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Abstract

A novel insulin-like growth factor (igf3), which is exclusively expressed in the gonads, has been widely identified in fish
species. Recent studies have indicated that Igf3 regulates spermatogonia proliferation and differentiation in zebrafish; how-
ever, detailed information on the role of this Igf needs further in vivo investigation. Here, using Nile tilapia (Oreochromis
niloticus) as an animal model, we report that igf3 is required for spermatogenesis and reproduction. Knockout of igf3 by
CRISPR/Cas9 severely inhibited spermatogonial proliferation and differentiation at 90 days after hatching, the time criti-
cal for meiosis initiation, and resulted in less spermatocytes in the mutants. Although spermatogenesis continued to occur
later, more spermatocytes and less spermatids were observed in the igf3~'~ testes when compared with wild type of testes at
adults, indicating that Igf3 regulates spermatocyte to spermatid transition. Importantly, a significantly increased occurrence
of apoptosis in spermatids was observed after loss of Igf3. Therefore, igf3~'~ males were subfertile with drastically reduced
semen volume and sperm count. Conversely, the overexpression of Igf3 in XY tilapia enhanced spermatogenesis leading to
more spermatids and sperm count. Transcriptomic analysis revealed that the absence of Igf3 resulted in dysregulation of many
genes involved in cell cycle, meiosis and pluripotency regulators that are critical for spermatogenesis. In addition, in vitro
gonadal culture with 17a-methyltetosterone (MT) and 11-ketotestosterone (11-KT) administration and in vivo knockout of
cypllcl demonstrated that igf3 expression is regulated by androgens, suggesting that Igf3 acts downstream of androgens in
fish spermatogenesis. Notably, the igf3 knockout did not affect body growth, indicating that this Igf specifically functions
in reproduction. Taken together, our data provide genetic evidence for fish igf3 in the regulation of reproductive capacity by
controlling spermatogenesis.
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IHC Immunohistochemistry

FISH Fluorescence in situ hybridization

BSA Bovine serum albumin

amh Anti-Mullerian hormone

FDR False discovery rate

DEGs Differentially expressed genes

GO Gene ontology

KEGG Kyoto Encyclopedia of Genes and
Genomes

TUNEL Terminal deoxynucleotidyl transferase
(TdT) dUTP Nick-End Labeling

SG Spermatogonia

SC Spermatocytes

SD Spermatids

Introduction

Spermatogenesis is a complex developmental process that
begins with the mitotic proliferation of spermatogonia, then
proceeds through two meiotic divisions followed by sper-
miogenesis, during which the haploid spermatids develop
into spermatozoa. These spermatozoa then undergo matura-
tion and obtain the ability to fertilize [1, 2]. The molecular
mechanisms controlling spermatogenesis in mammals are
well studied [3]; however, this process in fish required fur-
ther elucidation. A number of studies have demonstrated that
fish spermatogenesis is well controlled by stage- and cell-
specific interactions of various hormones [4-7]. In fish, as in
other vertebrates, steroid hormones are the main endocrine
regulators of gonadal differentiation [5]. Previous studies
have demonstrated that the pituitary gonadotropins Fsh and
Lh are potent steroidogenic hormones acting through their
receptors (Fshr and Lhcgr) in Leydig cells, resulting in the
production of estrogens, androgens, and progestins that con-
trol the different stages of spermatogenesis [§—14]. Recent
studies with genome editing have revealed that mutation
of the fshb gene in zebrafish delayed puberty onset but the
mutants remained fertile [15]. However, infertility has been
observed in two double fsh/lh and fshr/lhcgr mutants [16].
In addition, mutation of the lhcgr or [hb gene in zebrafish
had no effects on male fertility [15], suggesting that Lh is
not required for spermatogenesis in zebrafish. One of the
main androgens, 11-ketotestosterone (11-KT), is involved in
the initiation of spermatogonial proliferation toward meio-
sis in fish species [10, 17-20]. Mutation of the androgen
receptor (ar) gene consistently disrupts spermatogenesis
causing reduced sperm production [21, 22]. Progestin, 17a,
20B-dihydroxy-4-pregnen-3-one (DHP), is an essential fac-
tor for the initiation of meiosis in spermatogenetic cells of
eel and tilapia [12, 14, 23, 24]. Furthermore, disruption of
pgr in tilapia also results in dysregulation of spermatogen-
esis and leads to a significant decline in sperm count, sperm
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motility and fertility [25, 26]. Estrogens have been shown
to stimulate the renewal of spermatogonial stem cells in
male eels [11]. Additionally, exogenous estrogen treatment
impairs spermatogenesis while mutation of cyp/9ala, the
gene encoding aromatase, promotes spermatogenesis in fish
[27-29]. Although these data strongly demonstrate that ster-
oid hormones are important for fish spermatogenesis and
fertility, the downstream underlying mechanisms have not
yet been clarified. Other studies have shown that sex steroids
are most likely not the only factors involved because they
seem to interact with other hormones during spermatogen-
esis [30]. It is well known that spermatogenesis occurs in
conjunction with cell proliferation, differentiation and tis-
sue growth [31], implying that growth factors, particularly
insulin-like growth factors (Igfs), might take part in these
physiological processes [32-34].

The igfl gene was found to be expressed in spermatogo-
nia, Sertoli cells and Leydig cells in the testis of rainbow
trout (Oncorhynchus mykiss), tilapia (Oreochromis niloti-
cus) and Japanese seabass (Lateolabrax japonycus) [35-38].
Expression of igf2 was also detected in the testis of many
fish species, but its cellular localization is unknown [39,
40]. The roles of Igfl have been preliminarily elucidated
through a series of in vitro studies, whereas Igf2 has rarely
been investigated in fish. Using an in vitro gonadal culture
system, Igfl recombinant protein was shown to stimulate
spermatogenesis in Japanese eel and tilapia testes [41, 42].
In addition, Igfl stimulates the incorporation of thymidine
into spermatogonia and primary spermatocytes from cul-
tured spermatogenic rainbow trout testis [43, 44]. Further-
more, Igf1 stimulates DNA synthesis in spermatogonia [35].
A previous study from our group has shown that a novel
insulin-like growth factor (igf3), which is distinct from the
conventional igf] and igf2, is cloned in fish species [45].
This igf is exclusively expressed in the gonads, thus imply-
ing its special role in fish reproduction [45]. Recent reports
indicate that Igf3 regulates oocyte maturation in zebrafish
(Danio rerio) [46—48]. An in vitro gonad culture with Igf3
recombinant protein increased the number of undifferenti-
ated and differentiating spermatogonia and up-regulated the
expression of genes related to spermatogonial differentia-
tion and entry into meiosis [49]. Further research revealed
that Igf3 activates p-catenin to promote the differentiation of
Aund to Adiff spermatogonia [50]. In addition, igf3 expres-
sion was regulated by Fsh. It was concluded that Fsh pro-
moted spermatogonial proliferation and differentiation and
their entry into meiosis through up-regulation of Sertoli cell
production of Igf3 [51-53]. Expression of igf3 is also weakly
regulated by androgen [49]. Overall, this information results
suggested that igf3 could be a major growth factor involved
in regulating spermatogenesis and reproduction in fish.
However, these results were mainly obtained through in vitro
studies with recombinant protein or Igf receptor inhibitor
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treatment. Currently, there is no information available on
the role of Igf3 in spermatogenesis supported by genetic
studies. This is partly due to the lack of powerful genetic
approaches for functional studies in fish; however, this has
changed with the emergence of TALEN and CRISPR/Cas9,
which have been well established in several fish species,
including tilapia [54-56].

