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Abstract
Our understanding of the molecular mechanisms of primordial germ cell (PGC) proliferation
in fish is rudimentary, but it is thought to be controlled by the surfounding somatic cells. We
assumed that growth factors that are specifically involved in PGC proliferation are expressed
predominantly in the surrounding genital ridge somatiq cells. In order to isolate these growth
factors, we compiled a complementary DNA (cDNA) subtractive library using cDNA from
the genital ridges of 40-dpf rainbow trout embryos as the tester, and cDNA from embryos
without genital ridges as the driver. This approach identified a novel cytokine, designated
gonadal soma-derived growth factor (GSDF), which is a member of the transforming growth
- factor (TGF)-P superfamily. GSDF was expressed in the genital ridge somaﬁc cells
surrounding the PGCs during embryogenesis, and in both the granulosa and Sertoli cells at
later stages. Inhibition of GSDF translation by antisense oligonucleotides suppressed PGC
proliferation. Moreover, isolated testicular cells that were cultured with recombinant GSDF
demonstrated dose-dependent proliferation of type-A spermatogonia; this effect was
completely blocked by antiserum against GSDF. These results denote that GSDF, a novel
member of the TGF-3 superfamily, plays an important role for proliferation of PGC and

spermatogonia.
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Introduction

The regulatory mechanisms underlying germline development have been extensively
investigated in many organisms, as this unique cell lineage plays an important role in
transmitting genetic and developmental information to the next generation (McLaren, 2003).
Primordial germ cells (PGCs) are the founder cells of both female and male gametes, from
which all sexually reproducing organisms arise. Fish PGCs have been identified through
isolation of genes related to vasa, the Drosophila gene that plays an essential role in germ cell
determination, while mechanisms responsible for the specification and migration of PGCs
have been illuminated thorough studies of the zebrafish, Danio rerio (Raz, 2003). During the
early embryonic development of fish, as in other vertebrates, PGCs initially arise outside the
gonadal region and migrate to the genital ridges, eventually coalescing with their somatic
counterpart. Despite extensive knowledge of PGC specification and migratory behavior,
however, the molecular basis of fish PGC proliferation has remained unclear. Moreover, the
signaling molecules (such as growth factors) and pathways that are required for fish PGC
proliferation have not been identified.

Several murine studies of PGC have shown that their proliferation, survival, and

migration involve growth-factor signaling (McLaren, 2003). Tumor necrosis factor-o
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(TNF-or) and basic fibroblast growth factor (bFGF) have been shown to stimulate PGC
proliferation in vitro (Kawase et al., 1994; Resnick et al., 1992), while stem cell factor (SCF)
is required for PGC survival both in vivo and in vitro, and, together with leukemia-inhibitory
factor (LIF), stimulates PGC proliferation in vitro (De Felici, 2000). In mouse embryos, SCF
is produced by the somatic cells surrounding the migratory and post-migratory PGCs, while
the receptor, c-Kit, is expressed on the PGC surface (Godin et al, 1991). The receptor
component of LIF and LIF-related cytokines (oncostatin M, interleukin [IL]-6, IL-11, and
ciliary neurotrophic factor [CNTF}), known as gp130, is expressed in PGCs (Koshimizu et al.,
1996). gp130-mediated signaling, together with c-Kit signaling, promotes PGC proliferation
(Donovan and De Miguel, 2003). These data indicate that the signaling pathways that act
through ligand-receptor binding have important effects on the proliferation of mouse PGCs.
The PGCs of mice and other mammals increase in number during migration, while
those of fish tend to proliferate immediately before and after they reach the genital ridges
(Yoshizaki et al., 2002). Based on this finding it is possible that, unlike in mice, the
proliferation of fish PGCs requires close interaction with genital ridge somatic cells but not
somatic cells located in their migration pathway, and that the two processes might also be

mediated by different signaling pathways.
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In the rainbow trout (Oncorhynchus mykiss), the PGCs reach the genital ridge at 20
days post-fertilization (dpf), while the proliferation phase starts from about 15 dpf and
continues until sexual differentiation occurs at around 60 dpf (Okutsu and Yoshizaki,
unpublished data). As the proliferation of PGCs takes place in or near the genital ridges, we
hypothesized that molecules secreted by genital ridge somatic cells during the proliferation
phase might play critical roles in PGC proliferation. This theory assumed that growth factors
that are specifically involved in PGC proliferation are expressed predominantly in the
surrounding genital ridge somatic cells. Therefore, in order to isolate these. growth factors, we
compiled a complementary DNA (¢cDNA) subtractive library using cDNA from the genital
ridges of 40-dpf rainbow trout embryos as the tester, and c¢DNA from embryos without genital
ridges as the driver.

