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SUMMARY

Under fresh-water cultivation conditions, spermatogenesis Expression of eSRS21 mRNA was also suppressed in
in the Japanese eel is arrested at an immature stage vitro by 11-ketotestosterone, a spermatogenesis-inducing
before initiation of spermatogonial proliferation. A single  steroid in eel. To examine the function of eSRS21 in
injection of human chorionic gonadotropin can, however, spermatogenesis, recombinant eSRS21 produced by a CHO
induce complete spermatogenesis, which suggests thatcell expression system was added to a testicular organ
spermatogenesis-preventing substances may be present in culture system. Spermtogonial proliferation induced by 11-
eel testis. To determine whether such substances exist, we ketotestosterone in vitro was suppressed by recombinant
have applied a subtractive hybridisation method to identify eSRS21. Furthermore, addition of a specific anti-eSRS21
genes whose expression is suppressed after humanantibody induced spermatogonial proliferation in a germ
chorionic gonadotropin treatment in vivo. We found cell/somatic cell co-culture system. We conclude that
one previously unidentified cDNA clone that was eSRS21 prevents the initiation of spermatogenesis and,
downregulated by human chorionic gonadotropin, and therefore, suppression of eSRS21 expression is necessary to
named it ‘eel spermatogenesis related substances 21’ initiate spermatogenesis. In other words, eSRS21 is a
(eSRS21). A homology search showed that eSRS21 sharesspermatogenesis-preventing substance.

amino acid sequence similarity with mammalian and

chicken Mdllerian-inhibiting substance. eSRS21 was Key words: Spermatogenesis-preventing substance, Miillerian
expressed in Sertoli cells of immature testes, but inhibiting substance, Gene expression screening, In vitro
disappeared after human chorionic gonadotropin injection.  spermatogenesis, Eel

INTRODUCTION 1991a). Furthermore, Japanese eel is the only animal in which
complete spermatogenesis has been induced by hormonal
Spermatogenesis, the formation of sperm, is a compleixeatment in vitro using an organ culture system and a germ
developmental process that begins with the mitoticell/somatic cell co-culture system (Miura et al., 1991b; Miura
proliferation of spermatogonia and proceeds through extensieg al., 1991c; Miura et al., 1996). Thus, the eel testis provides
morphological changes that convert the haploid spermatid intan excellent system for studying the regulation of
a mature, functional spermatozoon. Although the process aspermatogenesis.
spermatogenesis is the same in both mammalian andUsing these in vivo and in vitro systems in the eel, the
nonmammalian vertebrates, its control mechanisms are nfullowing control mechanisms of spermatogenesis have been
well understood. In higher vertebrates, it is difficult to analysadentified. The hormonal induction of spermatogenesis in eel
the control mechanisms of spermatogenesis because ttestes is mediated via gonadotropin stimulation of Leydig cells,
seminiferous tubules contain several successive generationsvafich produce 11-ketotestosterone (Miura et al., 1991a; Miura
germ cells (Clermont, 1972), and few culture systems aret al., 1991b). In turn, 11-ketotestosterone induces complete
available for induction of spermatogenesis in vitro (Abespermatogenesis from spermatogonia to spermatozoa through
1987). the action of Sertoli cells (Miura et al., 1991c). However, many
Various reproductive styles and gametogenetic patterns exidetails of this pathway remain unresolved. In particular, it
among species of teleost. Japanese eel, for example, haseems that there are complex control mechanisms related to the
specific spermatogenetic pattern. Under fresh-water cultuieitiation of spermatogenesis after 11-ketotestosterone
conditions, the male Japanese eel has immature testsEmulation.
containing only non-proliferated type A and early type B It seems likely that key factors involved in the initiation of
spermatogonia (Miura et al., 1991a). It has been reportedpermatogenesis are either expressed or suppressed by
however, that human chorionic gonadotropin (hCG) injectiori1-ketotestosterone during hCG-induced spermatogenesis.
can induce all stages of spermatogenesis in vivo (Miura et aSpecifically, suppressive factors might have an inhibitory effect
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on the progress of spermatogenesis in cultivated eel. karried out using DNASIS software (Hitachi). The similarity search
this paper, we describe the isolation of a cDNA that iofthe deduced amino acid sequence of the obtained cDNAs was done
downregulated by hCG stimulation and investigate its functiotising the ‘Fasta Sequence Similarity Search’ protein query (Genome
in initiating spermatogenesis. Net).

Northern blot analysis

Poly(A)* RNA (1 ug) was electrophoresed on a 1% (w/v) agarose

MATERIALS AND METHODS denatured gel and blotted onto nylon membranes. The membrane was
) washed briefly and then baked at 80°C for 1 hour. RNA integrity, as
Animals well as uniformity of loading and transfer, was monitored by
Cultured male Japanese eels (1 year old; 180-200 g in body weigh¥ethylene Blue staining (Herrin and Schmidt, 1988) and
were purchased from a commercial eel supplier. hybridisation to an eel elongation factor | cDNA. The cDNA

Male eels were kept in 500 | circulating fresh-water tanks at 23°Cfragments used as probes were labelled by the Random Primer Plus
A single injection of human chorionic gonadotropin (hCG) dissolvedExtension labelling kit (NEN) with d-32P]dCTP. The membrane
in saline (150 mM NaCl) was administered to the eels intramuscularlgontaining poly(Aj RNA was hybridised with 210° cpm of the
at a dose of 5 IU per body weight. Fish were either sacrificedadiolabelled probe in hybridisation solution at 65°C for 18 hours, and
immediately or at 1, 3, 6, 9, 12, 15 and 18 days after hCG injectionyas then washed withk$SC/0.01% SDS solution at 65°C for 1 hour.
and testes were collected for the extraction of poly@)A, in situ The membrane was exposed to an imaging plate for 24 hours and
hybridisation, immunohistochemistry and western blotting. Poly(A) analysed using an image analyser (Fuji Photo Film, Japan).
RNA was extracted using a Fast Track kit (Invitrogen).

