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Abstract



Gonadal sex differentiation proceeds by the intgrplf various genes encoding transcription
factors and secretory factors in a complex netwdHe sex differentiation-related genes have
been reported to be expressed not only during eexylifferentiation but also in the adult gonads.
In addition, the studies using conditional knockmitte suggest that they are involved in the adult
gonadal functions. On the other hand, few studasstbeen conducted from the viewpoint of
gene network.

In the present thesis, | analyzed the expressiofilgof various sex differentiation-related
genes in the testis of the adult Japanese qDailinix japonica), whose testicular functions are
dramatically changed by altering photoperiod, dissa step to understand their network in the
adult gonad. Anti-Mdllerian hormon@lH) was significantly upregulated in the regressstige
induced by the short-day condition. The expressidhe transcription factors that promadtelH
expression in mammalSK1, SOX9, WT1, andGATA4) was also increased in the regressed testis.
The putative binding sites for these transcriptextors were present in the qualMH promoter
region. Moreover, AMH-specific type Il receptdHR2) showed an expression pattern similar
to its ligand during the testicular changes induagghotoperiod. These results suggest that the
sex differentiation-related genes function via AMHhe adult testis.

AMH is a member of the transforming growth factetd(TGFB) superfamily. Most of this
superfamily members are known to contribute toidektr functions such as spermatogenesis.
There are complex signaling cross-talks in thisesigmily because their receptors and intra-
cellular signaling molecules called SMADs are sHaemnong different kinds of ligands.
Therefore, | also analyzed the expression of otrersforming growth factor beta (TGH-
superfamily members and their receptors to exanhiai association with the AMH signaling.
The expression of the ligands and receptors of B&tmily, and follistatin and betaglycan, which

inhibit activin signaling, was increased in theresged testis. In addition, their expression was



decreased at Stage lll, when spermatocytes appé@ardn seminiferous tubules, during the
testicular changes induced by the long-day condifidnese results suggest that AMH is involved
in the regulation of spermatogonial proliferatiamdadifferentiation together with other TG¥F-
superfamily members.

In conclusion, the results obtained in this stutlgrgyly suggest that the sex differentiation-
related genes work in a network that leads taAtfiel expression and participate in the regulation

of spermatogenesis in the adult quail testis.
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Introduction

The genes involved in gonadal sex differentiation

The gonads are the organ that plays an essentmlimovertebrate reproduction and
functionally different between in males and femaldse male gonad, the testis, and the female
gonad, the ovary, produce sex-specific gameteshanthones. These differences are formed
through gonadal sex differentiation during earlybeyonic development. The genes implicated
in gonadal sex differentiation have been charazgdrin humans and mice (reviews: Wilhedm
al., 2007, Egger®t al., 2014) since the discovery of the testis-deteimgirgeneSRY (Sex-
determining Region on the Y chromosome) (Sinaaal., 1990).

Most of the sex differentiation-related genes erctédnscription factors. Wilms tumor 1
(WT1) and steroidogenic factor 1 (SF1 also knowNRBSA1) are important for initial formation
of the bipotential gonad (Kreidbesyal., 1993, Lucet al., 1994). SRY-box 9 (SOX9) (Vidat
al., 2001, Barrionuevet al., 2006) and GATA binding protein 4 (GATA4) (Manuoylet al., 2011)
are involved in testis differentiation. DSS-AHCtimal region on the X chromosome protein 1
(DAX1 also known as NROB1) was initially thoughthave anti-testis functions (Bardaatial.,
1994, Swairet al., 1998), but it was also found to be essentiatdstis differentiation (Meekat
al., 2003a, b). It is suggested that DAX1 acts inaarow window, and its activity and
concentration are critical for normal testis diffetiation (Ludbroolet al., 2004, Eggerst al.,
2014). In humans, doublesex and mab-3 related trangmmifdctor 1 DMRT1) maps to a region
of chromosome 9 that is associated with XY sexs#isalg(Veitiaet al., 1997). It is required for
postnatal testis differentiation in the mouse (Ragdhet al., 2000). Forkhead box L2 (FOXL2)
is implicated in a human BPES syndrome that is attarized by eyelid abnormality and
premature ovarian failure (Crispomt al., 2001), and it is essential for granulosa cell
differentiation in the mouse (Schmigttal., 2004).

In addition to these transcription factors, seagefactors are also involved in gonadal sex
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differentiation. Fibroblast growth factor 9 (FGF8)a signaling molecule essential for testis
differentiation (Colvinet al., 2001). ProstaglandinzPa product converted from prostaglandin H
by prostaglandin Psynthase (PTGDS), activat&sx9 transcription and nuclear translocation
(Moniot et al., 2009). Wingless-type MMTYV integration site fajnihember 4 (WNT4) and R-
spondinl (RSPO1) are signaling molecules involwealarian differentiation (Vainiet al., 1999,
Jeays-Wardet al., 2003, Tomizukeet al., 2008). These genes found in mammals have been
reported to be expressed during gonadal sex diffieteon in other vertebrate classes (reviews:
Morrish and Sinclair 2002, Cuttireg al., 2013).

Gonadal sex differentiation proceeds by the intrf these genes in a complex network
(reviews: Wilhelmet al., 2007, Cuttinget al., 2013, Eggerst al., 2014). The gene network is
illustrated in Fig. I-1. For exampl&px9 expression upregulated Byy in males is maintained by
Fgf9 andPtgds by establishing feed-forward loops (Wilhebhal., 2007, Eggerst al., 2014).
Sox9 acts synergistically witl1, Wt1, andGata4 to upregulate the expression of anti-Mullerian
hormone Amh), a hormone required for the regression of Midleructs in males (Lasathal .,
2004). In ovarian differentiatiolRspol is required foMnt4 expression, and they function via the
activation of beta-catenin (Eggestsal., 2014).Wht4 is known to repress the male pathway by
upregulating the expressionBax1 (Jordaret al., 2001, Mizusakét al., 2003), which represses
the expression ofmh (Tremblayet al., 2001) and steroidogenic genes (Latlial., 1998). In
addition, the mutually antagonistic interactiongween the testicular and ovarian pathways
ensure the maintenance of sBgpol andWnt4 suppress the male pathway through inhibition of
Sox9 and Fgf9 expression. In contras§ox9 and Fgf9 can inhibit the female pathway by

suppressingrspol andWht4 expression (Kinet al., 2006, Eggerst al., 2014).
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Expression of the sex differentiation-related geneduring postnatal gonadal development
and in the adult gonads