In the current study, we isolated a novel growth factor, designated gonadal
soma-derived growth factor (GSDF), from 40-dpf rainbow trout embryos, and showed that it
is specifically expressed in gonadal somatic cells. In order to clarify the effect of GSDF on
PGCs in vivo, we counted PGC numbers in GSDF-knockdown embryos. Furthermore, we
examined the functional contribution of GSDF in the testis through in vitro-culture studies

using isolated testicular cells.
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Materials and Methods

Construction of subtractive cDNA library

Rainbow trout gametes were collected and used for artificial insemination as
described previously (Takeuchi et al., 2001). The fertilized eggs were cultured in running
water at 10°C for 40 days. In total, 500 paired genital ridges and 500 samples from embryos
without genital ridges were collected from 40-dpf embryos, as described previously (Takeuchi
et al., 2002). The tissues were immediately frozen at — 80°C. Total RNAs were extracted
using an Isogen Kit (Nippon Gene, Tokyo, Japan), followed i)y the purification of poly A™
RNAs using the Oligotex-dT 30 Super System (Takara Bio Inc., Shiga, Japan), according to
the manufacturers’ protocols. A subtractive cDNA library was constructed using a PCR-Select
cDNA Subtraction Kit (Clontech, CA, USA), with 2 ug poly A+.RNA extracted from the
genial ridges as the tester, and poly A" RNA from the embryonic tissue without genital ridges
as the driver, according to the manufacturer’s protocol. Enriched genital ridge cDNA

fragments were cloned into the pGEM-T Easy plasmid vector (Promega, WI, USA).

Identification of genes specifically expressed in gonads

Hybridization membranes were prepared by randomly selecting 600 plasmid cDNA
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sequences from the subtractive library and purifying them by a Wizard SV96 Plasmid DNA
Purification System (Promega) according to the manufacturer’s protocol. The purified
sequences were then blotted onto Hybond N+ nylon membranes (GE Healthcare Bio-Sciences,
NJ, USA) accérding to the manufacturer’s protocol. cDNA probes for differential screening
were prepared from gonadal and various somatic tissues (gill, heart, liver, spleen, muscle,
intestine, and kidney) from 12-month-old rainbow trout. The average values of the
gonad-somatic index (GSI), which is the gonad weight/body weight (%), were 0.133 for
females and 0.038 for males. Poly A" RNA was extracted from each tissue as described above,
and 1.5 pg of each messenger RNA (mRNA) was labeled using a Hot Scribe First-Strand
cDNA Labeling Kit (GE Healthcare Bio-Sciences) with [o.-’P] dCTP (MP Biomedicals, CA,
USA). The nylon membranes were pre-hybridized with ULTRAhyb Hybridization Buffer
(Ambion, TX, USA) fér 30 min at 48°C, followed by hybridization with each radiolabeled
cDNA probe for 20 h at 48°C. The membranes were then washed twice with 2xSSC/0.1%
(w/v) sodium dodecyl sulfate (SDS) at 48°C for 20 min, 1xSSC/0.1% (w/v) SDS at 48°C for
20 min, 0.5xSSC/0.1% (w/v) SDS at 48°C for 20 min, and 0.2xSSC/0.1% (w/v) SDS at 48°C
for 30 min. The membranes were exposed to imaging plates for 24 h and detection was

performed using a BAS 1000 Imaging Analyzer (Fuji Photo Film, Tokyo, Japan). Clones
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hybridized to gonadal cDNA probes were used for further screening.

Candidate clones were analyzed by Northern hybridization using total RNAs extracted
from the ovary (average GSI = 0.129), testis (average GSI = 0.058), brain, gill, heart, liver,
intestine, Spleen, kidney and muscle tissues of one-year-old female and male rainbow trout. A
20 pg sample of each total RNA was blotted onto a nylon membrane, and inserts Qf candidate
cloﬁes were labeled with [0->*P] dCTP by the random-priming method using aﬁ Oligo
Labeling Kit (GE Healthcare Bio-Sciences). The blotting and hybridization procedures
followed the procedures described elsewhere (Yoshizaki etal., 1994). Detection was
performed using the method detailed above. The cDNA sequences were determined using the
methods reported by (Yoshizaki et al., 2000a). After sequencing the cDNA, 3’-rapid
ampliﬁcationwof c¢DNA ends (RACE) was perférmed according to the method described
previously (Yoshizaki et al., 2000a). 5'-RACE was carried out using a SMART RACE ¢cDNA
Amplification Kit (Clontech) according to the manufacturer’s protocol. The PCR product was

purified, cloned into the pGEM T-Easy vector, and used for DNA sequencing.

Phylogenetic analysis

The predicted mature domains of GSDF, additional mémbers of the transforming
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growth factor (TGF)-B superfamily, and other mouse cysteine-knot cytokines (such as human
chorionic gonadotropin [HCG] and brain—derived neurotrophic factor [BDNF]), were aligned
using Molecular Evolutionary Genetics Analysis (MEGA) Ver. 3.1 software
(http://www.megasoftware.net). The GenBank accession numbers of the aligned amino-acid
sequences were as follows: mouse TGF-B1, AAH13738; mouse TGF-f2, AAH11055; mouse
nodal, NP_038639; motuse bone-morphogenetic protein (BMP)-2, NP_031582; mouse BMP-3,
NP_775580; mouse BMP-4, NP_031583; mouse BMP-5, NP_031581; mouse BMP-6,
BAAOQ3555; mouse BMP-7, AAP97721; mouse inhibin-f3 A-subunit, CAA49325; mouse
inhibin-3 B-subunit, CAA49326; mouse inhibin o.-subunit, AAH79555; mouse
anti-Muellerian hormone (MIS), CAA39424; mouse growth-differentiation factor (GDF)-1,
BAAO08660; mouse GDF-5, NP _032135; mouse GDF-6, AAH34862; mouse GDF-7,
NP_038554; mouse GDF-9, AAH52667; mouse GDF-10, NP_665684; mouse glial cell
line-derived NF (GDNF), BAA08660; Xenopus vgl, AAW30007; Drosophila 60A,
AAA28307; HCG, AAD02325; and BDNF, AAH34862. Several teleost homologs of GSDF
were isolated in this study and identified using expressed-sequence tag (EST) databases. Their
accession numbers were as follows: Atlantic salmon (Salmo salar), CK897686; stickleback

(Gasterosteus aculeatus), DW624794; dace (Pimephales promelas), DT308327; fugu (Fugu
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rubripes), CA590677; and zebrafish, XP_706584.