In situ hybridisation

Construction of a subtractive cDNA library For in situ hybridisation, a non-radioactive method using a
Subtractive cDNA libraries were constructed using poly(RNA digoxigenin (DIG)-labelled RNA probe was employed. A 296 bp
extracted from the testes of hCG-treated (3 days after hCG injectiogPNA of esrs21-0392(nucleotides 147-443 iresrs21cl® was
(+) and untreated (-) eels. First strand of cDNA was synthesised wigubcloned into pBluescript Il KSSense and antisense RNA probes
reverse transcriptase fromug of each poly(A) RNA using an oligo  were transcribed in vitro using digoxigenin-labelled UTP (Boehringer
(dT) primer. The second strand of cDNA was synthesised with RNaddannheim) and T3 or T7 RNA polymerase (Gibco BRL). The
H andE. coli DNA polymerase and repaired with bacteriophage T4testicular fragments from hCG-untreated eel were fixed in 4%
polynucleotide kinase an. coli DNA ligase. After digestion with  paraformaldehyde in 0.1 M phosphate buffer (PB) (pH 7.2) at 4°C for
Mbol, these cDNA fragments were subtracted from each other by &8 hours, embedded in paraffin wax and cut infmrbserial sections.
representational difference analysis (RDA) technique (Niwa et alDeparaffinized sections were treated with proteinase K and acetylated.
1997). After three cycles of subtractive enrichment, enriched’he sections were incubated with a hybridisation mixture of 200
upregulated (+) and downregulated (—) cDNA fragments wergig/ml tRNA, 10 mM Tris-HCI (pH 7.4), ADenhardt’s solution, 600
packaged intdlizap Il phage particles. mM NaCl, 50% formamide, 0.25% SDS and 500 ng/ml probe. After

We predicted that the subtracted cDNA libraries would not includénybridisation at 50°C for 18 hours, the sections were processed as
full-length cDNA clones, owing to digestion of the cDNA fragmentsfollows: (1) 2xSSC/50% formamide at 50°C for 30 minutes; (2)
by Mbol. To obtain full-length cDNA clones, therefore, we 2xSSC at 50°C for 30 minutes; (3) RNase A treatmentg/mnl) at
constructed in conventional cDNA libraries, using the same poty(A) 45°C for 30 minutes; (4)X5SC at 50°C for 20 minutes twice; and
RNA as used for cDNA subtraction, that contained full-length cDNA(5) 0.2xSSC at 50°C for 20 minutes twice. Hybridised DIG-labelled
clones. Non-digested cDNA was size-fractionated on a Sepharogeobes were immunologically detected with a Nucleic Acid Detection
CL4B column with a lower cutoff value of 500 bp and inserted intokit (Boehringer Mannheim) according to the manufacturer’s

Azap llarms after the addition &coR| adapters. instructions. The sections were incubated with the Fab fragment of an
) ) anti-DIG-alkaline phosphatase-conjugated antibody (Boehringer
Screening and cloning Mannheim). After the nitroblue tetrazolium and 5-bromo-4-chloro-3-

Enriched (+) and (—) cDNAs were labelled using the Klenow fragmenindolyl phosphate colour reaction, the slides were rinsed with 10 mM
of E. coli DNA polymerase | and linker primer witu{32P]JdCTP.  Tris-HCI (pH 8.0) containing 1 mM ethylenediamine tetraacetic acid
About 10 plaques from each subtractive library were blotted onto twdEDTA) and then stained nuclei by 0.2% Methyl Green,
nylon membranes (High Bond*NAmersham). To duplicate copies metachromatically. After counterstaining, the slides were mounted
of the library, the radiolabelled (+) and (—) cDNA probes werewith cover glass.
hybridised separately for 18 hours at 65°C in hybridisation solution ) )
[5xDenhart's solution supplement wittx&andard sodium citrate Production of polyclonal antibody
(SSC), 0.1% sodium dodecylsulfate (SDS) and dgfnl denatured, A PCR product encoding amino acids 1-243 of eSRS21 was inserted
fragmented herring sperm DNA]. The clones that hybridised to (—)n theEcaRlI site of the pGEX-2TK vector (Pharmacia), in frame with
cDNA probe only were collected and purified, and plasmids wer¢he glutathione S-transferaseyene. Host bacteria carrying the
excision-rescued according to the manufacturer's instructionsecombinant constructs were grown at 37°C until log phase and
(Stratagene). induced with 1 mM IPTG to express the fusion proteins. After a 4
These partial cDNA fragments were labelled using the Randorhour induction period, bacteria were harvested by BugBuster protein
Primer Plus Extension Kit (NEN) with {-32P]JdCTP. About 1®  extraction reagent (Novagen). Recombinant protein purification was
plagues from intact cDNA libraries were blotted onto nylonperformed using glutathione sepharose 4B according to the
membranes and hybridised witR10’ cpm of the probes for 18 hours manufacturer’'s instructions (Pharmacia). Female rabbits were
at 65°C. These membranes were washed twice WiBSC/1%(w/v)  immunised with 1 ml of PBS, 0.1% SDS (pH 7.5) containing 1 mg
SDS at 65°C for 1 hour. of the purified recombinant protein mixed with an equal volume of
The cDNA inserts from positively hybridised clones were collected=reund’s complete adjuvant. The rabbits received four immunisations
and purified, and plasmids were excision-rescued as above. Sequeate? week intervals by subcutaneous injection. Sera were collected
determination was performed on a ABI PRISM 310 DNA sequenceafter the fourth injection. The diluted antiserum (1/1,000) strongly
using the BigDye Terminator Cycle Sequencing FS Ready Reactiamacted with purified antigen on Western blot analysis.
Kit (Applied Biosystems). Sequence analysis and comparison were The 1gG of normal rabbit serum and of immunized rabbit serum
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was purified as follows. Pooled serum (15 ml) was mixed with theVTX in the medium was gradually increased to . Four days
same volume of 80% saturated ammonium sulphate (SAS) in 0.01 bkfore collecting the conditioned medium, the culture medium was
phosphate buffered saline (PBS) (pH 7.0) (40% SAS-serum). Theplaced without MTX and FCS. The same procedure was carried out
precipitate was then collected and dissolved in 2 ml of PBS. londsing pSD(X) vector alone. The CHO cells were transfected with
exchange chromatography was carried out on DEAE-cellulose (DE5PSD(X)/eSRS2And the conditioned medium was assayed by western
Whatman) column (15 cm; bed volume approximately 10 ml) blot analysis to check production and secretion of the recombinant
equilibrated with 0.0175 M PB (pH 6.8). The 40% SAS-serum wagrotein.