The sex differentiation-related genes have beeorteghto be expressed during the postnatal
gonadal development and even in the adult gondusr €xpression has thus far been examined
mainly in mammals. For example, SOX9 was expresseat Sertoli cells throughout testicular
development, and its expression showed spermatgsmie-dependence in the adult testis
(Fréjdmanet al., 2000). It was expressed in the mature ovary migipg on the follicular cycle in
the mouse (Notarnicolet al., 2006). WT1 was expressed in the somatic and geitts of the
developing testis and ovary in the tammar walldlbythe adult gonads, its expression was
dynamically regulated during spermatogenesis amgmesis (Paskt al., 2007). GATA4 was
expressed in Sertoli and Leydig cells from fetahdult testis in the mouse (Ketadgal., 2002).
In the adult female mous€atad mMRNA was abundantly expressed in granulosa cefisimary
and antral follicles (Heikinheimet al., 1997). SF1 and DAX1 were expressed throughout
testicular development in the rat and human, an&KDAxpression in the adult rat Sertoli cells
showed spermatogenic cycle-specific pattern (Kojana., 2006). In the human ovary, DAX1
and SF1 expression in granulosa cells increasedtatt preantral follicular stage. In theca cells,
SF1 expression increased according to the develafpohéne follicle (Satet al., 2003). SF1 was
expressed in the adult testis and ovary in the anwallaby (Whitworthet al., 2001). DMRT1
was expressed in Sertoli and germ cells duringnadat testicular development and in the adult
testis in the mouse (Let al., 2007). In female adult mouse, it was expresadthieé granulosa
cells of all developing follicles in the ovary (Ras al., 2003). DMRT1 was expressed from fetal
to adult testis and ovary in the tammar wallabysi®hal., 2003).

Moreover, seasonal changes of the expression afiferentiation-related genes in the adult

gonads have been reported from several speciesxBorple SOX9 expression was increased in
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the inactive testis in the non-breeding seasongwhat ofVT1, SF1, andDMRT1 was increased

in the active testis in the Iberian mole (Dadhathal., 2011).s0x9 and dmrtl were highly
expressed when spermatogenesis was active intfihd&®aghuveer and Senthilkumaran 2009,
2010) and lambari fish (Adolfit al., 2015). High expression dDMRT1 during active
spermatogenesis was also reported in the laceztiddl (Capriglioneet al., 2010) and rainbow

trout (Marchandkt al., 2000).

Functional analysis of the sex differentiation-reléed genes using conditional knockout mice

The studies using knockout (KO) mice after sexedéhtiation suggest that the sex
differentiation-related genes are involved in tiomadal functions after early sex differentiation
period. For example, conditiondll KO mouse testis showed a delay in Sertoli cellunzdion,
fewer proliferative germ cells, and larger numbdrapoptotic cells (Katoet al., 2012).
Conditional KO mice ofGata4 showed age-dependent testicular atrophy and (b$sridity
coincident with the decreases in the quantity amdility of sperm (Kyrdnlahtiet al., 2011).
Spermatogenic failure was observed in the adutisted conditionalSox9 null mutant mice
(Barrionuevoet al., 2009). In female mice, conditionéht4 KO resulted in premature ovarian
failure (Prunskaite-Hyyryldineet al., 2014).

Moreover, gonadal dysfunction has been observdtimice even when sex differentiation-
related genes were deleted in the adult gonadseXxample, germ cell death and blood—testis
barrier disruption were observed\ivtl deficient adult mouse testis (Waagal., 2013). In this
mouse, the expression of the genes related toidbgenesis and testosterone production was
also decreased (Chest al., 2014). Loss ofDnrtl in mouse Sertoli cells activatdeox|2
expression and reprogramed Sertoli cells into demaucells even in adult (Matsenal., 2011).

Similar toDmrtl in the testis, inducible deletion BoxI2 in the adult mouse ovarian follicles led
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to the upregulation of testis-specific genes iniclgdsox9 and reprogramed the granulosa and
theca cell lineages into Sertoli-like and Leydiglicell lineages occurred with testosterone levels
comparable to those in normal males (Uhlenlegat., 2009).

These studies suggest that the sex differentiatated genes are involved in the adult
gonadal functions. On the other hand, few studée® mot been conducted from the viewpoint of
gene network. From this situation, | felt it ne@@gsto analyze the expression profile of various

sex differentiation-related genes to understand tregwork in the adult gonad.

Japanese quail as the experimental animal for study the adult gonad

As the experimental animal in this study, | chdse dJapanese quaiCdturnix japonica).
They are a long-day breeder, and their testicularphology and activity are rapidly and
dramatically changed by photoperiod. Their testicweight can change about hundred-fold
within 30 days (Follett and Farner 1966) (Fig. I-Zhis change largely reflects the degree of
spermatogenic progression (the amount of semina #ind germ cell numbers) and is much
greater and faster than those in other seasonati&re For example, even in the Djungarian
hamster, which is known to show great photoperiogéponse among mammals, the change of
testicular weight is about 20-fold in 11 weeks (leamet al., 2005). This dynamic testicular
change in the quail is reversible and accompaniesud regression and reconstruction
(Eroschenko and Wilson 1974). These features shbelé great advantage to elucidate the

expression profile of the sex differentiation-rethgenes associated with the gonadal changes.

Aim of the present thesis
From the background described above, the presesisthimed to clarifying the expression

profile of various sex differentiation-related gemessociated with photoperiod-regulated changes
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of the quail testis as a first step to understdrair network in the adult gonad. | analyzed the
expression of various sex differentiation-relategnes encoding transcription factors and
secretory factors in the adult testis of the gadlibng-day or short-day condition. From the result
of the expression analysis, | focused on the AMgrhaling system. AMH is a member of the
transforming growth factor beta (TGQ¥-superfamily including TGIBs, activins, inhibins, and
bone morphogenetic proteins (BMPs). Most of thigestamily members are known to contribute
to testicular functions such as spermatogenesige(e Itmanet al., 2006).

The ligands of TGH superfamily bind to two different serine/threonkiaase receptors
referred to as type | and type I, and phosphoeythe intracellular signaling molecules called
SMADs (contraction of th€aenorhabditis elegans protein, SMA, and th®rosophila protein,
MAD). The phosphorylated SMADs translocate into tlueleus and regulate the expression of
target genes by interacting with various co-factpeviews: Miyazaweet al., 2002, Shi and
Massagué 2003) (Fig. I-3A).

There are complex signaling cross-talks in thisesigmily because their receptors and
SMADs are shared among different kinds of ligangsiéws: Miyazawaet al., 2002, Shi and
Massagué 2003) (Fig. 1-3B). Moreover, mutually gotastic relationship between the two
groups of SMADs (SMAD1/5/8 and SMAD2/3) has beeporéed (Zeisberget al., 2003,
Matsumotoet al., 2012). Therefore, | also analyzed the expressiothe TGFB superfamily
members that are involved in spermatogenesis andréceptors during the testicular changes to
examine their association with the AMH signaling.

The results obtained in this study strongly sugtiestthe sex differentiation-related genes

are involved in the regulation of spermatogenesi®\WIH in the adult quail testis.