To provide genetic evidence for the functional and physi-
ological significance of this novel igf in teleosts, we have
undertaken the present study using CRISPR/Cas9 and
overexpression approaches to disrupt and overexpress Igf3.
Subsequently, we performed a detailed analysis of the repro-
ductive phenotypes in tilapia. Our analysis focused on sper-
matogenesis, fertility and gene expression. The results from
the present study provide comprehensive genetic evidence
for Igf3 functions in fish spermatogenesis.

Materials and methods
Fish

The founder strain of the Nile tilapia, which was first intro-
duced from Egypt in Africa, was obtained from Prof. Naga-
hama (Laboratory of Reproductive Biology, National Insti-
tute for Basic Biology, Okazaki, Japan). The fish were reared
in large tanks with a circulating aerated freshwater system.
Fertilized eggs were obtained by crossing XY males with
normal females (XX). Animal experiments were conducted
in accordance with the regulations of Guide for Care and
Use of Laboratory Animals and were approved by the Com-
mittee of Laboratory Animal Experimentation at Southwest
University, China.

Establishment of igf3 mutant lines by CRISPR/Cas9

The tilapia igf3 mutant lines were generated by CRISPR/
Cas9 as described by our previous study [54]. Briefly,
a gRNA target site containing a restriction enzyme site
was selected by identifying sequences corresponding to
GGN/3sNGG on the sense or antisense strand of igf3 using
the online tool, ZIFIT Targeter (https://zifit.partners.org/zifit
/Introduction.aspx). Sequences that perfectly matched the
final 12 nt of the target and the NGG PAM sequence were
discarded so as to avoid the off-targets [57]. Artificially syn-
thesized gRNA and Cas9 mRNA were co-injected into one-
cell stage embryos at concentration of 250 ng/pl and 500 ng/
pl. Twenty embryos were randomly collected 72 h after
injection. The genomic DNA used for the mutation assays
was extracted from pooled control and injected embryos.
DNA fragments spanning the target site were amplified
using the primers listed in Supplementary Table S1. The

mutations were analyzed by restriction enzyme digestion
and Sanger sequencing.

FO fish were screened by restriction enzyme digestion.
Heterozygous F1 offsprings were obtained by mating FO XY
male founders with wild type (WT) XX females. The F1
fish were genotyped by the fin-clip assay and individuals
with frame-shift mutations were selected. XY male and XX
female siblings of the F1 generation that carried the same
mutation were mated to generate homozygous F2 mutants.
The genetic sex of the mutants was identified using tilapia
sex specific marker-5 [58, 59].

A knockout model of cyplicl, which is the gene encod-
ing 11p-hydroxylase that catalyzes androgen synthesis in tel-
eosts, was also generated by our laboratory using the above
method (data not shown).

Overexpression of Igf3 in XY tilapia

As described above, igf3 is exclusively expressed in gonad
tissue [45]. An in vivo overexpression experiment was per-
formed to examine the effects of Igf3 on spermatogenesis
in XY individuals according to the methods outlined in our
previous study [60]. The igf3 ORF was amplified by PCR
with a primer set that introduced the BamHI and EcoRI
sites. The amplified fragment was digested by BamHI and
EcoRI and then ligated into a pIRES-hrGFP-1a vector. The
plasmid DNA of igf3-pIRES-hrGFP was diluted in filtered
PBS solution to a final concentration of 100 ng/ul, and then
injected into one-cell stage fertilized eggs using an SYS-
PV830 injector under microscope (WPI, USA). Genomic
DNA was extracted from the injected fish and then used
to screen Igf3 overexpression fish at 90 and 150 days after
hatching (dah). Gene specific primers based on the vector
sequence were designed to screen positive fish (Supplemen-
tal Tab. S1). The testes of the WT and injected fish were
examined by monitoring the GFP signal. The testes were
subjected to both histological and gene expression analyses.

Sampling and histological examination

Before processing for histological examination, the body
weight and age were recorded for all the sampled fish. Both
testes of each fish were excised, weighed and the gonado-
somatic index (GSI; the ratio between the testis weight and
body weight) was calculated. For one fish, one testis was
used to extract RNA for gene expression analyses. The other
testis was used for histological analysis or gene expression.
Samples were fixed in Bouin’s solution or 4% paraformal-
dehyde (PFA) for 24 h at room temperature. They were then
dehydrated and embedded in paraffin. Tissue blocks were
sectioned at 5 pm and stained with hematoxylin and eosin.
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Real-time PCR

Total RNA was extracted from the gonads of WT XY fish
at 10, 30, 70, 90, 120 and 180 dah (days after hatching) for
igf3 ontogeny analysis. Three parallel samples (each com-
posed of testes from three individuals) were prepared from
igf3~~ and WT XY fish at 90 and 180 dah. Total RNA was
extracted and treated with DNase I to eliminate genomic
DNA contamination. About 1.0 pg RNA was used to synthe-
size the first strand cDNA using the PrimeScript RT Master
Mix Perfect Real Time Kit. Real-time PCR was performed
on an ABI-7500 real-time PCR machine (Applied Biosys-
tems, Germany) according to the SYBR Premix Ex TaqTM
II protocol (Takara). Primer sequences used for real-time
PCR are listed in Supplemental Tab. S1. The efficiency and
specificity of primers used for qRT-PCR have been previ-
ously evaluated by our group [23, 26, 61-63]. The relative
abundances of mRNA transcripts were evaluated using the
following formula: RQ = 2~AACH[64]. The arithmetic mean
of the reference gene (f-actin) copy number was used to
normalize the expression values. Data are presented as the
mean + SD of the triplicates.