dialysed against the starting buffer and loaded onto the column. The Conditioned medium (80 ml) containing eSRS21 recombinant
IgG was eluted by 0.0175 M PB, the elutants were collected and thgotein was concentrated by ammonium sulphate precipitation at 4°C.

absorbance of the fractiswas measured at 280 nm. The precipitate was redissolved in 3 ml of distilled water and dialysed
) with distilled water. The dialysed protein concentrate was fractionated
SDS PAGE and western blot analysis by ion exchange chromatography on a CM Seph&tbsast Flow

Fresh testicular samples were homogenised with physiological salim®lumn (Pharmacia) using a stepwise gradient of 0 to 1 M sodium
solution for eel (Miura et al., 1991a) at 4°C. The testicularchloride. The fraction containing eSRS21 was dialysed against PBS
homogenate was mixed with an equal volume of nonreducing (128nd then applied to a Sepha#¥éxG-25 gel-filtration column

mM Tris-HCI, 4% (w/v) SDS, 20% (v/v) glycerol and 0.05% (w/v) (Pharmacia). The eluted fractions contained recombinant eSRS21 as
Bromophenol Blue) or reducing sample buffer [nonreducing sampléhe major protein, which reacted with anti-eSRS21 antibody by
buffer with 10% (v/v) 2-mercaptoethanol]. The mixture was heated investern blotting, and a few minor protein contaminants. These
a boiling water bath for 5 minutes, centrifuged at 99@fr 5 minutes,  partially purified samples were dialysed against physiological saline
and then the supernatant of the tissue extracts was collected. Samehition for eel and diluted with Leibovitz L-15 medium
were separated using SDS-PAGE on 10% gels. The separated protesupplemented with 0.5% bovine serum albumin fraction V (Sigma)
were transferred to polyvinylidene difluoride membranes (Millipore).and 10 mM Hepes and adjusted to pH 7.4.

After blotting, the membranes were incubated and shaken for 30 )

minutes in 5% skimmed milk in 20 mM Tris-HCI (pH 7.5) containing Testicular organ culture techniques

0.5 M NaCl (TBS) to block nonspecific binding sites. The blockedTesticular organ culture techniques were performed as described
membranes were immersed overnight in 5% skimmed milk containinfMiura et al., 1991b), with minor modifications. Freshly removed eel
the primary antibody against eSRS21 diluted to 1:1000. After washinggstes were cut intox1x0.5 mm pieces and placed on floats of 1.5%
twice with TBS containing 0.025% Tween 20 (TTBS) and then withagarose covered with a nitrocellulose membrane in 24-well plastic
TBS, the membranes were incubated with horseradish peroxidasissue culture dishes. The agarose floats were substituted with basal
(HRP)-conjugated goat anti-rabbit IgG (BioRad) diluted to 1:1000 irmedium for 18 hours before the start of culture. Testicular fragments
TBS for 2 hours at room temperature. After washing, HRP activityvere then cultured in 1 ml of the basal medium with 0, 0.005, 0.05,
was visualised using a freshly prepared solution of 0.06% 4-chlor®.5 and 5 ng/ml of recombinant eSRS21 and/or 10 ng/ml of 11-
1-napthol in TBS containing 0.06% >8,. To demonstrate the ketotestosterone, the concentration that is most effective for inducing
specificity of eSRS 21 antibody, the same procedures of Western bigpermatogenesis (Miura et al., 1991b), for 15 days at 20°C in
analysis were carried out without primary antibody as a negativeumidified air. The basal culture medium consisted of Leibovitz L-15

control. medium supplemented with 1.7 mM proline, 0.1 mM asparatic acid,
o 0.1 mM glutamic acid, 0.5% bovine serum albumin fraction V
Immunoprecipitation (Sigma), 1 mg/ml bovine insulin and 10 mM Hepes adjusted to pH

Testes (100 mg) from intact eels were homogenised with an equal4. The medium was changed on day 7.

volume of 0.25 M sucrose containing 1/ml leupeptin and 100 mM ) ) ]
phenylmethanesulphonyl fluoride. After centrifugation at 99@or ~ Testicular germ cell/somatic cell co-culture system with

10 minutes, the supernatant was incubated with 10 volumes @hti-eSRS21 antibody

immunoprecipitation buffer (10 mM Tris-HCI, 0.1 M NaCl, 1 mM Testicular germ cell/somatic cell co-culture techniques were
EDTA, 1% Nonidet P-40, pH 7.5) containing pDof anti-eSRS21 performed as described (Miura et al., 1996), with minor modifications.
antibody. After overnight incubation at 4°C, the immunocomplex wasserm cells and somatic cells containing mainly Sertoli cells were
absorbed with 5@ of protein A-Sepharose (Pharmacia) for 1 hourisolated from the testes of five eels by collagenase and dispase
at 37°C. The beads were washed with TTBS by centrifugation at 10G6eatment. For each eel sample, aliquots okT05 of these isolated

g for 10 minutes and treated with fivefold more concentrated SD8ells were suspended with 1 ml of basal culture medium containing
sample buffer. As a negative control, the same procedure was carri6@ pg of purified anti-eSRS21 1gG. The cells were pelleted by
out without testicular samples. Proteins were separated by 10%entrifugation at 100Q for 10 minutes at 20°C. After centrifugation,
acrylamide gels and blotted onto PVDF membranes, which wereach pellet was incubated for 24 hours in a microcentrifuge tube (1.5

immunostained with an anti-eSRS21 antibody. ml; Greiner) at 20°C. Five pellets were collected and analysed to give
) ) an initial control value, and another five pellets were transferred to
Production of recombinant eSRS21 24-well culture dishes (Iwaki) and cultured with 1 ml of basal medium