In situ hybridization

A 750-base pair (bp) cDNA fragment of Gsdf (nucleotides 2,578-3,328 of Gsdf) was
subcloned into the pGEM T-easy vector. Sense and antisense RNA probes were transcribed in
vitro using digoxigenin-labeled uridine triphosphate (UTP; Roche, Mannheim, Germany), and
SP6 or T7 RNA polymerase (Promega). Whole-mount iz situ hybridization was performed as
described previously (Yoshizaki et al., 2000a) using sense and antisense RNA probes. For the
in situ hybridization of tissue sections, rainbow trout embryos and gonads at various
developmental stages were fixed in Bouin’s solution at 4°C for 12 h, embedded in paraffin
wax, and then sliced into 5 pum serial secﬁons. The paraffin sections were dewaxed and
dehiydrated by passing them through a xylene-ethanol series. The sections were incubated
with a hybridiiation mixture of 50 pg/ml tRNA, 50% formamide, 5xSSC (pH 4.5), 50 pg/ml
heparin, 1% SDS and 1 pg/ml probe. After hybridization at 65°C for 18 h; the sections were
processed as follows: twice in 5xSSC/50% formamide at 65°C for 30 min, three times in
2xSSC/50% formamide at 65°C for 30 min, 1xSSC/25% formamide/IxTBST at 65°C for 10

min, three times in 1xTBST at room temperature for 5 min, lastly in blocking solution
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(Roche) at room temperature for 1 h The sections were then incubated with the Fab fragment
of an anti-DIG-alkaline phosphatase-conjugated antibody (Roche), diluted to 1:2000 with
blocking solution, for 16 h at 4°C. After the nitroblue tetrazolium (NBT; Roche) and
5-bromo-4-chloro-3-indolyl phosphate (BCIP; Roche) color reaction had been performed, the
slides were mounted using Entellan neu (Merck KGaA, Darmstadt, Germany). Some sections
were counterstained by Nuclear Fast Red (NFR; Vector Laboratories, CA, U.S.A) for 3 hours

after NBT/BCIP color reaction.

Reverse transcription-polymerase chain reaction (RT-PCR) analysis

Total RNAs were extracted from unfertilized eggs and whole embryos at 2.5, 7.0,
10, 15, 20 and 30 dpf and various tissues (brain, gill, heart, liver, intestine, spleen, kidney,
muscle, ovary and testis) from 12-month-old rainbow trout as described above. First-strand
cDNA was synthesized using Ready To Go You-Prime First-Strand Beads (GE Healthcare
Bio-Sciences) with an oligo (dT) primer. The PCR reaction was carried out with Gsdf-specific
primers. The sense primer was located between nucleotides 2,189 and 2,213
(5-TCAGAAGCTTCGAGACATTAAATGA-3'), while the antisense primer was located

between nucleotides 2,334 and 2,360 (5'-AATATCGTCCCAAAAATAGCATCAA-3"). The
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PCR reaction was performed at 94°C for 2 min, followed by 40 cycles of 20 sec at 94°C, 20
- sec at 56°C, and 20 sec at 72°C, followed by a final elongation step at 72°C for 3 min. The

PCR products were electrophoresed on a 2% agarose gel.

Production of polyclonal antibody

A PCR product encoding amino acids 27-67 of GSDF was inserted in the Bam HI and
Sal 1 sites of the pET32 vector (Novagen, Darmstadt, Germany). Host bacteria carrying the
recombinant constructs were grown at 37°C until log phase, and then induced to express the
fusion proteins with 1 mM isopropyl-B-D-thiogalactopyranoside (IPTG). Afteran 8 h-
induction period, the bacteria were harvested and the recombinant protein was extracted by
the B-PER Bacterial Protein Extraction Reagent (Pierce, IL, USA). Recombinant protein
purification was performed using an Ni-NTA gel (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. Approximately 1.5 mg of purified protein was immunized four
times into a rabbit (Keari Co. Ltd., Osaka, Japan). Serum was collected after the fourth

injection.
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Protein extraction and western blot analysis

Gonadal and somatic tissues (brain, gill, heart, liver, intestine, spleen, kidney and
muscle) from adult rainbow trout were prepared for protein extraction. Each tissue was
homogenized in ice-cold buffer containing 50 mM Tris-HCI (pH 6.8) and 10% glycerol. The
lysate was centrifuged at 11,000 rpm for 15 min at 4°C. The supernatants were then ‘collected,
and the absorbance was measured at 280 nm. The supernatant containing 30 pg protein was
used for the subsequent SDS-polyacrylamide gel electrophoresis (PAGE) and Western blot
analysis, as described previously (Boonanuntanasarn et al., 2002). The primary antibody
against GSDF was dilﬁted to 1:5000, and the secondary horseradish peroxidase
(HRP)-conjugated goat anti-rabbit immunoglobulin G (IgG) antibody (Santa Cruz

Biotechnology Inc., CA, USA) was diluted to 1:1000.