Immunofluorescence (IF), immunohistochemistry
(IHC) and fluorescence in situ hybridization (FISH)

The gonads of WT XY, igf3 knockout and overexpression
fish were sampled at 90, 150 and 180 dah. The sections were
fixed with 4% PFA for 20 min at room temperature, per-
meabilized with 1% Triton X-100 in PBS for 10 min and
then blocked in 5% bovine serum albumin (BSA)/PBS for
30 min at room temperature. The sections were then incu-
bated with polyclonal antibodies in 5% BSA/PBS overnight
at 4 °C. The following polyclonal antibodies were prepared
by our laboratory: Igf3, Amh, Gsdf, Sox30 (a gene mainly
expressed in spermatid) [65], eEf1 A1b (a gene specifically
expressed in spermatogonia) [66], Vasa and Cypllcl (the
gene encoding 11f-hydroxylase, the key enzyme for andro-
gen 11-KT synthesis). The specificity of these antibodies
has been analyzed previously [66, 67]. Histone H3 Phos-
pho (S10) (pHH3) and PCNA antibodies were purchased
from Cell Signaling Technology (Beverly, MA, USA). For
IF, Alexa Fluor 488- and 594-conjugated secondary anti-
bodies (Thermo Fisher scientific) were diluted to 1:500 in
blocking solution and incubated with tissue overnight at 4 °C
to detect the primary antibodies. The nuclei were stained
by DAPI. For THC, the second antibody (HRP-conjugated
goat anti-rabbit IgG, 1:1000 dilution) was used to detect the
primary antibody. Diaminobenzidine tetrachloride (DAB)
was applied for the color reaction. Slides were first counter-
stained with hematoxylin, and then dehydrated and mounted.
Images were captured under Olympus BX51 light micro-
scope. The specificity of the Igf3 staining was confirmed
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by incubating sections of testis with primary antibody pre-
absorbed with the antigen used to generate the antibody.

Fluorescence in situ hybridization (FISH) was performed
to examine the gene expression of tilapia gonads from WT
and igf3 knockout fish. Previous studies demonstrated that
plzfis a marker gene of undifferentiated spermatogonia and
c-kit is a marker gene of differentiated spermatogonia in
dogfish, zebrafish and trout [68—70], while sycp3 is specifi-
cally localized in the spermatocytes of tilapia [23]. Probes
for sycp3, plzf and c-kit antisense digoxigenin-labeled RNA
strands were transcribed in vitro from a linearized pGEM-
Teasy-target gene cDNA clone using the RNA labeling kit
(Roche, Germany). For more sensitive fluorescence in situ
hybridization detection, the tyramide signal amplification
(TSA™) Plus Fluorescence Systems (NEL756, PerkinElmer
Life Science) was used according to the manufacturer’s
instructions. All IF and FISH positive signals were quanti-
fied using ImageJ software [26].

The fluorescence intensity was analyzed with the Image
Pro Plus software. The sum integrated optical density (IOD)
value of fluorescence was calculated using the Count and
Measure tools of Image Pro Plus software. The fluorescence
area of images was calculated with ImagelJ [26].

Western blot

Gonad samples were prepared from igf3~'~ and WT XY fish
at 90 dah to evaluate gene expression. In addition, Gonad
samples from WT XY fish at 70, 90 and 120 were also pre-
pared. Total proteins were extracted from the gonads and
diluted to a final concentration of 20 mg/ml. Western blots
for Igf3 expression were performed as previously reported
[67]. Gene expression levels were measured by densitometry
with Fusion-CAPT software (Vilber Lourmat, France) and
normalized using a-tubulin as the reference protein.

Transcriptome sequencing and analysis

RNA extracted from igf3~/~ and WT XY fish testes at 90
dah were 2 X 100-bp paired-end sequenced using the HiSeq
2000 platform (Illumina). Clean reads from each library
were aligned to the reference genome (Orenill.0, https
://www.ensembl.org/Oreochromis_niloticus/Info/Index)
using Tophat with the default parameters. The reads per
kb per million reads (RPKM) method was used to calcu-
late the gene expression level. The assembled transcripts
were merged using the reference annotation (Oreochromis
niloticus: Orenill.0.78.gtf, downloaded from Ensembl)
with Cuffmerge, while differential expression analysis was
performed with Cuffdiff. The corrected p value (qvalue)
of 0.05 and the log2 (fold change) of 1 were set as the
threshold for significant differential expression. The DEGs
were classified according to the following criteria: genes
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meeting both “qg value <0.05” and “log?2 (igf3 KO_FPKM/
WT_FPKM) > 1” statistical criteria were classified as up-
regulated genes; however, “q value <0.05” and “log2
(igf3 KO _FPKM/WT_FPKM) < — 1” were classified as
down-regulated genes. The Gene Ontology (GO) of the
differentially expressed genes (DEGs) was analyzed by the
WEGO online tool. To study the biological pathways of
the identified up/down-regulated genes, we mapped these
differentially expressed genes to pathways in the Kyoto
Encyclopedia of Genes and Genomes (KEGG) using the
KOBAS web server (https://kobas.cbi.pku.edu.cn/).

Sperm characteristics and fertility assessment

Semen of the igf3~~ (n=3) and WT (n=3) XY fish were
collected by gonadal autopsy at 180 dah and were diluted
at 1:100 with Hank’s solution before being smeared on
the polylysine treated glass slides. After air-drying, the
specimens were stained with Papanicolaou EA50 dye
(Nobleryder, China). Morphological examination of the
sperm from WT and igf3~~ XY fish was performed under
an Olympus BX51 light microscope. The sperm count
and sperm motility (SM) were analyzed using the Sperm
Quality Analyzer (ZKPACS-E) according to previously
described methods [66].

The fertility of adult igf3~'~ (n=3) and WT (n=3) XY
fish was assessed via artificial insemination. Eggs from WT
XX female fish (n=3) were divided into 6 groups (approxi-
mately 300 eggs/group). Artificial insemination was per-
formed using sperm obtained from the igf3~~ and WT XY
fish. The number of gastrula-stage embryos was counted
under a light microscope to calculate the fertilization rate
after 15 h of fertilization.

Cell proliferation and apoptosis assays

EdU was diluted in PBS to 1 mg/ml and injected intraperito-
neally (IP; 50 pl) into igf3 knockout and overexpression fish
for three days as previously described [71]. Immunolocaliz-
tion of EdU was performed using the Click-iT EdU Alex-
aFluor 488 Imaging Kit per the manufacturer’s instructions
(Invitrogen), followed by DAPI staining.

Terminal deoxynucleotidyl transferase (TdT) dUTP nick-
end labeling (TUNEL) assays were carried out to detect
apoptotic cells in the WT and igf3~/~ XY fish at 90 and
180 dah using the in situ cell death detection kit (Roche,
Germany) according to the manufacturer’s instructions. The
cross sections were then used for Sox30 and DAPI staining.
The number of TUNEL-positive cells was calculated using
four cross sections. Images were acquired using a Zeiss Axio
Imager Z2 microscope.

In vitro gonad culture and androgen treatment

Ex vivo organ culture was performed as previously described
for zebrafish [72]. The gonads of XY tilapia at 90 dah were
dissected, washed with PBS (pH 7.4), treated for 30 min
with the antibiotics penicillin (1000 IU/ml) and strep-
tomycin (800 pg/ml) for. The gonads were randomly cut
into two segments (mean length=1.0 cm) with each gonad
evenly divided into two groups. One was set as the control
group and the other as the 17a-methyltestosterone (MT),
11-ketotestosterone (11-KT) and trilostane (an inhibitor of
3B-HSD) treatment groups. Each group contained at least 3
testes. The primary medium was DMEM: F12 (1:1) medium
(pH 7.2-7.4) amended with 10 mM HEPES, 5% fetal bovine
serum, 100 IU/ml penicillin, and 100 pg/ml streptomycin.
Cultures were incubated at 28 °C. After 12 h of incuba-
tion, hormone was added at different concentrations (MT 50,
100 and 200 nM; 11-KT: 100, 200 and 450 nM; trilostane:
30 pg/ml) for 4 days. The medium was changed every two
days. MT 11-KT and trilostane were purchased from Sigma-
Aldrich (USA). Finally, the gonads from each well were col-
lected, washed with PBS (pH 7.4) and then used to examine
igf3 expression via real-time PCR, as described above.

