination and
differentiation

In the bipotential gonads of XY mice, Wt1 was expressed at 9.5 dpc
within the urogenital ridge, while the master male sex-determining
gene Sry was expressed later at 10.5 dpc, suggesting that Wt1 is the
upstream gene of Sry (Armstrong et al., 1993; Karl and Capel, 1998;
Kim et al., 1999). SRY/Sry initiates male differentiation by triggering
the expression of SOX9/Sox9 and AMH/Amh in mammals (Josso and
Clemente, 2003; Joseph et al., 2009). Amh is essential for Müllerian
duct (MD) regression in mammals, while the MD does not exist in
teleosts (Pfennig et al., 2015). In the genital ridge of medaka, wt1a was
expressed in somatic cells at stage 33, earlier than the master male sex-
determining gene dmy, which is detectable at stage 37. wt1b was not
detectable in embryonic developing gonads, suggesting that Wt1a
independently regulated dmy in the gonads during the early stages of
development (Kobayashi et al., 2004; Klüver et al., 2009). In addition,
in vitro promoter analyses revealed that medaka Wt1a was able to
regulate dmy (Chakraborty et al., 2016). In Nile tilapia, amhy is the
master male sex-determining gene and was detectable in the XY gonads
5 dah (Li et al., 2015), while both wt1a and wt1b were simultaneously
expressed in somatic cells surrounding the PGCs of both sexes at 3 dah,
suggesting that amhy might be regulated by Wt1a and Wt1b. The
gonads of the larval fish are very small and it is very hard to reveal the
boundaries between the PGCs and somatic cells by ISH. IHC is
probably a better way to show the expression pattern of these genes.
The Nile tilapia Wt1a and Wt1b polyclonal antibodies are in prepara-
tion.

In the present study, based on gene expression we concluded that
the sex of the wt1a-/- fish was undifferentiated at 6 dah. In Nile tilapia,
the molecular sex determination occurred (judged by the expression of
the sex determining gene amhy in XY fish) before 5 dah (Li et al.,
2015). The female somatic cell marker Cyp19a1a was expressed in the
gonad of XX wt1a+/+ control fish at 6 dah (Sun et al., 2014b), but not
in the gonad of XX wt1a-/- fish; while the male somatic markers Dmrt1
and Gsdf were expressed in the gonad of XY wt1a+/+ control fish (Sun
et al., 2014b; Jiang et al., 2016; Shi et al., 2017), but not in the gonad of
the XY wt1a-/- fish. All wt1a-/- fish died before 10 dah preventing us
from doing functional studies on sex determination and differentiation.
The effects of the wt1a homozygous mutation on somatic cell protein

expression may be caused by secondary effects resulting from multiple
organ defects in the wt1a-/- fish. Furthermore, based on both gene
expression and morphology, the sex phenotypes of the XX and XY
wt1a F0 fish with high mutation rates (Supplementary Table S2) and
wt1b-/- fish (Table 1) were not affected after 90 dah. Taken together,
our results suggested thatwt1a andwt1bmay compensate one another
in sex determination and differentiation in tilapia. Disruption of wt1a
by CRISPR/CAS9 in the wt1b-/- fish might give insight of Wt1s
function on teleost sex determination and differentiation.

4.4. Function of Wt1a and Wt1b in testes

In the testes of adult mammals, Wt1 is specifically expressed in
Sertoli cells. It has been shown that Wt1 and Sf-1 (nuclear receptor
subfamily 5, group a, member 1) can synergistically promote Amh
expression (Nachtigal et al., 1998). InWt1 conditional knockout mouse
testes, Sertoli cells were not maintained and the genes in the Sertoli
cells were not expressed, including Amh and Sox9 (Gao et al., 2006).
Wt1 was also required for steroidogenesis in Leydig cells in mouse
testes, deletion of the Wt1 gene resulted in a defect in testosterone
biosynthesis and downregulation of steroidogenic gene expression
(Chen et al., 2014). In the testes of adult medaka, both wt1a and
wt1b mRNA transcripts were detected in Sertoli cells (Klüver et al.,
2009). Similarly, in tilapia testes, wt1a and wt1b were expressed in
Sertoli cells indicating the functional conversion of Wt1s in fish testis.
Thewt1a-/- fish are lethal and therefore it was difficult to determine the
expression of genes in the gonads after Wt1a inactivation. The wt1a
conditional knockout fish model should be established to overcome the
limitation of the homozygous mutants in the future. In XY wt1b-/- fish,
testicular amh expression was down-regulated instead of completely
abolished at 90 dah, suggesting that amh was probably regulated by
both Wt1a and Wt1b in tilapia. Despite partial down-regulation of
amh, serum estradiol-17β and 11-ketotestosterone levels in XY wt1b-/-

fish were normal. In addition, the adult XY wt1b-/- fish were normal
and fertile. Taken together, our results suggested that Wt1b is
redundant for testicular function and male reproduction in tilapia.

4.5. Function of Wt1a and Wt1b in ovaries

In the ovaries of adult mammals, Wt1 is specifically expressed in
the granulosa cells (Gao et al., 2014). In tilapia, wt1a was expressed in
the interstitial cells, thecal cells and granulosa cells, while wt1b was
dominantly expressed in the interstitial cells of the ovaries, suggesting
functional diversification of Wt1s in fish ovaries (Fig. 1B). To our
knowledge, this is the first report of wt1s expression in adult fish
ovaries. However, it is still hard to tell which cell types were positive for
Wt1a and Wt1b in the gonads. These problems will also be resolved by
IHC procedure with Nile tilapia Wt1a and Wt1b polyclonal antibodies
in our further studies.