Introduction

/Gonads

N

Fgf9

RS

—

FoxlI2 Dmrt1
Ptgds
” Sf1| | Wt1 | | Gata4
Sry |—| Sox9 ! ! ¢ -

Amh |—— [Mullerian ducts]

Rspol

|

Wnt4

— | Dax1

/

Figure I-1. Network of the genes involved in gonadaex differentiation in mice

The genes encoding transcription factors are inelicas blue boxes, and those encoding secretoryr$aare
indicated as red boxel males, the testis-determining ge®g upregulates the expression 8ix9. Sox9
expression is maintained ygf9 and Ptgds by establishing feed-forward loopSox9 and Fgf9 inhibit the
female pathway by suppressiRgpol andWnt4 expression. In contradRspol andWnt4 suppress the male
pathway through inhibition ofox9 andFgf9 expressionSox9 acts synergistically witlsf1, Wt1, andGata4
to upregulate the expressionArhh, a hormone required for the regression of Miltedaicts.Dax1, which
is upregulated bwWht4, repressedmh expression by disrupting the synergistic actioffaf W1, andGata4.
This schematic diagram is modified from Cuttetgl., 2013 and Eggest al., 2014.
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Figure 1-2. Testicular changes in the Japanese quanduced by photoperiod

The adult birds of 7 weeks of age were reared utidelong-day condition (LD group) or short-day dition
(SD group) for 4 weeks. (A) The change of testicsiae. (B) The change of testicular weight. Resate
shown as mean + SEM. (n=6 / group). ** p<0.01 (MaNhitney’'sU test). (C) Histological change of the
testis. The testes were stained with hematoxylthesin.
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Figure 1-3. Signaling system of the TGHB superfamily

(A) Schematic diagram of the signaling pathway. Tigands of TGH superfamily bind to two different
serine/threonine kinase receptors referred toes ltgnd type 11, and phosphorylate the intracafisignaling
molecules called SMADs. The phosphorylated SMABBgltocate into the nucleus and regulate the express
of target genes. (B) The relationship among thenlits, receptors, and SMADs (modified from Miyazaiva
al., 2002 and Shi and Massagué 2003).
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Materials and Methods

Animals

Mature Japanese qudiloturnix japonica, were used in this study. Birds were provided food
and waterad libitum. All animal procedures were approved by the Conemibn Animal Care
and Use (School of Science, The University of TQikypproval no. P12-04) and were carried
out in accordance with the guideline of the Lifeedce Committee at the University of Tokyo.
Six-week-old birds were obtained from a local sigrp{Motoki, Saitama, Japan). They were
reared in individual cages under a long-day coonditif 16-h light and 8-h dark (lights on at 6:00,
off at 22:00) for a week. For tissue distributiorakysis, the adult birds of 7 weeks of age were
used. For the expression analysis between theeaatid regressed testis, the adult birds of 7
weeks of age were reared under the long-day conditiD group) or a short-day condition (SD
group) of 8-h light and 16-h dark (lights on atd®:off at 18:00) for 4 weeks and then sacrificed.

For the analysis during the process of testicutanges induced by photoperiod, fertilized
eggs were obtained from the supplier. Newly hatclegzhnese quail were reared in mixed sex
groups under a continuous lighting (24-h light) 3oreeks. After 3 weeks of age, male birds were
reared under the short-day condition for 4 week# threy became adult. At 7 weeks of age, they
were transferred to the long-day condition to depeheir testes. They were sacrificed at 0, 2, 4,
7, 10, and 15 days after transferring to the loag-cbndition.

Animals were killed by rapid decapitation, followdy complete bleeding. Tissues and
organs were immediately dissected, frozen in liguiicbgen, and stored at -80 °C until use. Testes
were fixed by immersion in 4% paraformaldehyde liwgphate buffered saline (PBS: 137 mM
NaCl, 2.7 mM KCI, 10 mM N&HPQ,, 1.8 mM KHPQy; pH 7.4) at 4 °C overnight. The fixed
testes were washed with PBS, dehydrated in a gretti@d ol series (70%, 80%, 90%, 99.5%, and
100%), cleared in xylene, embedded in paraffin,@rtcht 5 pm-thick. The paraffin sections were

used for hematoxylin and eosin stainiimgsitu hybridization, and immunohistochemistry.
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Classification of testicular stages

The morphological changes of the quail testis ieduby photoperiod were examined by
microscopic observation of the paraffin sectioasngtd with hematoxylin and eosin. The different
types of germ cells in the seminiferous tubulesewdentified by their location and morphology
as follows. Spermatogonia: located on the basalitippsin the seminiferous tubules.
Spermatocytes: apart from the basal position andtéal on the adluminal position, and their
nuclei and cytoplasm are larger than those of spErgonia. Spermatids (from round to elongated
shapes): located on more adluminal position anchrsutaller than spermatocytes. Spermatozoa:
metamorphosed from spermatids and released inttuthen of the seminiferous tubules. The
testes were classified into the stages based ogettme cell types in the seminiferous tubules as
below (referring to Mather & Wilson 1964). Stage dpermatogonia, Stage lll: spermatogonia
and spermatocytes, Stage V: spermatogonia, spesytesy spermatids, and spermatozoa. The
classification of the stages was confirmed by tkeression analysis of spermatocyte marker
DMC1 (Yoshidaet al., 1998) and spermatid marké&ifAND3 (also known a3EX27, Otakeet al.,

2011).

RNA extraction and cDNA synthesis

Total RNA was extracted using ISOGEN (Nippon Géidyo, Japan). The cDNAs used as
templates for RT-PCR were synthesized from 3 pdeofitured total RNA using 5 uM oligo (dT)
primer and 200 U of M-MLV Reverse transcriptaseo(Rega, Madison, WI) in a 20-pul reaction
volume with incubation at 42 °C for 1.5 h and th&nh°C for 15 min. cDNA templates for 3’
RACE were synthesized in the same way using otifg-a&daptor primer. cDNA templates for 5’

RACE were synthesized from 3 pg of denatured ®idA using 5 UM oligo (dT) primer and 200
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U of PrimeScript Il Reverse transcriptase (TaKaBRaga, Japan), adding 1 M betaine (Sigma-
Aldrich, St. Louis, MO) for improving GC-rich amfiiation, in a 20-ul reaction volume with
incubation at 42 °C for 30 min followed by 50 °Q fioh and finally 70 °C for 15 min. The cDNA
templates were incubated with 60 U of Ribonuclddg@aKaRa) at 37 °C for 20 min and then
70 °C for 10 min. To add poly (C) at the 5-termsnwcDNA templates for 5 RACE were
incubated with 7 U of Terminal Deoxynucleotidyl mefierase (TaKaRa) and 200 uM dCTP at
37 °C for 20 min and then 70 °C for 10 min. PCRctiesm was performed using an adaptor primer
with poly (G) region at its tail designed to bina the poly (C) region of the cDNA. PCR
amplification was performed in a 20-pl reaction tane containing an adaptor primer at 1 pM,
0.25 U of TaKaRa Ex Taq (TaKaRa), each dNTP ati28Q Ex Taq Buffer, and 1 M betaine. The
PCR condition was as follows: 94 °C for 5 min, 3@les of incubation at 94 °C for 30 s, 70 °C

for 30 s, 72 °C for 10 min, and finally 72 °C fon®n.