Serum steroid hormone assay

Blood samples were collected from the caudal veins of the
igf3 knockout fish (n=3) as well as the control fish (n=23).
The serum 11-KT level was measured using EIA Assay kits
(Cayman Chemical Co, USA) following the manufacturer’s
instructions.

Results

Expression profile of igf3 during spermatogenesis
in XY tilapia

igf3 mRNA was detected in the XY gonads using real-time
PCR from 10 to 180 dah. The expression level in the tes-
tes gradually increased during the evaluated period, with a
remarkably increased level from 90 to 120 dah, which is the
critical period for germ cell meiosis (Fig. 1a). This expres-
sion pattern was further confirmed by the gonadal transcrip-
tome data (Fig. 1b). In addition, Western blot using protein
extracted from the gonads at 70, 90 and 120 dah further
demonstrated the expression pattern of Igf3 during testicular
development (Fig. 1c).

Immunohistochemistry (IHC) was performed using testes
at 180 dah to ascertain what cell populations express Igf3.
Specific signals were mainly observed in the Sertoli cells
surrounding the spermatogonia of the testes. Igf3 was also
expressed in the type A differentiated spermatogonia. Some
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Fig. 1 Expression pattern and cellular localization of Igf3 in tilapia
testis. a Expression of igf3 mRNA in the tilapia XY gonads at dif-
ferent developmental stages, as determined by real-time PCR. Data
are expressed as the mean+SD of three different gonadal pools at
each developmental stage. Different letters indicate statistical dif-
ferences at p <0.05 as determined by one-way ANOVA followed by
Tukey’s/Kramer post hoc test. b Transcriptomic analysis shows that
igf3 expression was up-regulated during gonadal development. XY
gonads from tilapia at 5, 20, 30, 40, 90 and 180 dah were sequenced
using Illumina 2000 HiSeq technology in our previous study. A nor-

signals were detected in the Sertoli cells surrounding pri-
mary spermatocytes. Interestingly, specific signals were also
observed in the spermatids (Fig. 1d). In contrast, no specific
signal was observed in the testicular section stained with the
Igf3 primary antibody pre-absorbed with the antigen used to
produce antibody (Supplemental Fig. 1).

Generation of igf3 mutant lines by CRISPR/Cas9

To explore the potential function of Igf3 in the testicular
development of tilapia, an igf3 knockout model was gener-
ated using the CRISPR/Cas9 technology. The gene structure
of the tilapia igf3 comprised of 4 exons of 56, 145, 161
and 1227 bp, and 3 introns. A target, containing an Nlalll
restriction enzyme site adjacent to PAM, was selected in
the second exon of igf3 (Fig. 2a). Complete digestion with
NIallI produced two fragments of 85 and 227 bp in the con-
trol group, whereas an intact DNA fragment (312 bp) was
observed in embryos injected with both Cas9 mRNA and
target gRNA. The mutation frequency of igf3 in the pooled
embryos was approximately 31% (Supplemental Fig. S2A).
Furthermore, Sanger sequencing of the uncleaved band con-
firmed the insertions or deletions (indels), including both
in-frame and frame-shift mutations within the target site,
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malized measure of RPKM (reads per kb per million reads) was used
to normalize the expression profiles of igf3. ¢ Expression of the Igf3
protein in testes at 70, 90 and 120 dah was determined by Western
blot. a-Tubulin was used as a loading control. d Cellular localization
of the Igf3 protein in tilapia testis at 180 dah, as determined by IHC.
The positive signal is denoted by the brown color. 1, 2, 3 and 4 are
magnifications of the boxed areas of d. Aund type A undifferentiated
spermatogonia, Adiff type A differentiated spermatogonia, SG sper-
matogonia, SC spermatocyte, SPT spermatid, S Sertoli cells, dah days
after hatching. Scale bar 25 pm

verifying the activity of the CRISPR/gRNA in the igf3 locus
(Supplemental Fig. S2B).

The XY FO igf3 deficient fish were screened by Nlalll
digestion. The results indicate that 100% (32/32) of the
microinjected XY fish were mutated. The mutation rate of
each igf3 knockout individual was different, with mutation
frequencies ranging from 27 to 95% (Supplemental Fig.
S2C). The XY FO mosaic fish were able to produce fer-
tile sperm in the adult stages. Two independent igf3 mutant
lines were established with either a 2-bp or 5-bp deletion
(Fig. 2b). Both induced frame-shift mutations in the coding
sequence, producing truncated proteins (Supplemental Fig.
S2D). The F2 mutants were screened by Nlalll digestion
(Supplemental Fig. S2E). For the two alleles, the expected
Mendellian 1:2:1 ratio of the three genotypes (igf3*'*; igf3=;
igf3~7) was observed, indicating that loss of Igf3 in tilapia
is not lethal (Supplemental Table S2). RT-PCR results show
that almost no igf3 mRNA was amplified in the mutants
(Supplemental Fig. S2F). IF results show that Igf3 was abun-
dantly expressed in the testis of the WT XY fish, while no
signal was detected in the testis of igf3~/~ XY fish at 90
dah (Fig. 2c, d). Western blot further demonstrated that no
Igf3 protein was detected in the testes of the igf3~'~ XY
fish (Fig. 2e). These data suggest that Igf3 was completely
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Fig.2 Generation of igf3 A ATG
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used to detect the mutation. b
DNA sequencing of the igf3
mutant allele of both igf3%
and igf3% strains. One mutant
had a 2-bp deletion, the other
had a 5-bp deletion. ¢, d IF
staining demonstrates the loss
of the Igf3 protein in the testes
of mutants. The Igf3 signals
could be detected in the testis
of the WT XY fish but not in
the igf3 mutant testes at 90 dah.
dah, days after hatching. Scale
bar: 25 pm. e Western blot of
Igf3 expression in control and
mutant testes. The Igf3 protein
was present in WT tilapia,
whereas no band was observed
in the mutants

- M

igf3 92

XY control

disrupted with no protein expression occurring in the knock-
out lines.