At present, the physiological significance of Wt1 in the ovary
remains elusive in non-mammalian vertebrates. XXWt1+/R394W female
mice were subfertile, follicle development was aberrant and some
genes, including Fshr, 3β-HSD and Cyp19a1a, were up-regulated (Gao
et al., 2014). Likewise, stimulation of CYP19A1 promoter activity by
SF-1 in cell lines is inhibited by WT1 and DAX1 in vitro (Gurates et al.,
2002, 2003). At 90 dah, the XX wt1b-/- ovarian cyp19a1a expression
was significantly up-regulated, compared with the XX wt1b+/+, and
serum estradiol-17β levels were also up-regulated, suggesting that
Wt1b may inhibit cyp19a1a expression in tilapia (Fig. 5). The influence
of the wt1b homozygous mutation on female fertility remains to be
tested in future studies. If fertility of the XX wt1b-/- female can be
influenced by the increase of serum sex hormone levels, following the
up-regulation of cyp19a1a expression, the XX wt1b-/- female fish may
be a good model for understanding the influence of Wt1 mutations on
female fertility in mammals.

However, despite the wt1a F0 XX fish (knockout rate =80%) being

Table 1
Genotype, genotypic and phenotypic sex of wt1a and wt1b F2 generation fish at 90 and
180 days after hatching.

Generation Genotype XX XY

Male Female Male Female

+/+ 0 5 7 0
wt1a +/- 0 11 13 0

-/- 0 0 0 0
+/+ 0 12 10 0

wt1b +/- 0 24 25 0
-/- 0 10 10 0

Note, the wt1a and wt1b genotype, genotypic and phenotypic sexes were determined
using heteroduplex motility assay (HMA), sex specific Marker-5 and gonad histology
observation at 90 and 180 days after hatching.
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fertile (data not shown), the possibility that the residual Wt1a in the F0
mosaic fish is essential for ovarian function cannot be excluded.
Together, our results suggest that both Wt1a and Wt1b are important
for ovarian function in tilapia.

5. Conclusions

We identified wt1a and wt1b sequences in Nile tilapia. The
sequences and alternative splice sites of tilapia wt1a and wt1b are
conserved with other teleosts. The expression profiles of tilapia wt1a
and wt1b in the kidney and gonads are similar, but not identical with
other teleosts. A functional study by CRISPR/CAS9 demonstrated that

Wt1a is essential, while Wt1b is redundant for tilapia pronephros
development. The wt1a-/- fish were larval lethal and the function of
Wt1a on sex determination and differentiation was difficult to deter-
mine, while the sex of wt1b-/- fish was not affected in tilapia. Wt1b is
redundant in male reproduction, while its function in female reproduc-
tion remains to be elucidated.
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Fig. 4. Effects of wt1a mutation on gene expression in Nile tilapia gonads at 6 days after hatching by immunohistochemistry. Amh and Cyp19a1a were expressed in the somatic cells,
Vasa was expressed in the germ cells, while Gsdf and Dmrt1 were not expressed in XX wt1a+/+ gonads. Amh, Gsdf and Dmrt1 were expressed in somatic cells, Vasa was expressed in
germ cells, while Cyp19a1a was not expressed in XYwt1a+/+ gonads. Vasa was expressed in germ cells, while Amh, Gsdf, Dmrt1, and Cyp19a1a were not expressed in XX and XYwt1a-/-

gonads. The PGCs and the somatic cells can be distinguished by their sizes. The PGCs are much bigger than the somatic cells. They may also overlap with each other on some cross
sections to make the boundaries between them unclear. The germ cell marker and somatic cell marker can help us to localize the respective cell types. WT, wild-type. PGC, primordial
germ cell. The positive signal corresponds to the brownish color.
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Fig. 5. Effects of wt1b mutation on gene expression in F2 tilapia gonads and serum hormone levels at 90 and 180 dah. (A) Effects of wt1b homozygous mutation on Cyp19a1a
expression in gonad at 90 dah by immunohistochemistry. Cyp19a1a was expressed in the interstitial cells of XX wt1b+/+ and wt1b-/- ovaries, but was not expressed in the XY wt1b+/+

and wt1b-/- testes. OG, oogonia; PO, previtellogenic oocytes; OV, ovarian cavity; SG, spermatogonia; SC, spermatocytes; ST, spermatids; ED, efferent duct. A brown color corresponds to
a positive signal. (B) wt1a, amh, cyp19a1a and cyp11b2 expression in the wt1b-/- and wt1b+/+ gonads at 90 dah by real-time PCR. wt1a, amh and cyp11b2 expression in XY wt1b-/-

and wt1b+/+ testes was significantly higher than that of XX wt1b-/- andwt1b+/+ ovaries, while cyp19a1a expression in XXwt1b-/- and wt1b+/+ ovaries was significantly higher than that
of XY wt1b-/- and wt1b+/+ testes. cyp19a1a expression in XX wt1b-/- ovaries was significantly higher than that in XX wt1b+/+ ovaries. amh expression in the XX wt1b-/- testes was
significantly lower than that in XY wt1b+/+ testes. The reference gene actb was used to normalize the expression values. (C) Effects of wt1b mutation on serum hormone levels at 90 and
180 dah. The serum estradiol-17β levels in the XX wt1b-/- and wt1b+/+ fish were significantly higher than that of XY wt1b-/- and wt1b+/+ fish, while serum 11-ketotestosterone levels in
the XX wt1b-/- and wt1b+/+ fish were significantly lower than that in XY wt1b-/- and wt1b+/+ fish at 90 and 180 dah. Serum estradiol-17β levels in the XX wt1b-/- fish were significantly
higher than that in XX wt1b+/+ fish at 90 dah. Data are expressed as the mean ± SD of triplicates. Different letters above the error bar indicate statistical differences at P < 0.05 as
determined by one-way ANOVA followed by Duncan's post hoc test. WT, wild-type.
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