Expression analysis by RT-PCR

One microliter of each six-fold-diluted cDNA froradtis samples was amplified using the
primers for various genes and glyceraldehyde-3phat® dehydrogenas&APDH) as an
internal control for the cDNA (Table 1). The prirmexere designed to span at least one intron
based on the homologies of cDNA sequences fromchlieken and other vertebrates. PCR
amplifications were performed in a 20-pl reactiomtore containing each primer at 1 M, 0.25
U of TaKaRa Ex Taq, each dNTP at 250 uM and Ex Baffer. The PCR condition was as
follows: 94 °C for 5 min, 25 or 30 or 35 cyclesin€ubation at 94 °C for 30 s, 60 °C for 30 s,
72 °C for 1 min, and finally 72 °C for 5 min. Thenplified products were electrophoresed on
1.5% agarose gel and stained with ethidium bromitie. specificity of the PCR was confirmed

by sequence analysis.
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Real-time PCR

Five microliter of each 120-fold-diluted cDNA frotastis samples was amplified in a 20-pl
reaction mixture containing each primer at 0.3 i &ightCycler 480 SYBR Green | Master
(Roche Diagnostic, Basel, Switzerland) using Ligtdi€r 480 Instrument Il (Roche Diagnostic).
The primers were designed to span at least oneniriiased on the sequencing results of the
conventional RT-PCR products and sequences ofpengse quail in the NCBI database (Table
1). For negative control, PCR was also conductéguRNA sample without the RT reaction.
The PCR condition was as follows: 95°C for 5 mif,&ycles of incubation at 95 °C for 10 s,
60 °C for 10 s, 72 °C for 10 s. The PCR product e@msirmed using melting curve analysis. For
each analysis, a standard curve was generatedHiesaerial dilutions of the standard cDNA from
the active and regressed testis samples. For niaatiah, the expression of three housekeeping
genes,GAPDH, beta-actin ACTB), and peptidylprolyl isomerase ARIA), was examined.
However, they showed expressional changes betvineeactive and regressed testis. Therefore,
the data were normalized to the geometric mearGAPDH and PPIA (the most stable
combination) following the report that suggests gg@metric mean of multiple housekeeping

genes as an accurate normalization factor (Vandesle®t al., 2002).

Prediction of the putative transcription factor binding sites in theAMH promoter region

The DNA sequences from stop codonSBBA2 (an upstream gene next AdH) to start
codon ofAMH were obtained from the quail and chicken genonta daing NCBI database.
GenBank accession number of the genome sequehegggion used for analysis, and the length
are as follows: quail, LSZS01001175.1 (region: fr@hl38 to 92072, 935bp); chicken,

AADNO04000558.1 (region: from 141475 to 142893, 14dP The putative transcription factor

15



Materials and Methods

binding sites were predicted by Matinspector sofevan Genomatix Software Suite v3.6
(Genomatix Software GmbH, Munich, Germany) (Caitiget al., 2005). The setting is as
follows. Library selection: Transcription factombling sites (Weight matrices), Library version:
Matrix Library 9.4, Matrix group: General Core Prot@r Elements and Vertebrates, Matrix

families: matches to individual matrices, Core #aniies: 0.75, Matrix similarities: optimized.

In situ hybridization and immunohistochemistry

To examine the expression siteAdH and germ cell marker®MC1 andZFAND3) in the
testis of the Japanese quailsitu hybridization was performed using digoxige(inG)-labeled
RNA probes (Roche Diagnostics). For the probe ®gifhh the ORF sequence DMC1 was
identified from the quail by RT-PCR usibiMC1-SEO01 and AS01 (Table 1) which were designed
based on the homologiesBMC1 cDNA sequences from various vertebrates. Fordhwlates
of RNA probes, the testicular cDNA was amplifiedhgseach primer set (Table 1). The amplified
product was cloned into a pTAC-2 vector (BioDynasnidokyo). Sense and antisense RNA
probes were synthesized by T7 RNA polymerase (Tal aih the templates and DIG labeling
mix (Roche Diagnostics). The paraffin sectiongu® thick) of the testis on slide glasses were
deparaffinized by xylene, rehydrated in a graddwmtl series (100%, 95%, and 70%), and
immersed in PBS. The sections were treated withepese K (1ug/ml, 30 min, 37°C) and
hybridized with 1ug/ml sense or antisense RNA probe in hybridizatiofer (50% formamide,
3X SSC, 20Qug/ml yeast tRNA, 10% sodium dextran sulfate, 1X Bandt solution, 10 mM Tris-
HCI; pH7.5, 1 mM EDTA,; pH8.0) overnight at 60°C. & kections were washed twice with 2X
SCC containing 50% formamide for 15 min at 60°C #rah treated with 20g/ml RNase A for
30 min at 37 °C. The sections were washed twick 2 SSC and 0.5X SSC for 15 min at 60°C,

respectively, followed by washing three times witlleic buffer (0.1 M maleic acid, 0.15 M
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NacCl, 0.1% Tween 20; pH 7.5) for 15 min at room penature, and they were then blocked with
1.5% blocking reagent (Boehringer Mannheim, Manmhé&ermany) in maleic buffer for 1 h at
room temperature. They were incubated with 1/10Q@edi anti-DIG antibody conjugated to
alkaline phosphatase (Roche Diagnostics) overaghtC, followed by washing three times with
maleic buffer for 15 min at room temperature, amualized with NBT/BCIP reaction. After
desired signals had been detected, the sectiomsimerersed in PBS to stop the reaction.
Immunohistochemistry of DEAD-box helicase 4 (DDX#saa known as VASA) was
performed in the same section aftersitu hybridization ofAMH to identify germ cells in the
seminiferous tubules. Rabbit anti-CVH (chickéASA homolog) antibody (kindly provided by
Dr. Toshiaki Noce) was used. The specificity arabssfreactivity of the antibody on the Japanese
quail was characterized by a previous study (Tsawelet al., 2000). For antigen retrieval, the
sections after NBT/BCIP reaction were incubatechvgibdium citrate buffer (10 mM sodium
citrate; pH 6.0) for 20 min at 100 °C, and thenledoto room temperature. To inactivate
endogenous peroxidase activity, the sections wesdetd with 0.3% D, for 30 min at room
temperature, and then blocked with 2% normal heesam in PBS for 1 h at room temperature.
The sections were incubated with rabbit anti-CVHisamum (1:1000) overnight at 4 °C. After
washing with 0.05% Tween 20 in PBS (PBST), theisastwere incubated with biotinylated goat
anti-rabbit IgG antibody (1:200; Vector, Burlingan@A) for 1 h at room temperature. They were
then incubated with VECTASTAIN ABC (Vector) for 4@in at room temperature, washed in
PBST, and incubated with 3,3’-diaminobenzidine.eAftlesired signals had been detected, the
sections were immersed in PBS to stop the reaclibry were then dehydrated in a graded

ethanol series (70%, 95%, and 100%), cleared iengjland coverslipped.