Loss of Igf3 impairs spermatogonia proliferation
and meiosis initiation in XY tilapia

To test the role of Igf3 in testicular development, we ana-
lyzed the gonadal phenotype of the mutants at 90 dah.
The growth of mutants was normal when compared with
their controls, indicating that Igf3 is dispensable for tila-
pia growth. However, the testes weight of the igf3 mutants
was significantly reduced compared with those of the WT,
with an average reduction of approximately 30% (Supple-
mental Fig. S3A, B). Histological analysis via H&E stain-
ing showed that meiotic cells, such as spermatocytes, were
observed in both the WT and mutant testes. Statistically,
the number of spermatocytes was significantly decreased in

1224 bp
E2 E3

12 13

E4

bp 161 bp 1227 bp

CCTCATGTTTGTCTGTGGGGACC
PAM Nia 111

ey

TGCTCAGTGACCTCATGTTTGTCTGTGGGGACCGTGG

LR

TGCTC GTG CCTCGTTTGTCTGTGGGG CCGTGG

TGCTCGTG MNTTGTNCTGGGGCCGHM

/\
TCATG

the igf3~'~ testes in compared with those in the WT testes
(p=0.0009; Fig. 3a—c), suggesting that meiosis is partially
impaired in the mutants. We calculated the signal area of
sycp3 mRNA, a marker of spermatocyte, for spermatocyte
number. Consistent with the histological observations, less
area of sycp3 mRNA was observed in the igf3~' testes than
that in the WT testes (Fig. 3d, e). However, the fluorescence
intensity of sycp3 mRNA in the igf3~' testis was higher than
that in the WT testis (Supplemental Fig. S3C). In addition,
the number of spermatogonia was significantly decreased in
the igf3‘/ ~ testes when compared to that in the WT testes,
as demonstrated by eEF1A1b staining, a gene specifically
expressed in the spermatogonia of tilapia (Fig. 3f~h). This
implies that spermatogonia development is affected after
loss of Igf3. In tilapia, Vasa was highly expressed in type A
undifferentiated and differentiated spermatogonia, and was
decreased in spermatocytes and remained undetectable in
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Fig.3 Knockout of igf3 leads to impairment of spermatogenesis.
a—c¢ H&E staining showed impairment of spermatogenesis in the
igf3~"~ testes. Quantification of cell types using histology images
reflect reduced spermatocyte (SC) in the igf3_/ ~ testes (n=4) in com-
parison to the WT (n=4). The efferent duct (ED) was enlarged in
the mutants. a’, b’ Magnifications of the boxed areas of a, b, respec-
tively. d-h IF and FISH results show that the spermatogonia marker
eEF1A1b and spermatocyte marker sycp3 signals were decreased in
the igf3~'~ testis compared with that in the control testis. i-m EdU

post-meiotic cells (Supplemental Fig. S3D). The Vasa sig-
nals were significantly decreased in the igf3~'~ testes when
compared with that in the WT testes (Supplemental Fig.
S3E), further indicating that the loss of Igf3 causes impaired
germ cell development at early stage.

To analyze spermatogonia proliferation after disruption of
Igf3, we monitored EAU incorporation at 90 dah, which is the
stage with spermatogonia in the periphery region. Vasa/EdU
positive signals were significantly decreased in the igf3~~ tes-
tes compared with the WT (Fig. 3i-m), indicating that the loss
of Igf3 affects spermatogonial proliferation. To molecularly
characterize spermatogenesis defects in igf3~'~ testes, we per-
formed qPCR and FISH to examine the expression of markers
specific for each cell type involved in this process. At 90 dah,
the expression level of plzf mRNA, which is marker of undif-
ferentiated spermatogonia, was slightly but not significantly
increased in igf3_/ ~ testes. Expressions of the sohlhl, sohlh2,
and c-kit genes present in differentiated spermatogonia were
significantly decreased in igf3~'" testes (Fig. 3n—1; Supplemen-
tal Fig. S3F, G), indicating that a blockage of spermatogo-
nia differentiation occurred in the absence of Igf3 at 90 dah.
In addition, pHH3 and PCNA signals, which are two genes
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assay reveals that spermatogonia proliferation was affected in the
igf3~'~ testes. The number of EdU/Vasa positive spermatogonia (yel-
low) in the periphery region was significantly decreased in the igf3~/~
testes when compared with controls. Vasa (green) was used to label
the spermatogonia and spermatocytes of the gonads at 90 dah. n-1
FISH staining shows that expression of c-kit mRNA was reduced in
the igf37~ testes while expression of plzf mRNA in the igf37 testes
was comparable to that of the WT. Scale bars: 15 pm (a, b, d-g, i-1),
10 pm (n—q)

labeling mitotic and meiotic cells, were significantly decreased
in the igf3_/ ~ testes compared with that in the control testes,
further suggesting that both mitotic and meiotic activity were
decreased due to the loss of Igf3 (Supplemental Fig. S3H). IF
staining and real-time PCR analyses showed that the expres-
sion level of Amh in the igf3~' testes was comparable to that
of the WT testes. However, Gsdf expression was slightly up-
regulated in the igf3~'~ testes compared with that of WT testes
(Supplemental Fig. S4). These results indicate that spermato-
gonia differentiation was disrupted in the igf3~'~ mutants.

The disruption of spermatogenesis led us to examine cell
apoptosis in the mutants. The TUNEL analysis showed that
cell apoptosis in the igf3~'~ testes was comparable to that in
the WT testes (Supplemental Fig. S5), thereby indicating
that impairment of spermatogenesis is not caused by cell
apoptosis.

Loss of Igf3 alters critical mMRNA expression patterns
related to spermatogenesis

To systematically investigate gene expression changes
during spermatogenesis resulting from the igf3 knockout,
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we compared the transcriptomes of WT and igf3~' tes-
tes at 90 dah using RNA-seq. Transcriptomic analysis of
the igf3~~ and WT testes indicated significant differences
(Fig. 4a). Over 5900 DEGs were detected in the igf3” testes

in comparison with WT testes, of which 42% (2473) were
up-regulated and 58% (3454) were down-regulated, suggest-
ing that Igf3 loss leads to a substantial change in the testicu-
lar transcriptome (Fig. 4b). KEGG analysis also showed that
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Fig.4 Genes and molecular pathways dysregulated in Igf3-deficient
testes. a Heat map of the expression of 70 Foxml-regulated genes
that were up-regulated (red) or down-regulated (blue) by two fold or
more (p<0.05) in testes from Igf3-deficient tilapia relative to their
expression in WT testes; presented as signal intensity normalized
to the median value of signal intensities of all samples. b Volcano
plots were generated using a log2 fold-change against log10 (p value)
displaying the abundance of differentially expressed genes (red and
green dots) of igf3~'~ vs. WT fish. Red and green dots represent up-
regulated (2473) and down-regulated (3454) genes in igﬁ”/’ testes,
while the blue dots represent equally expressed genes between WT
and igf37~ testes. ¢ KEGG enrichment analysis of DEGs. Scatterplot