Recombinant eSRS21 using CHZHFR- cells was produced by containing 50ug of anti-eSRS21 IgG for 15 days at 20°C in
using the methods of Murata et al. (Murata et al., 1988). The eSRS2ALimidified air. For control experiments, 10 pellets were treated with
cDNA was inserted intpSD(X)containingpSV2dhfr(Murata et al., an equal amount of normal rabbit IgG instead of anti-eSRS21 1gG at
1988) in the correct orientation between $#A&40early promoter and all the relevant stages, and five of these 10 control samples were
the poly(A) signal. We designated this expression vector asultured with 11-ketotestosterone for 15 days as a positive control.
pSD(X)/esrs21c19pSD(X)/esrs21c1910 pg) was transfected into The medium was not changed during the culture period.

CHO DHFR- cells by electropolation, according to the electroporator ) ) )

manual (BioRad). Transformants were selected after 2 weeks &tetection of proliferating germ cells

growth at 37°C in selection medium without ribonucleotide andTo detect the proliferating cells, labelling with 5-bromo-2-
deoxyribonucleotides (MEM ALPHA medium, Gibco). Initially, deoxyuridine (BrdU) was carried out according to the manufacturer’s
transformants were grown in the selection medium with 100 nMnstructions (Amersham Pharmacia Biotech), with minor
methotrexate (MTX). The medium was then changed every 3 daywodifications. Testicular fragments or pellets of testicular germ
until MTX-resistant transformants appeared, and the concentration otll/somatic cells were incubated with BrdU ({twell) for the last
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12 hours of culture. After culture, samples were fixed in Bouin'snto theAzapllarm. Fragments that hybridise to the same full-
solution, and 5um paraffin wax-embedded sections were cut andength cDNA clones are usually derived from the same mRNA.
stained immunohistochemically. Sections were then counterstainethis analysis identified three downregulated cDNA clones:
with Delafield’s Haematoxylin. The number of immunolabelled germe SRS 2INde SRS4which have been reported previously (Miura
cells was counted and expressed as a percentage of the total nurr@péh 1998), andSRS21which is newly isolated and on which
of germ cells. we focus in this study.
Statistics The screening of approximatelyxP® plaques from an
Data analysis was carried out by the Sceirer, Ray, and Hare extensii{act €el testicular cDNA library yielded positive clones for
of the Kruskal-Wallis test (a two-way ANOVA design for ranked €SRS21, and the clone with the longest insert was subjected to
data), followed by the post-hoc Benferroni adjustment. A value osequence analysis.
P<0.05 per number of comparisons was considered to be significant.

Characterisation of eSRS21

esrs21c19the longest cDNA clone of eSRS21, has a 2017 bp

RESULTS insert  (DDBJ/EMBL/GenBank  Accession  Number,
) ABO074569). The sequence contains a long open reading frame
cDNA cloning encoding 614 amino acids (Fig. 1). Three potential N-linked

To isolate downregulated cDNA from eel testes, twoglycosylation sites are located at Asn (77) to Ala (80), Asn
populations of double-stranded cDNA were prepared fronfl44) to Gly (147) and Asn (398) to Ala (401). The N-terminal
testes of eel that had been either