Molecular cloning of AMHR2 cDNA from the Japanese quail by RACE and RT-PCR
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Sense and antisense degenerate primers were diébigsed on the homologiesAMHR2
cDNA sequences from various vertebrates. Partigliesece was obtained by degenerate PCR
from the testicular cDNA usingMHR2-dSEO1 and dASO1 (Table 1). Then, sense and aséisen
primers for 3’ and 5’ RACE were designed from thaatial sequence. 3' and 5° RACE was
performed from the testicular cDNA usidgMHR2-SEO1 and the adaptor primer for 3’ RACE,
and the adaptor primer for 5° RACE aWdMHR2-AS01 (Table 1), respectively. Sense and
antisense primers for confirming the sequence wesgned based on the results of 3’ and 5’
RACE. For the confirmation, RT-PCR usiAyIHR2-SE03 and AS03, 3' RACE usilgVHR2-
SE02, and 5’ RACE usirgMHR2-AS02 were performed (Table 1). All of the PCR aifigations
were performed in a 20-ul reaction mixture contagnéach primer at 1 uM, 0.25 U of TaKaRa
Ex Tag, each dNTP at 250 uM, Ex Taq Buffer, and be¢hine for GC-rich amplification. Each
PCR condition was as follows: 94 °C for 5 min, 38les of incubation at 94 °C for 30 s, 60 °C
for 30 s, 72 °C for 1.5 min, and finally 72 °C farmin. The amplified products were separated
by electrophoresis in 1.5% agarose gel and viselising ethidium bromide staining. The DNA
fragments were extracted using phenol and chlomafarloned into a pTAC-2 vector, and
sequenced. The sequencing of the partial ORF waduoted independently three times to avoid

potential PCR amplification errors.

Comparison of the amino acid sequences of AMHR2 fro various amniotes

The CLUSTAL W program (version 2.1) (Chennaet al.,, 2003)
(http://clustalw.ddbj.nig.ac.jp/index.php?lang=japs used with default settings to align the
amino acid sequences of AMHR2 from various amnioBzsed on the quaAMHR2 cDNA
sequence, those of the chicke&allus gallus) and Tibetan ground tiPgeudopodoces humilis)

were predicted from the genomic DNA sequenceseénMiGS (whole-genome shotgun) database
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using NCBI BLAST (http://blast.ncbi.nlm.nih.gov/Bliacgi) (GenBank accession number:
chicken, BK009411; Tibetan ground tit, BKO09412heir cDNA sequences and deduced amino
acid sequences were used for the phylogenetic sisaynd amino acid alignment, respectively.
The transmembrane domain and protein kinase domBiAMHR2 were predicted using
TMHMM Server (version 2.0) (Kroghkt al., 2001) (http://www.cbs.dtu.dk/services/ TMHMM)/)
and Pfam database (version 29.0) (Fénal., 2016) (http://pfam.xfam.org/), respectively. Thie
glycosylation sites were also predicted by NetNGlyc1.0 Server
(http://www.cbs.dtu.dk/services/NetNGlyc/). The amacid identity and similarity, based on the
number of identical residues or conservative stiigins, were calculated with GeneDoc
software (version 2.7). The GenBank accession nsrdfeAMHR2 amino acid sequences used
in the comparison are as follows: Japanese quaMY®1360.1; American alligator,
XP_006273407.1; Green anole, XP_008101873.1; Humat®_065434.1; Cattle,
NP_001192257.1; Armadillo, XP_004467499.2; RabbilP_001076263.1; Mouse,

NP_653130.2.

Molecular phylogenetic analysis

For the generation of phylogenetic tree, codonnatignt of the nucleotide sequences of
AMHR2 and other TGH- superfamily type Il receptors from various amnsoteas constructed
using CLUSTAL W program embedded in MEGA softwarer§ion 7.0.14) (Kumest al., 2016)
with default settings. Molecular phylogenetic tigas constructed using the neighbor-joining
method with MEGA. HumahGF1R was used as an out group. Bootstrap values wérelated
with 1000 replications to estimate robustness efittiernal branches. The GenBank accession

numbers of cDNA sequences used for the phylogenattysis are listed in Table 2.
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Tissue distribution analysis ofAMH and AMHR2

One microliter of each six-fold-diluted cDNA frorhd testis, brain, thyroid gland, adrenal
gland, kidney, small intestine, liver, heart, skallenuscle (from the male), ovary and oviduct
(from the female) of the adult Japanese quail waplified using specific primers foAMH,
AMHR2, andGAPDH as an internal control for the cDNA (Table 1). Tarveners were designed
to span at least one intron. PCR amplificationsewmmrformed as described above. For negative
control, PCR was also conducted using RNA sampleout the RT reaction. The PCR condition
was as follows: 94 °C for 5 min, 25 or 30 or 35legmf incubation at 94 °C for 30 s, 60 °C for
30 s, 72 °C for 1 min, and finally 72 °C for 5 mirhe amplified products were electrophoresed
on 1.5% agarose gel and stained with ethidium kitemiThe specificity of the PCR was
confirmed by sequence analysis. The typical data fthree independent analyses was shown as

a result.

Statistical analysis

All data are expressed as mean + SEM. The expre&siels of the genes between the
active and regressed testis were analyzed by Mahitnéy's U test. The expression levels of
the genes among the testicular stages were andbyzkdiskal-Wallis test, followed byost
hoc Steel-Dwass test. All the analyses were condudédy KyPlot 5.0 software (KyensLab,

Tokyo).