of enriched KEGG pathways for DEG screened from igf3~'~ vs. WT
fish. The enrichment factor indicates the ratio of the DEGs number
to the total gene number in a certain pathway. The size and color of
the dots represent the gene number and the range of p values, respec-
tively. d Comparative transcriptomic analysis between igf3~/~ and
wild-type testes reveal a significant up-regulation of meiosis-related
genes and down-regulation of regulators of meiosis, pluripotency and
the cell cycle. e Real-time PCR results show that mRNA level of the
meiosis related genes sycp3, dmcl and spoll, were significantly up-
regulated in the igf3~/~ testis. Data are expressed as the mean+SD
of triplicates. Differences between groups were statistically examined
with unpaired two tailed Student’s ¢ test; *p <0.05, **p <0.01
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the DEGs between WT and igf3~/~ testes were significantly
clustered in the cell cycle (ccnal, ccna2, ccnbl, ccnb2,
cenb3, ccne2, cdkl, rad51), which was significantly down-
regulated in the mutants (Fig. 4c). Comparative analysis of
igf3~~ and WT testis transcriptomes revealed a significant
up-regulation of meiosis-related genes, namely sycpl, sycp3,
rec8b, dmcl, sycel, syce2 and syce3, and down-regulation
of the pluripotency regulator oct4. However, expression of
other pluripotency regulators dmrtl, sox2 and nanos2 in
the mutant testes was significantly up-regulated compared
with the WT (Fig. 4d). Consistently, real-time PCR results
showed that the mRINA levels of the meiosis-related genes
sycp3, dmcl, and spoll were significantly up-regulated
in the igf3~'~ testes compared with that in the WT testes
(Fig. 4e). This indicates that the igf3 deficiency globally
influences the expression pattern of spermatogenesis-related
genes that regulate multiple biological processes includ-
ing spermatogonial cell maintenance, differentiation and
meiosis.

Loss of Igf3 greatly reduces reproductive capacity
in adult XY tilapia

Adult igf37~ XY tilapia grew normally and had a simi-
lar body weight to WT fish. However, the testes weight of
igf3~"~ was significantly reduced when compared with those
of the WT individuals, as demonstrated by the GSI (Sup-
plemental Fig. S6A, B). Histological analysis showed that
all stages of germ cells, including spermatogonia, spermato-
cytes and spermatids, were present in all individuals of the
mutant and WT fish. A quantitative comparison of testicular
cell types revealed a significant increase in the number of
spermatocytes and a drastic reduction of spermatids in the
igf3~"~ mutants compared to the WT, whereas the number of
spermatogonia was comparable (Fig. Sa—c). This result was
further confirmed by immunostaining different germ cell
markers. pHH3, which was predominately expressed in the
secondary spermatocytes and some proliferated germ cells
of testis at 180 dah (Supplemental Fig.S6C), was more abun-
dantly expressed in the igf3~'~ testes than in the WT testes.
Sox30 was predominantly detected in spermatids of the WT
testes while less signal was observed in the igf3~/~ testes
(Fig. 5d-h). Expression of protamine, a gene specifically
expressed in mature sperm, was significantly decreased in
the igf3~'~ testes when compared with the WT (Supplemen-
tal Fig. S6D). These results indicate that spermatogenesis
activity was decreased in the igf3~/~ testes when compared
to the WT testes.

The reduced spermatids in igf3~'~ adult XY fish led us
to examine cell apoptosis in adult mutants. The result show
that spermatid apoptosis in the igf3~'~ testes was increased
compared with that of the WT testes, as determined by
co-staining for the spermatid marker Sox30 and TUNEL
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signals (Fig. 5i-0). The semen volume of igf3~/~ XY fish
was significantly decreased compared with the WT male
fish at 180 dah (Supplemental Fig. S6E). Analysis of the
igf3~'~ semen smear showed a drastic reduction in sperm
count (Fig. 5p, Supplemental Fig. S6F, G). However, sperm
morphology was normal in igf3~'~ mutant and WT fish with
normal flagella, and displayed vigorous flagellar activity
and progressive movement (Supplemental Fig. S6H). Thus,
the sperm extracted from the mutants and subsequently
used for in vitro fertilization of WT eggs produced viable
embryos. The fertilization rate was slightly lower than the
WT XY sperm when using an equal volume of semen from
the igf3~'~ mutant and WT XY fish. Additionally, sperm
motility was significantly decreased in the igf3~~ XY fish
(Supplemental Fig. S61, J). Therefore, spermatogenesis in
igf3~'~ XY fish is partially impaired and loss of Igf3 reduces
the fertility of adult mutant fish.

Overexpression of Igf3 enhances spermatogenesis

To better understand the role of Igf3 in regulating spermato-
genesis, overexpression (OE) of igf3 was conducted in the
XY fish using a CMV promoter-derived expression vector
(Supplemental Fig. S7A). After microinjecting into one-
cell stage fertilized eggs, a specific 785 bp band was ampli-
fied from the genomic DNA of the injected XY fish using
genomic PCR (Supplemental Fig. S7TB). When examined at
90 dah, mosaic expression of GFP was observed in the igf3
OE testes, whereas no GFP was observed in the WT testes
(Supplemental Fig. S7C, D). In addition, the Igf3 protein
level in the testes of overexpressed fish was significantly
increased compared with the WT fish (Supplemental Fig.
S7E-G). Histology at 90 dah shows that germ cells, includ-
ing spermatogonia and a few spermatocytes, were observed
in the WT XY fish, while more spermatogonia and sper-
matocytes were observed in the Igf3 overexpression fish
(Fig. 6a, b). The GSI of the Igf3 overexpression fish was
significantly larger than that of the WT individuals (Fig. 6¢).
The number of spermatogonia was significantly increased in
the igf3_/ ~ testes when compared to that in the WT testes, as
demonstrated by eEF1A1b staining. In addition, the area for
sycp3 signal was increased in the igf3 OE testes at 90 dah,
whereas less area of sycp3 signal was observed in the WT
testes (Fig. 6d-h). These results indicate that overexpression
of Igf3 promotes spermatogonia differentiation and entry
into meiosis.

To investigate spermatogonial DNA synthesis after over-
expression of Igf3, we monitored EdU incorporation at 90
dah. Cell proliferation significantly increased in igf3 OE
testes compared with the WT, indicating that Igf3 promotes
spermatogonial proliferation (Supplemental Fig. STH-J).
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Fig.5 Knockout of igf3 resulted in reduced reproductive capacity
in adult mutants. a—¢ H&E staining showed that all stages of germ
cells including spermatogonia (SG), spermatocytes (SC) and sper-
matids (SPT) were present in all individuals of the mutant (n=3)
and WT (n=3) fish. A quantitative comparison of testicular cell
types revealed a significant increase in the number of spermato-
cytes and a drastic reduction of spermatids in the igf3~'~ mutants
compared to the WT. a’, b’ Magnifications of the boxed areas of a’,
b, respectively. d-h IF demonstrates the increased spermatocyte
and decreased spermatids in the igf3~~ mutants. pHH3 which was
mainly expressed in secondary spermatocytes, was more abundantly