untreated (-) or treated (+) witl

. N esrs21 MW———S——RRVMRA-MLLIT— S CATATI.PQOCEGGGGMDRILKPDR-PRPDQTDGGEDGA 52
single injection of hCG for 3 day chickenurs MKAALGVLLP-Y——-LVLLLRS —T—— AT PRKGTPG-—AF-AV-——L-EQ--SL-SEEMG
; ; HumanMIS MR——-D—-LP-LTS -LALVL~5 ~ALGAL~L~GT—————E-ALi-——RAEEP-AV-GTS -G
and an enriched subtractive MouseMIS MQ-—-G———PHL-SPLVLLL-A~TMGAV—-L-—QP————E-AV————— 'NL-AT-NTR-G
cDNA library was constructe
; . esRszl WGSERENED-——P——-—RSR———85DD-AAETAD-Q——————— NSTA--RPDPEP————— 87
Approxmately 16 clones fr_om thi G ckenms GAK-RENVSRARPGLAVRPKMTAASRLLP—EPAAS CTQADGS S LQPHPLGGL-EGPVCRL
library were screened by different  sumanmis ~IF-REDLD--WP——--—P-——— GI-——PQEPL—-C-—————- VA--LGG—-D§--——-
TR . M MIS ~IF-LED-E-LWP—————P———— 88 ———PPEPL--C——————— VT--VRG——EG—————
hybridisation, using each subtract “°%*¢
cDNA as a probe, and roughly 1,( esrs21 EPDPR--TF-SGTGPCFGLVVEHEAVGRDL. [ S AVLE-GHCREREPEQEDLTRFGLCSDPD 142
g ChickenMIs KMD-RNEVPPSHL-EVVGVLTRYE---SAF IK-VLRAGWE-HRS PE———-T-FGLCPGGD
clones that hybridised only to the  sunanurs NGS—S——-SP--—L-RVVGALSAYE--—QAFLGAVQRARWG-PRDLA—-——-T-FGVCNTGD
cDNA library were picked up. The Mousenrs NTS-R--AS---T.-RVVGGLNS YE-~~YAF LEAVQESRWG-PQDLA-——-T-FGVSST-D
clones were Composed of SIX N esrs21 GNSTG-PNAALSALAKGVEKDRG-C---LHVLHPTKEL-WGADGEHQRRELTLRFLLP-— 195
idici . ChickenMIS AOTVLRP——-LOQLOEHLAG-PGMCLORFLILH-LEEVKW-—--EAQ——PR-LWFRLPFH
crosshybridising cDNA fragmen HumanMIS ROAAT-P—-—-SLRRLGAWL—RDPG—CG—ORLVVLH-LEEVTW-———EPT-—PS—LRFQEP——
We thought that some of the mousemis SOATL-P-—ALORLGAWL-GETG-E-QQLLVLH-LAEVIW-——-EPE—-LL-LKFQEP——
cDNA fragments may not be fi esrs21 PPLHHARL-G-—-GL-—APVLUFALGG-TASTG-G-M-—-RVSF-GSPSLLPHRQTVCLSA 242
Iength, as they mlght have be¢ chickenmis AEV--GRLLG--ELHVA-LLLF-YPGSP--TGRWAEGRQELLVECT-GL-TQEQSLCFT
. HumanMIS PP—— —GGA-GPPEL--A-LLVL-YPG—P——-G-—-P———EVTVTRA-GL-PGAQSLCPS
digested by theMbol enzyme. Wi yougents ———GGA-SRWEQ--A-LLVL—YSG-P-——G-—-P-——QUTVTGT-GL-RGTQNLCPTR
therefore probed for full-leng
. esrs21 GTRYAVL-TRRQTKD-HSHGOGQ-GQEQGHVVILRITVEANQ-AEEGEKRS LQDLLTGEGY 298
cDNA clones using a comple chickenmts TQYTLLRAS-—V—-AAVSSSSKELSFQL.S - TIR-H-HGDGGAPL S LME-TOQLLF GS D=
i HumanMIS JTRYLVL—-A--—V-D-RPAGAWR—GS GLA-LTLQ-P-RGED—SRLSTAR-LQALLEGDD—
CDNA flibrary that was construct MouseMIS 'TRYLVL~T==—V—-D-FPAGAWS —~GFGLI-LTLQO-PSR-EG-ATLS IDQ-LOAFLFGSD—
from nondigested cDNA insert '
esRs21 GRTGTQG-P-LLIFQ-—SR-ILDSA-D———SPSNG-[.——APEVSPS———PGP-LA-—FP—— 330
ChickenMIS EKCETRMTPVLLLLAGS PPEG-DAAAPSSYLS ASGVVDVAP—Y—POLSPPHPGTAELPPH
HumanMIS HRCFTRMTPALLLL-——PR-§~EPA-P——-LPAHGQLDTVP-F—PP-——PRP-SAE-LEE
MouseMIS SRCFTRMTPTLVVL - - —PP—A-EPS-P———QPAHGQLDTMP—F—PQ———PGL-SLE—FPE—
Flg: 1'C°,mpa”50n of the deduced . esrRs21 o — RT-F-H--FLCVLQOKF-LSEAL---§-PERAGSVPAPAAPVSID--S1.QS 378
amino acid sequence of eSRS21 with chickenMIs TTAS PANTTS PTPGDS GOFLGVLT - LFIRRVLSPRSEPPTQPS —S - —Q—— HWLDF QMMET
the sequence of Milllerian-inhibiting HumanMIS --§-P-———-PS-ADP--FLETLTRL.-VR-AL—-—RV-PPARAS ~A-PR--LALDPDALAG
. ., MouseMIS ) - HS—ADP-—-FLETLTRL-VR-AL--RG-PLTQAS—N-TQ--LALDPGALAS
substance (MIS) from chicken (Eusébe
et al., 1996), human (Cate et al., 1986) esrsz1 LP-P-LTLGASSSESLLLGLLNSSAPTLFSF-PRWAGELLE-—-H-RVELD--LQP-P—— 428
and mouse (Minsterberg el al, 1991). Shickeri™®  GTob s s ey soreersrgee s g
This alignment was performed using  MouseMIs FP-(GL-VNLSDPAALGR-LLDWEEPLLLL LS PTAATEREPIRLH-G-PASAPIAA-G——
Clustal WSOftware (Thomps_on et al" esmrs21 LVAVLRLRLE-EAAARAAREATGGCGL-GD-RLQRLRELGSL——PGEGAAPPADK-GSDR 480
1994). Numbering of the amino acid  chickenmrs L-Q-LLMG-KL.OAVIHET RDIPEFQ-A-NTGLFQHL—~LSFCYHPP—C——PAA-G-G-Q—
residues relates to eSRS21. Red HumanMIS L—-A-RRVAAELOAAAAETLRSLPGLPPATAP-LLARL—-LALC—-PG-CG——P-G-GLG-D—
S . M MIS L—-Q-RRVAVELOAAASELRDLPGLPPT—APPLLARL-~LALC——PN-D--SRS—§-G-D—
characters indicate residues that are %% ¥ X
conserved throughout all sequences. esrs21 E--A-QYRALLLFKALOTVLGAWEEERSLR-SARGGQ-E--GSGKG-GGCRLQPLEVSLK 532
F ; ChickenMIS PGSGKLHALLLLKALOTVRARWQE-R——RKVLR--QNR——S ARHQ-AHCRLQELTIDLR
Grey characters indicate residues that p o =/ 0 ™" 77777 RATLLLIKALQGLRVEWRG-RDPRGPGRA-Q-RSAGATAADGPCALRELS VDL
are the same for 3/4 sequences. MouseMIS p_———— RALLLLKALQGLRAEWHG-REGRGRTRA-Q-R--GDKGQDGPCALRELS VDL
Asterisks indicate seven conserved x Xk
X - esrs21 -SY-—VLEPAT--AAINNCEGPCGFPLAEAN-———-NHAILLHSHEQSGQPLGRSPCCVPL 583
cysteine residues. Dash represents a gabiekenurs —DRNFIVMP-TVYAA-NNCEGPCRLPLETRVPGYHSHTVLLLGMOERGSPLORAPCCVEY
in the sequence introduced to maximiseHumanMIs AERS-VLIPET-YQA-NNCQGVCGWPQSDRNPRYGNHVVLLLKMOARGAALARPPCCVET
alignment; arrowhead indicates the MouseMIS AERS-VLIPET-YQA-NNCQGACRWPQSDRNPRYGNHVVLLLKMOARGAALGRLPCCVET
signal sequence cleavage site. esrs21 RYAD-LOVVELKGAGTEITIKPNMVATROGCR 614
Underlined residues denote a possible ChickenMIs RYSDQL-ITSVSAEGLEVRKFPNMVAEECGCR