20



Materials and Methods

Table 1. Oligonucleotide primers used for RT-PCR, RCE, and real-time PCR

Gene Accession numberName Nucleotide sequence Usage
S1 AB254390.1 SF1-SEO1 5'-AGATGGCCGACCAGACACTA-3' RT-PCR
SF1-AS01 5-AGTCCATGTGAGAACTGCACTC-3' RT-PCR
WT1 NM_205216.1 WT1-SEO1 5-CTCCGGTGTACGGCTGTC-3' RT-PCR
WT1-AS01 5-CTAAAGACTCCATGGGTGTGTATTC-3 RT-PCR
OX9 NM_204281.1 SOX9-SEO1 5-CCCCAACGCCATCTTCAA-3 RT-PCR
SOX9-AS01 5-CTGCTGATGCCGTAGGTA-3' RT-PCR
GATA4 NM_001293106.1 GATA4-SEO1 5-ATGCCTGTGGACTCTACATGAAGC-3' RT-PCR
GATA4-ASO1 5-CAGGAGTCCTGTTTGGAGCTG-3' RT-PCR
DAX1 NM_204593.1 DAX1-SEO1 5'-AGAACGTGCCCTGCTTCCAG-3' RT-PCR
DAX1-AS01 5-AGCATTTCCAAAAGCATGTCATCCATG-3' RT-PCR
DMRT1 AF123456.2 DMRT1-SEO1 5-CGCGTCTGCCCAAGTG-3' RT-PCR
DMRT1-AS0O1 5'-GATGGAAGGGATGTCCGAATGA-3' RT-PCR
FOXL2 NM_001012612.1 FOXL2-SEO1 5-ACGTGGCCCTGATCGCCATG-3' RT-PCR
FOXL2-AS01 5-GGTAGTTGCCCTTCTCGAACATGTC-3' RT-PCR
RT-PCR and
AMH AY904049.1 AMH-SEO1 5-GTCCTGCACCTGGAGGAAGTG-3'
probe synthesis
RT-PCR and
AMH-ASO1 5-GCACCGGAGTCATCCTGGTGAA-3'
probe synthesis
AMH-SEOQ2 5'-CACAGTCTGTTCTCCGACCA-3' Real-time PCR
AMH-AS02 5-CCTTTGCTTCCCACTTCACT-3' Real-time PCR
PTGDS NM_204259.1 PTGDS-SEO1 5-ATCGGCCTGGCCTCCAACTC-3' RT-PCR
PTGDS-ASO1 5-CTCCTTGGTGCGGCTGTAGAG-3' RT-PCR
PTGDS-SE02 5-GTCACTGCAGATGGCAACAT-3' Real-time PCR
PTGDSAS02 5-TCTTCTCACACTGATCACCCTTG-3' Real-time PCR
FGF9 NM_204399.1 FGF9-SEO1 5-ATCAGTATAGCAGTGGGCCTGGTC-3' RT-PCR
FGF9-AS01 5'-GCGACAAAGTTTGGCAACAGTGGAG-3' RT-PCR
VWNT4 NM_204783.1 WNT4-SEO1 5'-AGCAACTGGCTGTACCTGGC-3' RT-PCR
WNT4-AS01 5'-CCAGACCACTGGAAGCCCTG-3' RT-PCR
WNT4-SE02 5'-GGCAAGGTGGTAACACAAGG-3' Real-time PCR
WNT4-AS02 5-TGCTGAAGAGATGGCGTAGA-3' Real-time PCR
RSPO1 NM_001318444.1 RSPO1-SEO1 5-GCTCTTCATCCTTCTGGAGAGGAAC-3' RT-PCR
RSPO1-AS01 5'-GCCCCCACTCACTCATTTCACATTG-3' RT-PCR
HSD3B NM_205118.1 HSD3B-SE01 5-GTCTCGCTCGTCATCCACAC-3' RT-PCR
HSD3B-AS01 5-CTCATGTGAGGAGTGTCATCTGAG-3' RT-PCR
CYP17A1 NM_001001901.2 CYP17A1-SE01 5-ATCTTTGGGGCTGGCGTGGAGAC-3' RT-PCR
CYP17A1-AS01 5'-CAGGCCAGGAAGAGGAAGAGCTC-3' RT-PCR
CYP19A1 NM_001001761.2 CYP19A1l-SEO01 5-GAATTCTTCCCAAAACCGAATGAG-3' RT-PCR
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Materials
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Gene Accession numberName Nucleotide sequence Usage
CYP19A1-AS01 5'-GCACCGTCTCAGAAGAGTCACCAG-3' RT-PCR
LHCGR NM_204936.1 LHCGR-SEO1 5'-ACCTCCCTGTGAAAGTGATCCCATCACA-3' RT-PCR
LHCGR-AS01 5'-ACTGCAGCTGGCACCATAGAG-3' RT-PCR
STAR NM_204686.2 STAR-SEO1 5'-ATGGAGCAGATGGGCGACTGGAAC-3' RT-PCR
STAR-ASO01 5'-GTCTGGGACAGGACCTGGTTGATG-3' RT-PCR
CYP11A1 NM_001001756.1 CYP11A1-SE01 5-ATCCTCTTCAGCCTCCTTGTGCAGG-3' RT-PCR
CYP11A1-ASO01 5'-GCGACGACCCAGACACTGCCGTGGC-3 RT-PCR
5'-AARCCWGGWRTBGCHCAYCGAGAYCTGAGC
AMHR2 KU715092 AMHR2-dSEO1 degenerate PCR
AG-3'
5'-ATYTCCCAYARCACYAGGGCCARRGAGTARA
AMHR2-dAS01 degenerate PCR
YRTC-3'
AMHR2-SEO1 5'-AGAACGTGCTGGTTCGGCAGGA-3' 3'RACE
AMHR2-SE02 5'-CTCTGCAGGAGCTGCTGGAGGATTGTTG-3' 3'RACE
RT-PCR
AMHR2-SEO3 5'-AGATGGACACGGGCTCAGATGGGTCGGAC-3'
to confirm ORF
AMHR2-SE04 5'-ACCAGGAGCTGTGGCGAGACGGTCTGTAC-3' RT-PCR
5' RACE and
AMHR2-AS01 5'-AGCAGCGAAGGTCCAGGCTCT-3'
RT-PCR
AMHR2-AS02 5'-GGGCTCTGAGCTCCCGGCGTCTCTGTG-3' 5'RACE
RT-PCR
AMHR2-AS03 5'-GCATTAACATCAGTCAGAGTCGCTGCTG-3'
to confirm ORF
AMHR2-SE05 5-CTGTGGCGAGACGGTCTG-3' Real-time PCR
AMHR2-AS04 5-ACGTTCTGGCTGCTGAGATC-3' Real-time PCR
RT-PCR
DMC1 KU975604 DMC1-SEO1 5'-GATCAATACTTTATTGCCTGCTCTTTCAC-3'
to confirm ORF
RT-PCR
DMC1-AS01 5'-ACAGCGACCTTCACAAACCTTCATC-3'
to confirm ORF
DMC1-SEO02 5'-ATCTGGATACCAGGATGATGAGGAATC-3' probe syrghis
DMC1-AS02 5'-AGCTGTCACACAAAGAGTATGAGATAGCT-3' probe syhesis
DMC1-SEO03 5'-CGACAACAGAAACTGGCTCA-3' Real-time PCR
DMC1-AS03 5'-TCACAAACACAGCCACGTTAT-3 Real-time PCR
ZFAND3 JF740026.1 ZFAND3-SE01  5-GACTCCAGCTGACCGGCCTGGAAT-3' probe syntisesi
ZFAND3-AS01  5-GGCTGACTTTGTCCTAAATAAGGCT-3' probe synthes
ZFAND3-SE02  5-CATGCCTCATTAACCACACCT-3' Real-time PCR
ZFAND3-AS02 5-TGTCATTACTGTCATCCAGTAGCC-3' Real-time PCR
GAPDH NM_204305.1 GAPDH-SEO1 5-TGTGACTTCAATGGTGACAG-3' RT-PCR
GAPDH-AS01 5'-CAGATCAGTTTCTATCAGCC-3' RT-PCR
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Gene Accession numberName Nucleotide sequence Usage
GAPDH-SE02 5-TCCACTGGGGCTGCTAAG-3' Real-time PCR
GAPDH-AS02 5'-CGGAAAGCCATTCCAGTAAG-3' Real-time PCR
PPIA KP129283.1 PPIA-SEO1 5-GCTCCCAGTTCTTCATCTGC-3' Real-time PCR
PPIA-ASO1 5'-GCCTCCACCACGTTCATC-3' Real-time PCR
BMP2 NM_204358.1 BMP2-SEO1 5'-GCAGCTTCCACCACGAAGAAGT-3' RT-PCR
BMP2-AS01 5-ATATTAATACGGTGATGGTAGCTGCTGTTG-3' RT-PCR