Immunohistochemistry

Tissue sections of rainbow trout embryos and gonads at different stag;:s of development
were ﬁxed in Bouin’s solution at 4°C for 12 h, embedded in paraffin wax, and then sliced into
5 um serial sections. Immunohistochemistry was performed as described previously

(Yoshizaki et al., 2000b). The primary antibody against GSDF was diluted to 1:500, and the
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secondary HRP-conjugated goat anti-rabbit [gG antibody was diluted to 1:200.

Antisense experiments

Antisense gripNA oligonucleotides against nucleotides —15 to +3 (antisense pNA1;
S'-CATTTTTGGAAAGATTGT-3") and +1 to +18 (antisense pNA2;
5'-AAAGTGCGCAAAATACAT-3") of Gsdf mRNA (sequences complementary to the
predicted start codon are underlined) were obtained from Active Motif Inc (CA, USA).
Five-base mismatch pNAs, Smis-pNA1 (5'-CATATTTCGTAACATAGT-3') and Smis-pNA2
(5'-AATCTGCGGATATTACAT-3"), were used as negative controls (modified sequences are
underlined).

In order to diminish individual variation in PGC number during the antisense
experiments, we used gametes obtained from clonal rainbow trout strains that had been
maintained at the_ Nagano Prefectural Fisheries Experimental Station (Nagano, Japan).
Gamete collection and insemination were performed as described previously (Takeuchi et al.,
2002). Fertilized eggs were activated in I mM reduced glutathione solution (pH 8.0) to
prevent hardening of the chorion (Yoshizaki et al., 1991). Green fluorescent protein

(GFP)-rt/vasa RNA (Yoshizaki et al., 2005) together with pNA solution was injected into live
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embryos in order to visualize the PGCs. A 2 nl sample of each mixture (containing pNA [20
pg/pl] and GFP-rt/vasa RNA [400 ng/pl] in distilled water) was microinj ectéd into the
blastodisc of one-cell-stage embryos 2-7 h after fertilization, using the method described by
(Yoshizaki et al., 1991). Microinjected eggs were cultured at 10°C. To investigate whether the
pNAs interfered with gene expression, the numbers of GFP-positive PGCs in the trout
embryos were examined at 20 and 30 dpf under a BX-50 fluorescent microscope, with a
BX-FLA attachment and U-MWIB2 filter sets (Olympus, Tokyo, Japan). We counted the
number of total PGC of seven embryos from each group. The numbers of PGCs were counted
and expressed as a percentage of the average number of PGCs compared with the number in
the control embryos without pNA injection.

In order to detect the apoptotic PGCs, we performed DAPI staining. Spm sliced tissue
sections were prepared described above. The paraffin sections were dewaxed and dehydrated
by passing them through a xcylen-ethnol series. The sections rinsed with PBS followed by
staining NFR for 3 hours. After staining by NFR, the sections Wére incubated‘ with DAPI
staining solution for 15 min. The slides were mounted using Entellan neu. The slides were
examined under a BX-50 fluorescent microscope, with a BX-FLA attacliment and U-MWU

filter sets (Olympus, Tokyo, Japan).
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Preparation of conditioned medium (CM) containing recombinant GSDF

CM containing recombinant GSDF was produced from rainbow trout gonad
(RTG-2) cells derived from fibroblasts (Wolf and Quimby, 1962). The GSDF ¢cDNA was
inserted between the medaka B-actin promoter (Takagi et al., 1994) and the SV 40 poly A"
signal. This expression vector was transfected into RTG-2 cells by the TransFast Transfection
Reageﬁt (Promega), according to the manufacturer’s protocol. The transformants were
selected after approximately three months of culture at 20°C using the G418 sulfate agent
(Promega) in Eagle’s Minimum Essential Medium (MEM; Nissui Seiyaku, Tokyo, Japan)
supplemented with 5% fetal bovine serum (FBS), 25 mM Hepes and 2 mM L-glutamine
adjusted to pH 7.4. After selection with G418 sulfate, the transformed RTG-2 cells were
cultured in basal medium modified for spermatogonia, consisting of Leibovitz L-15 medium
(Invitrogen, CA, USA) supplemented with 10% FBS and 25 mM Hepes (pH 7.8). CM
containing GSDF recombinant protein (GSDF-CM) was collected after six days of culture,
and centrifuged at 13,000 rpm for 15 min at 4°C to remove cellular debris. As a cbntrol, CM
was also prepared from non-transfected RTG-2 (RTG-2-CM). The production and secretion of
recombinant GSDF were confirmed by Western blot analysis using CM that had been

concentrated 150 times with an ULTRAFREE-0.5 Centrifugal Filter Device-Biomax-5K
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(Millipore, MA, USA) according to the manufacturer’s protocol.

In vitro culture of spermatogoniq

A testicular suspension for use in the irn vitro culture was prepared from the testes of
eight-month-old vasa-GFP transgenic rainbow trout (Takeuchi et al., 2002; Yoshizaki et al.,
2000b). The samples were diséociated using 2 mg/ml collagénase H (Roche) and 1,000 U/ml
dispase (Sanko Junyaku, Tokyo, Japan) in a serum-free basal medium for approximately 7 h at
10°C, with gentle pipetting every 30 min. The cell suspension containing both spermatogonia
and somatic cells was then washed twice with basal culture medium. The cells were seeded at
a concéntration of 2 x 10* per well in a 96-well gelatin-coated diéh containing 200 ul samples
of various media. To investigate the dose-dependent effect of recombinant GSDF on
spermatogonia, 20, 40 and 100 pl aliquots of GSDF-CM were supplemented with basal
medium, and the total volume was adjusted to 200 pl by adding plain medium. A 100 pl
sample of RTG-2-CM was also added as a negative control. In order to suppress GSDF
activity, antisera against GSDF containing 15 or 45 pg IgG was added to fthe culture medium
containing 100 ul GSDF-CM. The samples were cultured for six, nine and 12 days at 10°C,