Histological examination revealed different stages of
germ cells, including spermatogonia, spermatocytes, and
spermatids, in both igf3 OE and control testes at 150 dah.
Compared with the WT testis, an enlarged lumen in the
OE testes was observed (Fig. 6i, j), which indicates more
sperm production and intense Sertoli cell secretion into the
testicular lumen. Expression of the pHH3 and Sox30 pro-
teins was much higher in the igf3 OE testes than in the WT
testes (Fig. 6k—o0). The sperm count and sperm motility
was significantly increased in the igf3 OE fish compared
with the WT fish at 210 dah (Fig. 6p, Supplemental Fig.
S7K-N). However, the body weight of igf3 OE fish was
comparable to the WT (Supplemental Fig. S70). In addi-
tion, the 11-KT level in the igf3 OE fish was comparable
to WT (Supplemental Fig. S7P). These results indicate that
overexpression of Igf3 enhances spermatogenesis.
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expressed in the igf3~/~ testes than that in the control testes at 180
dah. Sox30 was highly detected in spermatid of the WT testes, but
less signal was observed in the igf3~' testes. i—o The cell apoptosis
indicates increased spermatid apoptosis in the igf3~/~ testes. Red and
green fluorescence indicate positive apoptotic signals and Sox30 posi-
tive cells, respectively. p The number of sperm was sharply reduced
in igf3~'~ fish when compared with the WT fish. Data are expressed
as the mean+SD of triplicates. The difference between groups was
statistically examined with an unpaired two tailed Student’s ¢ test;
*p <0.05; #*p<0.01; ***p<0.001. Scale bars 100 pm (a, b), 50 pm
(d-g), 25 pm (i-n)

Regulation of igf3 expression by androgen

To further elucidate the relationship between testicular igf3
expression and the sex steroids that are associated with sper-
matogenesis regulation, we examined the effects of 11-KT and
MT on the igf3 mRNA levels in the tilapia testes. Testicular
fragments were cultured for 4 days with these steroids or the
trilostane, an inhibitor of 3p-HSD. Under basal conditions,
the expression of steroidogenic enzymes, including cypiIcl
and cypl7al, were slightly down-regulated compared with the
controls after 4 days of incubation (Supplemental Fig. 8A).
Histological examination showed that the morphology of
11-KT-treated testis was similar to the controls (Supplemental
Fig. 8B, C). However, the data show that igf3 mRNA expres-
sion was significantly induced by MT and 11-KT stimula-
tion in a dose-dependent manner in the in vitro culture sys-
tem (Fig. 7a, b). In contrast, igf3 mRNA was significantly
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Fig.6 Overexpression of igf3 enhanced spermatogenesis. a, b H&E
staining shows that spermatogenesis is enhanced in the igf3 OE tes-
tes. Only spermatogonia and a few spermatocytes were observed in
the WT XY fish (n=4), while more spermatogonia and spermato-
cytes were observed in the igf3 OE fish (n=4) at 90 dah. ¢ Gonado-
somatic index (GSI) of controls and ing’/ ~ fish (n=3, p<0.05). The
testes of the igf3 OE fish were significantly larger than those of the
control individuals. d-h IF and FISH using the spermatogonia marker
eEF1A1b and the spermatocyte marker sycp3 showed more spermat-
ogonia and spermatocytes in the igf3 OE testes. eEF1A1b and sycp3
were abundantly expressed in the igf3 OE testis at 90 dah, while

down-regulated in the trilostane-treated testes when compared
with the controls (Fig. 7c). Using a cypl1cl knockout model
for tilapia, expression of igf3 was examined. IF and real-time
PCR data shows that the Igf3/igf3 expression level was sig-
nificantly down-regulated in the cyplc1~'~ testes when com-
pared with that of the WT testes at 180 dah (Fig. 7d—f). Real-
time PCR and IF analyses show that the cyplIcl expression
level was unchanged in Igf3-deficient testes when compared
with the controls (Fig. 7g, h). However, serum 11-KT was
significantly increased in the Igf3-deficient XY fish when com-
pared with the WT (Fig. 7i). These data indicate that Igf3 acts
downstream of androgen.
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less signals were observed in the WT testes. i—o Overexpression of
Igf3 promotes spermatogenesis. An enlarged lumen was observed in
igf3 OE testes. IF staining with pHH3 and Sox30 demonstrated that
more secondary spermatocyte and spermatids accumulated in the
igf3 OE fish testes compared with that of control testes. i”, j' Mag-
nifications of the boxed areas of ', j, respectively. p The number of
sperm increased in igf3 OE fish compared with the WT fish. Data are
expressed as the mean+SD of triplicates. The difference between
groups was statistically examined with unpaired two tailed Student’s
t test; ¥*p<0.05; ***p <0.001. Scale bar 10 pm (a, b, f, g), 15 um (c,
d, i, j), 50 pm (k-n)

Discussion

Igfs serve as important growth factors and are critical in a
wide variety of physiological roles for vertebrate gonadal
development and reproduction. Our previous study found
that igf3, a novel member of the igf family, is predomi-
nantly expressed in gonadal tissue [45]. Although this
novel igf was found over ten years ago, its specific role
in the gonads still required further clarification by in vivo
methods. In this study, we presented a number of find-
ings that demonstrate the significance of Igf3 in male
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Fig.7 Igf3 expression is regulated by androgen. a, b The transcript
level of igf3 in testicular explants incubated with increasing concen-
trations of MT and 11-KT ex vivo for 4 days. Data are expressed as
the mean+SD. Different letters indicate statistical differences at
p<0.05 as determined by one-way ANOVA, followed by Tukey’s/
Kramer post hoc test. ¢ Treatment with the androgen synthesis inhibi-
tor trilostane significantly down-regulated igf3 mRNA expression. d,
e, f Real-time PCR and IF results showed that igf3 expression was

spermatogenesis and reproduction: For instance, 1gf3 is
specifically and abundantly expressed in the testis and its
expression is dramatically increased during testes devel-
opment; igf3 knockout XY fish results in male subfertil-
ity because of severe impairment of spermatogenesis; and

significantly down-regulated in the cypllcl™ testes compared with

that in the control testes. g, h IF analysis showed that cyp/Icl expres-
sion was not influenced in the igf3~/~ testes. i Knockouts of igf3 in
the XY fish resulted in elevated serum 11-KT concentrations com-
pared with the control fish. Data are expressed as the mean+SD of
triplicates. The difference between two groups was statistically exam-
ined with unpaired two tailed Student’s ¢ test; *p <0.05; **p <0.01;
*#%p <0.001. Scale bar 15 pm (d), 50 pm (f)

absence of Igf3 results in dysregulation of many genes
involved in the cell cycle, meiosis and pluripotency regu-
lators. In contrast, overexpression of Igf3 in XY tilapia
enhances spermatogenesis and sperm production, and
Igf3 is a downstream factor of androgens involved in
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spermatogenesis. Thus, our report reveals the role of igf3
in fish spermatogenesis and reproduction using knockout
and overexpression models (Supplemental Fig. 9).