. . HumanMIS AYAGKL-LTSLSEERISAHHVENMVATECGCR
N-glycosylation site. MouseMIS AYAGKL-LISLSEERISADHVPNMVATECGCR
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Fig. 3.eSRS21 mRNA expression in developing testes. Northern blot
Fig. 2. Characterisation of eSRS21 protein using an anti-eSRS21  analysis was performed using poly{/&NA extracted from the
antibody. (A) Western blot analysis of the immature cultivated eel testes 0, 1, 3, 6, 9, 12, 15 and 18 days after hCG treatment. Northern
testis under non-reducing (lane 1) and reducing (lane 2) conditions. blot of elongation factor ¥EF1), which serves as reference, is given
(B) Testicular immunoprecipitation using anti-eSRS21 (lane 1). Lan&inderneath the figure.
2 shows the negative control without testicular samples. H and L
indicate heavy and light chains of 1gG, respectively. (C) Western blot

analysis of CHO cells transfected wiiBD(X)/esrs21c1@ane 1) Sequential changes of eSRS21 transcription and
and its conditioned medium (lane 2) under reducing conditions. translation in spermatogenesis

Numbers on the left represent molecular size markers (kDa). i . i
Northern blot analysis was used to examine how the transcript
levels of testiculareSRS21change during hCG-induced
spermatogenesis (Fig. 3). Before hCG injection, 2.4-kb mRNA

regions of this clone are rich in hydrophobic amino acidranscripts were prominent in testis. This signal was

residues, which is characteristic of signal peptides. Accordingnmediately suppressed by hCG injection, and was not
to the (-3, —1) rule (von Heijne, 1984), in combination withdetected in testis for 9-18 days after hCG injection. As an
the signal peptidase cleavage pattern (von Heijne, 1986), theaealysis control, the same northern blots were re-probed with
is likely to be a cleavage site for signal peptidase located labelled elongation factorl(EF1) cDNA and the same
between Pro (22) and GIn (23). amount ofEF1 transcripts was detected in all samples.
Database searches showed that the C-terminal 129 aminoTo evaluate how levels of eSRS21 protein change during
acids of eSRS21 share amino acid sequence similarity wittpermatogenesis, western blot analysis was performed using an

Mullerian inhibiting substance (MIS) (Fig. 1). Overall, anti-eSRS21 antibody (Fig. 4). eSRS21 protein was detected

eSRS21 shares 43.3, 41.3 and 40.7% similarity, respectivelyefore hCG injection, but protein levels decreased drastically

with the amino acid sequence of MIS from chicken (Eusebe @n six days after hCG injection and no eSRS21 protein was

al., 1996), human (Cate et al., 1986) and mouse (Minsterbetigtected on 12 days. By contrast, none of these bands was

and Lovell-Badge, 1991). In the C-terminal region of eSRS21detected in negative control without primary antibody (data not

there are seven conserved cysteine residues, which are featusbewn). Thus, eSRS21 is present in untreated eel testes

of the TGP superfamily (Massagué, 1990). containing spermatogonial stem cells, and its transcription and
To confirm the existence of the eSRS21 protein, we carriedlanslation is downregulated by hCG injection.

out western blot analysis and immunoprecipitation on o ) )

immature eel testes using an anti-eSRS21 antibody (Fig. yocalisation of eSRS21 mRNA in testis

eSRS21 was detected as a band of 60 kDa in western blottifig determine the distribution @SRS2IMRNA expression in

under reducing conditions. Under non-reducing conditionstestis, we performed in situ hybridisation using DIG-labelled

however, the eSRS21 band shifted to 120 kDa (Fig. 2A)

Immunoprecipitation also revealed a 30 kDa band, which wa

not detected in the negative control (Fig. 2B). However, thi: 0 1 3 6 9 1215 18 (days)
band did not appear in western blot analysis (Fig. 2A). We als

assayed CHO cells transfected wjtsD(X)/esrs21c1%nd 94>

their conditioned medium by western blot analysis unde 67 .

reducing conditions (Fig. 2C). Although the 30 kDa and 6(

kDa bands that react with anti-eSRS21 were detected in ti 43>

transfected cells, only the 30 kDa band was found in th
conditioned medium. This 30 kDa band did not shift to a highe
mass under non-reducing conditions (data not shown). B
contrast, none of these bands was detected in the mo

transformants. or_their condltloneq medlum.. Although a”Fig. 4.Western blot analysis of eSRS21 protein expression during
western blot analyses were carried out without primanyce.induced spermatogenesis using an anti-eSRS21 antibody.
antibody against eSRS21 for the negative control, no banskmples were obtained from the testis at 0, 1, 3, 6, 9, 12, 15 and 18
could be detected except for the bands of 19G irdays after hCG treatment. Numbers on the left represent molecular
immunoprecipitation (data not shown). size markers (kDa).

30
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Fig. 6.Northern blot analysis of 5 4 kp» . A
MRNA from cultured testicular

fragments for eSRS21. Testicular

fragments were cultured without

(lane 2) or with (lane 3) 10 ng/ml

11-ketotestosterone for 6 days.

Lane 1 shows the initial control

before culture. Northern blot of .
elongation factor XEF1), which EF-1»
serves as reference, is given .

underneath the figure.