and the medium was changed every three days.
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To detect proliferating cells, 5-bromo-2’-deoxyuridine (BrdU) labeling (Sigma, MO,
USA) was carried out according to the manufacturer’s instructions, with minor modifications.
The primary antibody against BrdU (mouse anti-BrdU monoclonal antibody; Chemicon, CA,
USA) was diluted to 1:500, and the secondary goat anti-mouse IgG-Fluor Alexa546 antibody
(Invitrogen) was diluted to 1:100. Testicular cells were incuk()ated with 18 uM BrdU during
the last 24 h of the six-day, nine-day and 12-day culture periods. The samples were then fixed
in 4% paraformaldehyde for 25 min at 4°C, and rinsed with phosphate-buffered saline (PBS).
After washing, the samples were stained immunohistochemically. The number of
GFP-positive spermatogonia showing BrdU immunoreactivity was counted and expfessed as
a percentage of the total number of GF.P-positiVe spermatogonia. All experiments were

replicated three times.

Statistical analysis
All data are presented as the mean + standard error of the mean (SEM). Statistical

analyses were carried out using one-way analysis of variance (ANOVA) followed by the

Duncan multiple-range test.
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Results
Isolation of genital ridge-specific genes from rainbow trout embryos

Of the 600 subtractive cDNA clones analyzed by differential screening, 42 were
found to be expressed predominantly in the gonadal tissues. These candidate clones were
screened by Northern blot analysis using various adult tissues, and 9 of the 42 showed strong
signals in the gonads (data not shown). DNA sequencing revealed that onl?r one of these
clones had a signal peptide. We therefore designated this clone GSDF and used it for all
further analyses.

The full-length sequence of GSDF contained a 3,328-bp insert cDNA, with an open
reading frame (ORF) of 648 bp. The molecular weight was consistent with that estimated
from the results of the Northern blot analysis. The ORF encoded a protein containing 215
amino acids, with a calculated molecular mass of 23,486 Da (Fig. 1A). The amino-terminal
regions of the clone were rich in hydrophobic amino-acid residues, and were followed by a
potential cleavage site comprising Gly and Lys (amino-acid residues 18 and 19; Fig. 1A). A
phylogenetic analysis of the mature domain of the cysteine-knot cytokines (TGF-
superfamily, HCG and BDNF) revealed that the GSDF sequence belonged to the TGF-f3

superfamily branch (Fig. 1B). Although GSDF showed the highest identity (24%) with
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zebrafish BMP-7, it was not a member of the BMP family (Fig. 1B). Furthermore, GSDF did -
not form a subcluster with other known TGF-§ superfamily members, suggesting that the
GSDF isolated in this study was a novel member of the TGF-f superfamily. Orthologous
sequences of trout GSDF were also found in Atlantic salmon, stickleback, dace, fugu, and

zebrafish (Fig. 1B)

Gsdf mRNA expression during germ cell development

In situ hybridization of 30-dpf embryos showed that the Gsdf mRNA was
specifically expressed in genital ridge somatic cells that had direct contact with PGCs (Figs.
2A-F). In 40-dpf, 50-dpf, and 60-dpf embryos, the genital ridge somatic cells were
multi-layered (Figs..2G-L). In these embryos, Gsdf-positive signals were detected only in
genital ridge somatic cells other than epithelial cells (Figs. 2J-L). In previtellogenic and
vitellogenic ovaries, only granulosa cells expressed Gsdf mRNA (Figs. 3A-D). In
one-year-old testes, which contained mainly type-A spermatogonia, Gsdf-positive signals
were specifically detected in the Sertoli cells (Figs. 3E and F). In two-year-old testes, which
contained all types of spermatogenic cells, Gsdf-positive signals were predominantly detected

in the Sertoli cells located around the spermatogonia (Figs. 3G-J). By contrast, no
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hybridization signal was observed in any cells when the sense probes were applied (data not
shown). We were unable to detect Gsdf mRNA in embryos before 30 dpf, suggesting that the
expression level was relatively low during the early stages of development. By RT-PCR, Gsdf
mRNA was first detected at 2.5 dpf, which coincided with the onset of zygotic transcription in
the rainbow trout embryos. The signal increased in strength until 7 dpf, and remained stable

thereafter (Fig. 4).

GSDF pfotein expression during germ cell development

To determine the distribution of GSDF, we performed Western blot analysis and
immunohistochemistry. As shown in Fig. 6A, two major bands of approximately 23 kDa were
detected in the ovary and testis. These two bands might be caused by post-translational
modification such as glycosilation or processing. RT-PCR analysis performed using adult
tissues proved that mRNA is localized specifically in gonadal tissues (Fig. 5). Since we could
not detect any amplicons by RT-PCR of heart mRNA, the faint band observed in heart sample
of Western blot can be an artifact. Anti-GSDF staining of paraffin sections of 45-dpf embryos
revealed that the GSDF protein was exclusively localized in genital ridge somatic cells other

than epithelial cells (Fig. 6B), and was not detected earlier than 45 dpf. In the ovary, the
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GSDF protein was specifically detected in the granulosa cells (Figs. 6C and D). In the testes
of 120-dpf and two-year-old fish, the GSDF protein was localized in the Sertoli cells (Figs.