A number of studies have previously suggested that the
IGF system is involved in mammalian reproductive func-
tions. In mice, mutation of igf/ in XY individuals results in
reduced testis size and subsequent infertility due to defects
in spermatogonial proliferation and differentiation. However,
capacitated sperm are able to fertilize WT eggs in vitro [73,
74]. Knockouts of the igfI receptor (igflr) in male mice
also led to a 75% reduction in testis size and daily sperm
production [74]. Recent zebrafish studies showed that 1gf3
increased type A undifferentiated and differentiated sper-
matogonia and up-regulated the expression of genes related
to spermatogonial differentiation and entry into meiosis
[49, 75]. In this study, in vivo ablation of igf3 in tilapia
severely inhibited spermatogonial proliferation and differen-
tiation, thereby decreasing the meiotic activity of germ cells.
Although spermatogenesis resumed later in the mutants,
the sperm production and semen volume were significantly
reduced although the collected sperm could be used to arti-
ficially fertilize the WT eggs, which agrees with the find-
ing in igfl knockout mice [73]. In contrast, overexpression
of Igf3 in XY fish could accelerate spermatogenesis. More
spermatids were found in the adult igf3 OE testis as demon-
strated by staining for Sox30, which is a spermatid marker
in the mice [76]. These reproduction effects could exclude
the side effects because Igf3 was predominantly expressed in
the gonads, not in other tissues [45]. Although igf3 overex-
pression was driven by the CMV promoter, other biological
process, such as body growth, was not influenced after igf3
overexpression (Supplemental Fig. S9). This also indicates
that enhanced spermatogenesis is the result of Igf3 overex-
pression. The Igf system regulates many processes related
to germ cell proliferation and differentiation. In zebrafish,
Igf1 signaling is involved in primordial germ cell survival
and migration [77]. Tissue cultures with tilapia Igf1 dem-
onstrated that Igf1 is able to support spermatogenesis by
stimulating both spermatogonial proliferation and the entry
of spermatogonia into meiosis [42]. Moreover, in tilapia tes-
tis, igfl could regulate spermatogenesis in conjunction with
steroids [42, 78]. These results suggest that Igf3 regulates
spermatogenesis activity in a similar manner as Igf1 in fish.

It is well known that the spermatogenesis process involves
four pivotal transitions that occur in physical proximity:
spermatogonial differentiation, meiotic initiation, initiation
of spermatid elongation and release of spermatozoa [3].
Loss of igf3 results in misregulation of genes involved in
cell cycle, meiosis and pluripotency regulators. For example,
transcriptomics demonstrated that undifferentiated spermat-
ogonia-related gene expression, such as nanos2 and dmrtl,
was up-regulated in igf3 mutants. However, differentiated
spermatogonia-related gene expression, including c-kit,
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sohlh2 and dazl, were down-regulated. These data further
confirm the regulatory role of spermatogonia development
by igf3. At 90 dah, the meiosis activity was decreased in
the mutants as shown by the reduced spermatocytes. It is
well known that igf is important for regulating many genes
involved in cell cycle process [79, 80]. Detailed analysis
revealed that dysregulation of genes related to spermato-
genesis, especially significant down-regulation of genes
involved in cell cycle, could explain the decrease in number
of spermatocytes even though sycp3 mRNA level was up-
regulated in the mutants. In addition, expressions of meiosis
related genes were also regulated by other various factors,
such as androgens, retinoic acid, DHP and gonadotropins
[81]. With the development of testis, more spermatocytes
accumulated in the adult igf3 mutants. The up-regulation
of meiosis-related genes sycp3, rec8b and dmcl might
explain why abundant spermatocytes were observed in the
igf3~' testes at 180 dah. It has also reported in mice that the
defects in spermatogenesis in juvenile stage could be recov-
ered in adult stage [82]. However, the dramatically reduced
sperm count and semen volume indicates that the transition
of spermatocyte to spermatid is affected after loss of Igf3.
Moreover, igf3 was expressed in the spermatids, as has been
seen for igfl expression in the spermatids of mouse (Mus
musculus) and medaka (Oryzias latipes) [73, 83]. Loss of
Igf3 in tilapia induced spermatid apoptosis, suggesting that
Igf3 is crucial for spermatid survival. These results suggest
that impaired male fertility in igf3 knockout tilapia arises,
at least in part, from defects during both the pre- and post-
meiotic stages of spermatogenesis.

Igf3 was expressed in both the germ cells and Sertoli cells
of tilapia. Further investigation is needed to study which
Igf3-expressing cell type contributes to the regulation of
spermatogenesis by generating conditional knockout models.
The present study reports that Igf3 regulates spermatogen-
esis; however more research will be required to elucidate
exactly how igf3 is involved. A recent study showed that
Igf3 activates B-catenin signaling to stimulate spermatogo-
nial differentiation in zebrafish [50]. Intriguingly, our previ-
ous publication using XY tilapia showed that a deficiency
of Rspol, the upstream gene of the wnt/p-catenin pathway,
caused a delay in spermatogenesis and inhibition of igf3
expression [84]. In mice, Wnt/B-catenin signaling is required
for proliferation of undifferentiated spermatogonia in vivo
[85]. In this study, f-catenin-1 was slightly decreased in the
igf3 knockout testes (data not shown). Thus, future work will
examine the relationship between Igf3 and the wnt/p-catenin
pathway during spermatogenesis in fish.

In teleost fish, 11-KT is considered to be the major
endogenous androgenic sex hormone. Previous work
showed that 11-KT induces spermatogenesis in several
fish species including eel (Anguilla japonica), zebrafish,
African catfish (Clarias gariepinus) and Japanese huchen



Regulation of spermatogenesis and reproductive capacity by Igf3 in tilapia

4935

(Hucho perryi). [7, 10, 86, 87]. Targeted disruption of the
androgen receptor (ar) in zebrafish causes male infertil-
ity via defective spermatogenesis and also significantly
decreases igf3 expression [22, 88]. In vitro studies showed
that igf3 expression is also regulated by 11-KT in tilapia
and zebrafish [49]. Knockouts of cyplicl, the key gene
encoding 11p-hydroxylase, in tilapia lead to significant
down-regulation of igf3 expression. Most importantly,
both igf3 and cypl1cl mutants exhibit similar phenotypes
in tilapia, in which both have reduced semen volume and
sperm production due to the defects in spermatogene-
sis (unpublished data). In tilapia igf3 mutants, cyplicl
expression was unchanged. Strangely, the 11-KT level in
the igf3 mutants was significantly increased. This could
also be a compensatory response due to the inhibition of
spermatogenesis [21]. These studies indicate that Igf3
functions in downstream of androgen in spermatogenesis.
Of course, higher androgen plasma levels could exert a
negative feedback in the brain-pituitary axis which could
lead to impairment of spermatogenesis and less sperm.
Additional studies are required to verify that the defects in
spermatogenesis caused by loss of Igf3 are not a secondary
effect of increased androgen.

It is worth noting that knockouts of the igf system in
mice affect body growth because reduced body size was
observed in the mutants [73, 74]. However, knockouts
of igf3 in tilapia did not affect body growth, indicating
that Igf3 specifically functions in gonad tissue to regulate
spermatogenesis in fish. Previous studies have also shown
that igf3 expression is not regulated by growth hormone
in zebrafish and tilapia [48, 89]. Therefore, igf3 is not
involved in regulating body growth in fish.

In conclusion, the data obtained from the present study
have provided strong genetic evidence that Igf3, which
acts downstream of androgens, is important for spermato-
genesis in tilapia. In addition, Igf3 specifically functions
in reproduction but not body growth in this teleost species.
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