Fig. 5. Cellular localisation of eSRS21 mRNA in the immature . .
cultivated eel testis by in situ hybridisation. (A) Section hybridised peak suppression (19.8+1.3%) occurring at 0.5 ng/ml

with antisense probes. (B) Section hybridised with sense probes as E¢OmMbinant protein. Treatment with r-eSRS21 alone, however,
negative control. Sections were stained nuclei by 0.2% Methyl did not affect either the BrdU index or any spermatogenic
Green, metachromatically. G and S indicate germ cell and Sertoli process during the experimental period.

cell, respectively. Scale bar: fén. ) )
Effects of anti-eSRS21 antibody on

spermatogenesis in vitro
sense and antisense RNA probes (Fig. 5). The signal obtaingéd investigate further the action of eSRS21 in initiating
with the antisense probe was detected mainly in Sertoli celpermatogenesis, germ cell/somatic cell pellets were cultured
in testes. By contrast, the sense probe did not hybridise to amyth or without purified anti-eSRS21 antibody for 15 days

cells in the testes. (Fig. 8). Before cultivation, all germ cells in the pellets were
type A and early type B spermatogonia. In the positive

Effects of 11-KT on eSRS21 mRNA expression in eel controls, 11-KT treatment alone stimulated the proliferation of

testes in vitro spermatogonia, and as a result late type B spermatogonia were

Northern blot analysis was used to examine the effects of 1tletected in the pellets, indicating that this experimental system
KT on eSRS2INRNA expression in the eel testicular organfunctions normally. Treatment with anti-eSRS21 antibody also
culture system (Fig. 6). A concentration of 10 ng/ml 11-KTstimulated spermatogonial proliferation, and as a result several
was used, because this concentration has been found to be neysits constructed by late type B spermatogonia (35%) were
effective in inducing spermatogenesis in vitro (Miura et al.observed in the pellets. By contrast, control germ cell/somatic
1991a; Miura et al., 1991b)eSRS21transcripts were cell pellets cultured with normal rabbit IgG had only type A
prominent in testis before cultivation. In cultured testis,and early type B spermatogonia.

expression oeSRS21did not change for 6 days in control

systems without hormones; however, the signal strength of

eSRS2IMRNA decreased markedly in 11-KT-treated cells. ASDISCUSSION

an analysis control, the same Northern blot was re-probed with

a labelled EF-1 cDNA, and the same amounts &F-1  Under fresh-water cultivation conditions, male Japanese eel

transcripts were detected in all samples. have immature testes containing only non-proliferated type A

) ) and early type B spermatogonia (Miura et al., 1991a). This
Effects of recombinant eSRS21 on spermatogenesis immature stage of the testis is attributed to insufficient
in vitro gonadotropin (GTH) in the eel pituitary (Yamamoto et al.,

To investigate the action of eSRS21 in spermatogenesi$972). Although a single injection of hCG can induce the
testicular fragments were cultured with various concentrationomplete process of spermatogenesis from the proliferation of
of recombinant eSRS21 (r-eSRS21; 0.005, 0.05, 0.5 and gpermatogonia to spermiogenesis, GTHs do not cause this
ng/ml) and/or 10 ng/ml of 11-KT for 15 days. We theninduction directly, but rather work through the gonadal
measured the proliferation of spermatogonia by exposing thH@osynthesis of 11-KT, which in turn mediates the start of
testicular tissue to BrdU to check for replicating DNA (Fig. 7).spermatogenesis (Miura et al., 1991a; Miura et al., 1991b;
Before cultivation, all germ cells in the eel testis were type ANagahama, 1994). It is believed that the action of 11-KT is
and early type B spermatogonia (which are spermatogoniahediated by other factors produced by Sertoli cells, which also
stem cells), and the BrdU index was 10.3+0.6% on stem cetlontain androgen receptor (lkeuchi et al., 2001). Alternatively,
renewal. In the positive controls, treatment with 11-KT alonéhowever, it is possible that factors that suppress the progress
stimulated DNA replication (BrdU index=43.4+1.3%) and of spermatogenesis are expressed in the testis when the fish are
proliferation of spermatogonia. When testicular fragmentsn fresh water. In other words, eel spermatogenesis may be
were cultured simultaneously with r-eSRS21 and 11-KT, thénitiated by the downregulation of the genes encoding
increase in BrdU index caused by 11-KT stimulation wasuppressive factors. On the basis of this hypothesis, we used
suppressed by r-eSRS21 in a dose-dependent manner, witine expression cloning to isolate cDNA clones that show
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E 30 normal rabbit serum, respectively. GA and GB indicate type A
k! spermatogonia and late type B spermatogonia, respectively. Scale
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11-ketotestosterone; anti-eSRS21, anti-eSRS21 IgG. Results are
given as the meants.e.m. Values with the same lowercase letter(s)

5 50 5005000 0 5 50 5005000 . are not significantly differen<0.05).
r-eSRS21 r-eSRS21+11-KT
Fig. 7. The effects of recombinant-eSRS21 (r-eSRS21) on 11- only by hCG injection in vivo, but also by 11-KT treatment in

ketotestosterone-induced spermatogenesis in Japanese eel in vitro.vitro. These findings suggest that eSRS21 fulfils the criteria
(A-D) Microphotographs show the testicular sections from fragmentgjefined for a key factor that regulates spermatogenesis.
cultured in basal medium alone (A), and with r-eSRS21 (B), 11- The esrs21c19clone was isolated from a normal cDNA
ketotestosterone. (C) and r-eSRS21 and 11-kgt0testoster0ne togethﬁbrary constructed from nondigested cDNA fragments inserted
(D). GA and GB indicate type A spermatogonia and late type B4 2 37411 vector. A homology search of the predicted amino

spermatogonia, respectively. Scale barps0 (E) BrdU index. The . .
number of positively immunoreacted germ cells is expressed as a acid sequence showed that eSRS21 shares comparatively

percentage of the total number of germ cells. IC, initial controls: 11-Nigh similarity with Mullerian-inhibiting substance (MIS).
KT, 11-ketotestosterone. Results are given as the meanzs.e.m. Valdedrthermore, eSRS21 also has seven conserved cysteine
with the same lowercase letter(s) are not significantly different residues in its C-terminal region, a feature of the FGF
(P<0.05). superfamily (Massagué, 1990), and forms dimers in situ as

observed by the 120 kDa band in western blots run under non-

reducing conditions. These findings indicate that eSRS21 may
suppressed expression after hCG treatment. As a result of thie the eel homologue of MIS and a member of the FGF
cDNA cloning, we succeeded in identifyie@RS21 superfamily.