6E-G), particularly those surrounding type-A spermatogonia (Fig. 6E).

Inhibition of GSDF translation by antisense gripNA

To analyze the effect of GSDF on PGC development during early embryogenesis, we injected
several gripNA ol\igonucleotides (pNAs), together with GFP-rt/vasa RNA, into the fertilized
eggs of the clonal rainbow trout strains. No obvious abnormalities were found in either the
pNA-injected or control-injected embryos, according to external observations (Fig. 7A). The
inhibition of GSDF translation by antisense pNAs resulted in a decrease in the number of
PGCs (Figs. 7B and C). At 20 dpf, the average numbers of PGCs in the antisense
pNAl-injected and pNA2-injected embryos were 49% and 27% lower, respéctively5 than that
of the control embryos without pNAs (average number of PGC, 56) (Fig. 7E). At 30 dpf, the
average numbers of PGCs in the antisense pNAl-injected and pNA2-injected embryos were
59% and 64% lower, respectively, than that of the control (average number of PGC, 64) (Fig.
7E). By contrast, both types of Smis-pNA-injected embryo were unaffected in PGC number

(Figs. 7D and E). Furthermore, ectopic PGCs were not found in antisense pNA-injected
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embryos. In order to confirm that the PGCs of the antisense pNA-injected embryos did not
undergo apoptosis, we performed DAPI staining on paraffin sections of 20 dpf-embryos. ‘We
observed five embryos of each group. All PGCs showed normal nuclear morphology (Figs. 7F
and G) and did not show apoptotic morphology such as nuclear condensation or
’fragmentation. These results provide clear evidence that GSDF controls the PGC number in

rainbow trout embryos.

Effect of GSDF on spermatogonial growth

To reveal the function of GSDF in the testis, we performed an in vitro culture of
isolated type-A spermatogonia. CM containing recombinant GSDF was produced from
RTG-2 cells. As shown in Fig. 8 A and B, abundant recombinant GSDF was produced and
secreted into the CM, and non-transfected RTG-2 cell also produced a small amount of GSDF.
Various concentrations of GSDF-CM were added to the testicular cell culture. CM containing
the recombinant GSDF promoted the proliferation of type-A spermatogonia in a tendency of
dose-dependent manner (Fig. 8C). Although RTG-2-CM alone had mitogenic effects on the
type-A spermatogonia (Fig. 8C), GSDF-CM induced a dramatic increase in this activity (Fig.

8C). Furthermore, we confirmed the specificity of this proliferation-enhancing effect on
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type-A spermatogonia by the addition of antiserum against GSDF (Fig. 8D), which

suppressed the activity. By contrast, adding the control rabbit preimmune serum did not

reduce the proliferation-enhancing effect on the type-A spermatogonia (Fig. 8D).
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Discussion

Sequence comparisons and phylogenetic analysis of the mature domain of GSDF
suggested that this protein was a member of the TGF-B superfamily. However, it could not be
casily assigned to any of the known subfamilies of this group: the TGF-B, BMP and activin
subfamilies. A homology search using the EST databases of several teleosts identified.
GSDF-like sequences from the Atlantic salmon, stickleback, dace, fugu, end zebrafish (with
amino-acid identities of 90, 44, 39, 37 and 32%, respectively). Furthermore, the teleost |

| GSDFs formed an independent cluster that was distinct from any other known subfamilies.
Notably, the non-piscine databases (human, mouse, chicken, and Xenopus) did not include
any homologous sequences showing high similarity to GSDF. These facts suggest that GSDF
isa unique. gene that exists only in teleosts.

A whole-genome duplication event is thought to have occurred at the base of the teleost
radiation (Meyer and Schartl, 1999). An extra gene created by such a genome duplication
could be preserved by obtaining a novel function via a process known as
neo-functionalization (Furutani-Seiki and Wittbrodt, 2004). Therefore, it is conceivable that
GSDF, which has been found specifically in teleosts, might have originated via a

whole-genome duplication event at the base of the teleost radiation, and might have acquired
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a novel expression pattern and function during subsequent teleost evolution, namely gonadal
somatic cell-specific expression and the enhancement of germ cell proliferation.

A characteristic feature of the members of the TGF- superfamily is the presence of
seven cyéteines, which form a three-dimensional structure and dimer in the carboxy-terminal
region of the mature protein; the exception to this rule is GDF-9, which contains only six
cysteine residues (Kingsley, 1994). Notably, GSDF lacks the seventh cysteine residue, which
forms a cysteine knot in the monomer with the third cysteine residue (Lawrence, 1996). In
addition, although GSDF has a fourth cysteine residue for dimerization, we were unable to
detect the dimerized molecule using Western blot analysis with tissue extracts or recombinant
GSDF produced by RTG-2 cells. This strongly indicated that GSDF does not form a dimer,
and adopts a different conformation to the other known members of the TGF-§ superfamily.

In the ovary and testis, Gsdf showed specific and high expression levels in
granulosa and Sertoli cells, respectively. According to the results of thé in situ hybridization,
the restricted expression of Gsdf mRNA was first detectable at 30 dpf, which was slightly
before the time of hatching. At this stage, only the somatic cells surrounding the PGCs
expressed Gsdf. This conﬁrmed that the genital ridge somatic cells of pre-hatched embryos

contained at least two different cell lineages: germ cell-supporting cells, which were expected
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to be Gisdf-positive; and the progenitors of Sertoli or granulosa cells, and stromal cells, which
were Gsdf-negative. Moreover, mRNA and protein showed similar expression patterns,
suggesting that GSDF expression was regulated mainly at the transcriptional level.