BMP2-SEQ02 5'-GCAGCTTCCACCACGAAG-3' Real-time PCR
BMP2-AS02 5'-GAGGTGATAGACTCCTCATTAG-3' Real-time PCR
BMP4 NM_205237.3 BMP4-SEO1 5'-CTTCCACCATGAAGAGCACCTGGAGA-3' RT-PCR
BMP4-AS01 5'-CTCCCGGTACAGCCGCAGCTC-3' RT-PCR
BMP7 XM_417496.5 BMP7-SEO1 5-CTTCGTCAACTTGGTGGAGCATGACAG-3' RT-PCR
BMP7-AS01 5-CGCTGGTCGCTGCTGCTGTTCTC-3' RT-PCR
BMP8B XM_003642583.3 BMP8B-SEO1 5'-CGACACCGTGGTCAGCCTCGT-3' RT-PCR
BMP8B-AS01 5'-GTCACCATGAAGGGCTGCTTGGAG-3' RT-PCR
BMPR2 NM_001001465.1 BMPR2-SEO1 5'-CCAGGAAATGCTTCAGAACCAGTTCAGTG-3' RT-PCR
BMPR2-AS01 5-AGTGCAGCGGCTCAGTGGAGATGAC-3' RT-PCR
BMPR2-SE02 5'-GCCACAAATAGTTTGGATAGCA-3' Real-time PCR
BMPR2-AS02 5-GGAGTTTTCACACGTTTCTTGA-3' Real-time PCR
ALK2 NM_204560.1 ALK2-SEO1 5'-CTGCCATCCCGCAGTGTGCAAGA-3' RT-PCR
ALK2-AS01 5'-CTCCAACATTTGAAGCAATGAGTCCCTC-3' RT-PCR
ALK2-SEO02 5-TGGAGTGCTGCCAAGGATAC-3' Real-time PCR
ALK2-AS02 5-TGATTAGTGTTTCCATGCTGTAAC-3' Real-time PCR
ALK3 NM_205357.1 ALKS3-SEO1 5'-ATGAAGGTTCAGACTTCCAGTGCAAG-3' RT-PCR
ALKS3-AS01 5-AATGCTTCATCTTGTTCCAGGTCACG-3' RT-PCR
ALKS3-SEO02 5'-ACATTACCACCGCTTGATAGTAC-3' Real-time PCR
ALK3-AS02 5'-GACTGCCATCCAACGAATGCT-3' Real-time PCR
ALKG6 NM_205132.1 ALK6-SEO1 5-CCACACCAAAGAAGATCTATTGAATG-3 RT-PCR
ALK6-AS01 5'-GAAGTAGCAGAATATGATGATAAGCACCAG-3' RT-PCR
ALK6-SEO02 5'-GCTGCCACCACTGAAAAATC-3' Real-time PCR
ALK6-AS02 5'-AGCAGGGCCTTATGGTGAAT-3' Real-time PCR
TGFB1 NM_001318456.1 TGFB1-SEO01 5'-AGCCACAGCATCTTCTTCGTGTTCAACG-3' RT-PCR
TGFB1-AS01 5'-AGCGGCCATGCAGGTACCGCCA-3' RT-PCR
TGFB2 NM_001031045.3 TGFB2-SEO01 5'-CCATCCCACCAAGCTATTACAGCCT-3' RT-PCR
TGFB2-AS01 5-CAACCATTCTCCTTCAGCTCTTGTTTTAAC-3' RT-PCR
TGFB2-SE02 5-TCGGAGCAGCGGATAGAG-3' Real-time PCR
TGFB2-AS02 5-TGCTGTCAATGTAGCGCTGT-3' Real-time PCR
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TGFB3 NM_205454.1 TGFB3-SE01 5-GCATTTGCCCAAAAGGTGTCACCTCCAA-3' RT-PCR
TGFB3-AS01 5'-GTCTGCACATTCCTGCCACTGAGGTA-3' RT-PCR
TGFB3-SE02 5'-AGCAGAGTTCCGGGTGCT-3' Real-time PCR
TGFB3-AS02 5-CGCTGCTTTGCTATGTGCT-3' Real-time PCR
TGFBR2 NM_205428.1 TGFBR2-SEO1 5'-AGTGCAAGAGCAACTGCAACATCACTTC-3' RT-PCR
TGFBR2-AS01  5-CTGTGTTGTGGTTGATGTTGTTGGCACA-3' RT-PCR
ALK1 XM_015300268.1 ALK1-SEO1 5'-GCAAGGTGTGCTTCGTCAGCAAGAG-3' RT-PCR
ALK1-ASO1 5-GCGGTGCTGGGCCAGCTTCCA-3' RT-PCR
ALK1-SEO02 5'-TGCAACGCCAGCATGTGCAA-3' Real-time PCR
ALK1-AS02 5'-ATCAGCAGGAGGAGGTTGGA-3' Real-time PCR
ALK5 NM_204246.1 ALK5-SEO1 5'-CAAAGGACAACTTTACCTGTGTGACAGATG-3' RT-PCR
ALK5-AS01 5'-GACTAGAAGCTGGTCTTCCTGGAGTAG-3' RT-PCR
ALK5-SEO02 5'-GAACTTCCAATTCCAACACCA-3' Real-time PCR
ALK5-AS02 5'-AAGCAGACAGGTCCAGCAAT-3' Real-time PCR
ENG NM_001080887.1 ENG-SEO1 5'-CCCATCAAGGACGTGGTGAACATCAC-3' RT-PCR
ENG-ASO01 5-GTAGGTGAAGCGGAAGCGCCAGA-3' RT-PCR
ENG-SE02 5'-ACACCCTGCTCAGCCACT-3' Real-time PCR
ENG-AS02 5'-ACAGGCTGAGGATGAGCTC-3' Real-time PCR
INHA NM_001031257.1 INHA-SEO1 5-CAGGTGATTCTCTTCCCTTCCACAGA-3' RT-PCR
INHA-ASO1 5'-CTCCGATGGGCGCTGCAGCAG-3' RT-PCR
INHA-SEOQ2 5'-AGGACACATCCCAGGTGATTC-3' Real-time PCR
INHA-AS02 5-TCTTCCTCCAGCAGCTTGTC-3' Real-time PCR
INHBA NM_205396.1 INHBA-SEO01 5-GTTGTGGAGCAAACCTCAGAAATCATCAC-3' RT-PCR
INHBA-AS01 5'-CAGATGTTAACTTTGCCATCACACTCCAG-3' RT-PCR
INHBA-SE02 5'-GGAAGAAGAGCAGAAATGAATGAAG-3' Real-time PCR
INHBA-AS02 5-CCTTGGAAATCTCAAAGTGCAAC-3' Real-time PCR
INHBB NM_205206.1 INHBB-SEO01 5'-GTCTCCGAGATCATCAGCTTCGCCGA-3' RT-PCR
INHBB-ASO1 5-AGATTGGTCCTGCCATCGCACTCCAG-3' RT-PCR
INHBB-SE02 5-GTCTCCGAGATCATCAGCTTC-3' Real-time PCR
INHBB-AS02 5-TTCTGGTTCCCTTCATTCGAG-3' Real-time PCR
FST NM_205200.1 FST-SEO1 5'-ACCACTTCATGGAAGATCACACAG-3' RT-PCR
FST-ASO1 5-ACACACCGAGGTTTGTTCTTCTTGTTC-3' RT-PCR
FST-SE02 5'-ACGTCAACGACAACACGCTC-3' Real-time PCR
FST-AS02 5'-AGTCCACGTTCTCACATGTTTC-3' Real-time PCR
ACVR2A NM_205367.1 ACVR2A-SEO1 5'-CAGAAATGGAGGTCACACAGCCAACTTC-3 RT-PCR
ACVR2A-AS01  5'-AGCAACTGCAGTGGCTTCAAACCCATCA-3' RT-PCR
ACVR2B NM_204317.1 ACVR2B-SEO01 5-ACTTGCCTGAAGTAACTGGCCCAGAAG-3' RT-PCR
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ACVR2B-AS01 5-GAGCTGTAGAGGTTTTAGGCCAACCAG-3' RT-PCR
ALK4 XM_015300266.1 ALK4-SEO1 5-ATCGATTTAATGGTTCCCAGCGGACAC-3' RT-PCR
ALK4-AS01 5-GTCCTTCGACAGGCACATTTCACAAGA-3' RT-PCR
ALK7 XM_422170.5 ALK7-SEO1 5-ACCGACTTCTGCAACAACATCACCCTC-3' RT-PCR
ALK7-AS01 5'-GCTGACCAGGTTGCACTCGGAGA-3' RT-PCR
BETA BETAGLYCAN-
NM_204339.1 5'-CAGGTGGATATAATCGTTGACATTAAACCA-3' RT-PCR
GLYCAN SEO1
BETAGLYCAN-
5'-CTGGAGGAAGAGAATGGTCTTCTTCATC-3' RT-PCR
ASO1
BETAGLYCAN-
5'-GGTCAACTGGGTTATCAAGTC-3' Real-time PCR
SE02
BETAGLYCAN-
5'-ATAGTCATGGATCGTTCTGTTTC-3' Real-time PCR
AS02