As mentioned above, it is thought that transcription of the Under reducing conditions, testicular eSRS21 exhibits two
gene encoding a key factor regulating spermatogenesis fisrms with different molecular masses: one of 60 kDa and
controlled by 11-KT, a spermatogenesis-inducing steroid, ana@nother of 30 kDa. CHO cells transfected wébrs21c19
that this factor is expressed in Sertoli cells in which theDNA also produce these two forms of recombinant protein.
receptor for 11-KT is located. In this study, we found thatHowever, conditioned medium from the transfected CHO cells
eSRS21 mRNA was expressed in the Sertoli cells of immatuentains only the 30 kDa form. Although further investigation
eel testis in which the spermatogenesis process is resting.needed, it seems likely that eSRS21 is produced as a 60 kDa
Moreover, eSRS21gene expression was downregulated nofprotein in Sertoli cells but is secreted as 30 kDa protein after
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proteolytic processing, similar to the processing that occurshibition of cell growth (Segev et al., 2000). When MIS
with members of the TGF superfamily (Massagué, 1990). suppresses androgen synthesis in Leydig cell in mammalian
Although the testicular 30 kDa protein was detected byetal testis, however, its signal transduction directly mediates
immunoprecipitation, it was difficult to detect by using westerndownregulation of the mRNA expression of cytochrome
blot analysis. This suggests that the quantity of 30 kDa proteiR450c1@ hydroxylase/Gz-20lyase. (Teixerira et al., 1999). In

is less than 60 kDa protein in situ condition. There may béuture, it will be necessary to establish whether eSRS21
some regulational mechanisms in this proteolytic processinighibits spermatogonial proliferation by directly affecting germ
from 60 kDa to 30 kDa form. cells, or by mediating its actions through either the production

In general, growth factors belonging to the TGF of steroid hormones other than 11-KT or via the production of
superfamily are disulphide-linked homo- or heterodimergrowth factors such as BMP8B and activin B, which are known
(Massagué, 1990). Although the testicular 60 kDa eSRS2b affect spermatogonial proliferation (Zhao et al., 1996; Miura
forms a dimer, the 30 kDa secreted recombinant eSRS21 froet al., 1995).

CHO cells is monomeric. From our results, however, it is not We propose that eSRS21 should be called not ‘MIS’ but
clear whether the testicular 30 kDa eSRS21 is monomeric &gpermatogenesis-preventing substance (SPS)’ for the
dimeric. Although mammalian CHO cells may not faithfully following six reasons: (1) eSRS21 is expressed in the Sertoli
construct teleostean eSRS21, it seems likely that eSRS21 damdls of immature eel before the initiation of spermatogenesis;
not need to form a dimer, because its monomeric recombina(®) the initiation of spermatogonial proliferation corresponds
retains biological action in eel spermatogenesis with the disappearance of eSRS21 expression; (3) eSRS21

MIS, also called anti-Mullerian hormone (AMH), is a expression is downregulated by 11-KT, which is a
glycoprotein that is expressed early in gonadal differentiatiospermatogenesis-inducing steroid; (4) recombinant eSRS21
of the mammalian male. MIS was identified and later purifieghrevents spermatogenesis induced by 11-KT treatment an in
on the basis of its ability to induce regression of primordiunvitro organ culture; (5) removing naturally occurring eSRS21
of female genitalia primordium, the Miillerian duct, in protein from testis using a specific antibody induces the
mammalian embryos (Balanchard and Josso, 1974). MIS igitiation of spermatogenesis in an in vitro germ cell/somatic
also produced by Sertoli cells of the fetal and adult testis anzkll co-culture; and (6) teleosts do not have a Millerian duct.
by ovarian granulose cells after birth (Balanchard and Josso, Although the molecules involved have not been identified,
1974; Vigier et al.,, 1984). In ovary, MIS blocks meiosisevidence for the existence of hormones or factors that suppress
(Takahashi et al., 1986), leading to a loss of germ cells (Vigiespermatogenesis, especially meiosis, has been shown for
et al.,, 1987; Behringer et al., 1990), and inhibits thepolychaeta and mammalia (Bertout, 1984; Gondos et al., 1996;
transcription of aromatase (Vigier et al., 1989) and LH receptddayashi et al., 2000). We suggest that eSRS21/SPS may be one
(di Clemente et al., 1994). MIS also affects the function of thef these factors in Japanese eel.
adult testis by blocking the differentiation of mesenchymal into As mentioned above, in fresh-water conditions eel
Leydig cells (Behringer et al., 1990; Behringer et al., 1994spermatogenesis arrests at an immature stage prior to initiation
Mishina et al., 1996) and by decreasing the expression aff spermatogonial proliferation. This immature stage seems to
steroidogenic enzymes (Racine et al., 1998; Rouiller-Fabre bt maintained by the expression of SPS in eel Sertoli cells in
al., 1998; Teixeria et al., 1999); however, MIS does not affedresh-water conditions. When eels downmigrate to the ocean,
germ cell development in mammalian males. Thus, MIS is apermatogenesis resumes and progresses to maturation (Larsen
growth factor with multiple functions in mammalian and Dufour, 1993). We propose that during eel migration,
reproduction. Because teleosts do not have a Millerian duspermatogenesis is resumed through a suppression of SPS
(Hoar, 1957), we propose that eSRS21 may share similaxpression caused by an increase in 11-ketotestosterone, which
functions with MIS except for regression of the Miillerian ductis induced by gonadotropin stimulation.
in male eels.

Using recombinant eSRS21 protein produced from a CHO We thank Prof. Y. Nagahama for discussion and Dr Y. Eto for
expression system, we investigated the effect of eSRS21 on 1providing ofpSD(X)vector. This work was supported by grant-in-aid
KT-induced in vitro spermatogenesis. Adding recombinan{o™ the Ministry of Agriculture, Forestry and Fisheries of Japan
eSRS21 to culture media suppressed the spermatogon PP-Ol-IV—2-9) and from The Japan Society for the promotion of

. . X ; . ience.
proliferation induced by 11-KT, with peak suppression
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normal conditions, eSRS21 inhibits the start ofBehringer, R. R., Cate, R. L., Froelick, G. J., Palmiter, R. D. and Brinster,
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