We previously found that the number of rainbow trout PGCs increases
approximately 1.9 times between 15 (average number, 29.5; n=10) and 20 dpf (éverage
number, 56; n=10) (Okutsu and Yoshizaki, unpublished data). In the 'gene-knockdown
experiment, we found no sign of nucleus condensation or fragmentation, which is a typical
symptom of apoptotic cells, in the PGCs. This suggested that the PGCs of the antisense
pNA-injected embryos had not undergone apoptosis. Indeéd, the approximate 50% loss of
PGCs caused by antisense-pNA injection coincided with the increase in PGC numbers
between 15 and 20 dpf, proving that the inhibition of Gsdf translation suppressed PGC
proliferation. However, due to the t¢chnical limitations of in situ hybridization, we were
unable to detect Gsdf-expressing cells in embryos before 30 dpf. Nongtheless, our
gene-knockdown results allowed us to predict that Gsdf was expressed in the somatic cells
adjacent to PGCs at 20 dpf or even earlier. Indeed, PGCs already existed adjacent to the future
genital ridge at 17 dpf. Moreover, although PGCs were not inéorporated into the' genital ridges

until 20 dpf, the progenitors of the genital ridge-somatic cells were located proximal to the

37



PGCs, and GSDF might have regulated PGC proliferation even before they reached the
genital ridges. It was clear that GSDF was not essential for PGC migration as no ectopically
located PGCs were found in the gene-knockdown experiment. Taken together, dur findings
suggest that GSDF plays an important role in the proliferation of PGCs.

Our in vitro-culture experiments clearly indicated that GSDF-CM had a specific
proliferation-enhancing effect on the spermatogonia. This was shown by the dose-dependent
effgct of GSDF-CM, and the fact that the addition of specific antiserum against GSDF
completely suppressed activity. Indeed, the BrdU index of the antiserum-treated group
showed an even weaker effect than that of the control. This result suggested that the antiserum
blocked the function of GSDF that was endogenously produced and secreted by RTG-2 cells.

The spermatogonial culture experiments used immature testes that contained only
single type-A spermatogonia. Recently, Okutsu et al. (2006) reported the existence of a stem
cell population in trout spermatogonia. Based on the present results, we cannot determine
whether the germ cell proliferation caused by GSDF stimulation affected spermatogonial stem
cells (SSCs) or differentiated spermatogonia that had already lost their stem cell activity,
because it is difficult to distinguish between these cells based on morphological observations

alone. In mammalian testes, SSCs are morphologically distinct, as the only spermatogonia
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without an intracellular bridge are single type-A spermatogonia (De Rooij and Russell, 2000).
Therefore, we believe that GSDF most likely enhanced the proliferation of SSCs in the
rainbow trout testes. Our data showing that GSDF is predominantly expressed in the Sertoli
cells surrounding single type-A spermatogonia support the results of the in vitro-culture
experiments.

The predgminant expression of GSDF in granulosa cells led us to consider it as a
potential regulator of reproductive function in the ovary. As the oocytes did not proliferate, we
believe that the GSDF function in the ovary differs from that in the testis. In fish, multiple
functions of activin, another member of the TGF -B superfamily, have been reported, including
the induction of oocyte maturation (Pang and Ge, 2002) and spermatogonial proliferation

(Miura and Miura, 2001). It is possible that GSDF also has multiple functions.
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Figure legends
Fig. 1. GSDF is a distinct and novel member of the TGF-p superfamily. (A) Deduced
amino-acid sequence of GSDF. The signal peptide is indicated in italics. The six conserved
cysteine residues are indicated by underlining. (B) The unweighted pair-group method with
arithmetic mean (UPGMA) tree for the TGF-P superfamily and GSDF-like proteins of

teleosts. The tree was rooted using mouse HCG.

Fig. 2. Gsdf mRNA is specifically expressed in gonadal somatic cells of embryos. Gsdf
expression revealed by whole-mount iz situ hybridization: A, lateral view of a 30-dpf embryo;
B, ventral view of a 30-dpf embryo. Gsdf expression revealed by section in situ hybridization
(D, I, K and L). C and D show sagittal sections of a 30-dpf embryo. E and F are high
magnification of C and D, respectively. G-L show transverse sections of sexually
undifferentiated gonads. Gsdf expression was restricted to the genital ridge somatic cells
surrounding the PGCs (arrowheads) at 30 dpf (C and D), 40 dpf (G and J), 50 dpf (H and K),
and 60 dpf (I and L). The boxes in the schematic drawings in the insets show the location of
each picture (A-C). The dotted lines in D indicate the outline of the genital ridge. The

asterisks indicates GSDF-negative cell. The scale bars represent 300 um (A and B), 15 pm
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(C-L), respectively.

Fig. 3. Gsdf mRNA is specifically expressed in gonadal somatic cells of ovary and testis. Gsdf
expression revealed by section in situ hybridization (B, F and H). C, D, I and J are high
magnification images of A, B, G and H, respectively. Gsdf was expressed in the granulosa
cells (gc) of the one-year-old ovary (A and B), and the Sertoli cells (arrows) surrounding the
spermatogonia (arrowheads) of the one-year-old testis (E and F) and two-year-old testis (G
and H). A and G show serial sections of B and H, respectively. A and E were stained by
hematoxylin and eosin. G-J were stained by Nucleér Fast Red. oc, oocyte; sg,
spermatogogonia; sc, spermatocbyte; st, spermtid; sp, sperm. The scale bars represent 2QO wm
(A and B), 25 um (C and D), 20 pm (E and F), 100 um (G and H) and 50 um (I and J)

respectively.

Fig. 4. Gsdf expression begins before the formation of the genital ridge. PCR ampliﬁéation
was performed using Gsdf-specific primers. cDNAs from unfertilized eggs and whole
embryos (2.5, 7, 10, 15, 20, and 30 dpf) were used for PCR. Gsdf expression started at 2.5 dpf.

B-actin was used as an internal control for RT-PCR amplification. Lane PC was a positive
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control using ovary cDNA. Lane NC was a negative control containing no cDNA template.

Fig. 5. Gsdf expression restricts only in gonadal tissues. PCR amplification was performed
using Gsdf-specific primers. cDNAs from various tissués (brain, gill, heart, kidney, liver,
intestine, spleen, muscle, ovary and testis) were used for PCR. Gsdf expression restricted only
in gonadal tissues. B-actin was used as an internal control for RT-PCR ampliﬁcatioq. Lane NC

was a negative control containing no cDNA template.

Fig. 6. GSDF protein is specifically expressed in gonadal somatic cells. (A) Western blot
analysis of the GSDF protein. Protein samples (30 pg) extracted from the indicated tissues
were added to each lane and immunostained with a specific antibody against GSDF. The
immunohistochemical identification of GSDF-positive cells was carried out on the tissue
sections using a speéiﬁc antibody against GSDF (B-G). GSDF expression was restricted to
the genital ridge somatic cells surrounding the PGCs (arrowheads) in the transverse section of
the 45-dpf gonad (B). GSDF was expressed in the granulosa cells (gc) of the one-year-old
ovary (C and D) and the Sertoli cells (arrows) surrounding the spermatogonia (arrowheads) of

the 120-dpf testis (E) and the two-year-old testis (F and G). D and G are high magnification
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views of C and F, respectively. The scale bars represent 20 pm (B), 100 um (C), 50 um (D),
15 um (E), and 40 pm (F and G), respectively. oc, oocyte; sg, spermatogonia; sc,

spermatocyte; st, spermtid.

Fig. 7. Knockdown of GSDF by antisense pNA leads to a loss of PGCs. (A) External
observation of 20 dpf embryos. No obvious abnormalities were seen in the following: control,
control embryo without pNA injection; antisense, antisense pNA 1-injected embryo; and 5mis,
Smis-pNA1-injected embryo. The scale bars represent 2 mm. Fluorescence images of the
trunk region from a control embryo injected without pNA (B), an embryo injected with
antisense pNA1 (C), and an embryo injected with Smis-pNA1 (D). I indicates the area of the
intestine showing auto-fluorescence. Arrowheads indicate the GFP-positive PGCs. The scale
bars represent 50 um. (E) Effects of antisense-pNA injection on the number of PGCs in
20-dpf and 30-dpf embryos. The percentage of GFP-positive PGCs in the pNA-injected
embryos compared with the control embryos without pNA injection is shown by the y—axis.
The results are given as the mean = SEM. Values with the different lowercase letters are
significantly different from one another (P<0.05). (F) (G) Nuclear staining of PGCs (arrows)

of antisense-pNA1 injected embryo (F) and Smis-pNA1 injected embryo (G). left, DAPI;
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right, Nuclear Fast Red (NFR). The scale bars represent 10 pum.

Fig. 8. Recombinant GSDF enhances the proliferation of spermatogonia in vitro. Western blot
analysis of RTG-2 lysate proteins (A) and secreted proteins from RTG-2 (B) using a specific
antibody against GSDF. M indicates the molecular-weight marker. RTG-2 indicates the lysate
protein extrécted frorﬁ non-transfected RTG-2 cells. GSDF-RTG-2 indicates the lysate protein
extracted from the GSDF-transfected RTG-2 cells. RTG-2-CM indicates the CM from
non-transfected RTG-2 cells. GSDF-CM indicates the CM from GSDF-transfected RTG-2
cells. P indicates 30 pg protein extracted from the one-year-old testis. (C and D) The
proliferation of spermatogonia was quantified by a BrdU-incorporation assay using
recombinant GSDF in a type-A spermatogonial culture system. GSDF had a dqse-dependent
effect on the proliferation on type-A spermatogonia (C). Speciﬁq antiserum against GSDF
inhibited the proliferativle effect of GSDF on the type-A spermatogonia (D). The results are
given as the mean = SEM. Values with the different lowercase letters are significantly
different from one another (P<0.05). Control, basal medium; RTG2-50%, basal me~dium
containing 50% RTG-2-CM; GSDF-10%, basal medium containing 10% GSDF-CM;

GSDF-20%, basal medium containing 20% GSDF-CM; GSDF-50%, basal medium
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containing 50% GSDF-CM; anti-15, GSDF-50% containing 15 pg IgG from antiserum;

anti-45, GSDF-50% containing 45 pg IgG from antiserum; pre-45, GSDF-50% containing 45

ug IgG from preimmune serum.
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Fig. 2
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Fig. 3
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Fig. 5
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Fig. 6
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Fig. 8
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