Abbreviations: R=Aor G; W=AorT;Y=CorT;B=C@orT;H=AorCorT
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Table 2. GenBank accession numbers of cDNA sequesagsed for phylogenetic analysis

Gene Species Accession number Gene Species Aatessither
AMHR2 Human NM_020547.2 ACVR2A Human NM_001278579.1
Cattle NM_001205328.1 Cattle NM_174227.3
Armadillo XM_004467442.2 Armadillo XM_004480425.2
Rabbit NM_001082794.1 Rabbit XM_017342835.1
Mouse NM_144547.2 Mouse NM_007396.4
Japanese quail KU715092 Japanese quail XM_015869263.1
Chicken BK009411 Chicken NM_205367.1
Tibetan ground tit BK009412 Tibetan ground tit XM_005519591.2
American alligator  XM_006273345.2 American alligator XM_006277126.2
Green anole XM_008103666.1 Green anole XM_003224978.2
BMPR2 Human NM_001204.6 ACVR2B Human NM_001106.3
Cattle NM_001304285.1 Cattle NM_174495.2
Armadillo XM_012525295.1 Armadillo XM_004478392.2
Rabbit XM_008258989.2 Rabbit XM_008253728.2
Mouse NM_007561.4 Mouse NM_007397.3
Japanese quail XM_015868188.1 Japanese quail XM_015853039.1
Chicken NM_001001465.1 Chicken NM_204317.1
Tibetan ground tit XM_014249468.1 Tibetan ground tit XM_005527760.2
American alligator XM_014594187.1 American alligator  XM_014608936.1
Green anole XM_008114966.1 Green anole XM_003227810.2
TGFBR2 Human NM_001024847.2 IGF1R Human NM_000875.4
Cattle NM_001159566.1
Armadillo XM_004470876.2
Rabbit NM_001177748.1
Mouse NM_009371.3

Japanese quail
Chicken

Tibetan ground tit
American alligator

Green anole

XM_015853978.1
NM_205428.1
XM_005519145.2
XM_006263606.2
XM_008121651.1
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Expression analysis of the sex differentiation-rel@d genes and steroidogenic genes in the
testis of the quail at long-day or short-day condibn

The adult quail were reared under the long-dayhortsday condition for 4 weeks. The
average weight of the regressed testis inducetidghort-day condition was decreased by about
80-fold compared to that of the long-day controig(FI-2). Expression of various sex
differentiation-related genes (the transcriptiottdas and secretory factors) was analyzed in the
testis of the quail at long-day or short-day cadodit Among the transcription factors, the
expression of8F1, WT1, SOX9, GATA4, andDAX1 was increased in the regressed testis induced
by the short-day condition, while that BOXL2 was decreased amMRT1 expression was not
changed (Fig. R-1A). Among the secretory factdrs, éxpression oAMH, PTGDS, andWNT4
was increased in the regressed testis, while thBGE9 andRSPO1 was not changed (Fig. R-
1B). The expressional change AfIH was the largest among the secretory factors whein t
expression was quantified by real-time PCR analfEss R-1C).

The genes related to steroidogenesis were alsoieadms indicators of adult testicular
functions. The expression GfYP19A1 (P450AROM) was decreased in the regressed testis, but
that of HSD3B and CYP17Al (P450C17) was not changed (Fig. R-1D). The expression of
LHCGR, STAR, andCYP11A1 (P450SCC) in the regressed testis showed individual difiess

(Fig. R-1E. analyzed by increasing the number offdas).

Prediction of the putative transcription factor binding sites in theAMH promoter region

To examine whether the binding sites of the trapson factors involved in sex
differentiation are present in the quAMH promoter region, | analyzed the putative promoter
sequence using Matlnspector software. For the aisalthe DNA sequences from stop codon of

SF3A2 (an upstream gene next AdMH) to start codon oAMH were obtained from the quail
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genome data using NCBI database. In the dAMH promoter region, there were several putative
transcription factor binding sites, such as one Sl three SOX9 sites, two WTL1 sites, and one
GATA4 site (Fig. R-2, upper panel). It also con&lra common binding site for androgen receptor
(AR), glucocorticoid receptor (GR), and progesterarceptor (PR) and a binding site for
CLOCK/BMALL1 heterodimer. In the same way, | als@abued the putative promoter sequence
of the chicken, which is a model animal for studysex differentiation in avian species, for the
comparison with that of the quail. The chicken ssme contained one SF1 site, four SOX9 sites,
two WT1 sites, one GATA4 site, one PR site, one mom site for AR, GR, and PR, and four

CLOCK/BMAL1 sites (Fig. R-2, lower panel).

Synteny analysis ofAMH gene

In some teleost species like medasah gene lies in a chromosomal region that contains
clock gene and reproductive and cell cycling genes, estgyy the presence of a functional cluster
(Paibomesagt al., 2010). To examine their distribution in the dwaid chicken chromosomes, |
performed synteny analysis using NCBI databasereThes a conserved syntenyldNGOS3,
OAZ1, AMH, andDOT1L on chromosome 28 (Fig. R-3). HoweveL,OCK andKIT were located
on the different chromosome (Chr 4) like in the s®mand zebrafistbDX59, KIF14, NR5A2,
andLHX9 were also located on the different chromosome B} kike in the mouse. These results
indicate that there is no functional cluster inghgdCLOCK, AMH, and other genes involved in

reproduction in the quail and chicken.

Identification of AMH expressing cells in the testis

In situ hybridization analysis was performed to examireAMH expressing cells in the

adult testis. Immunohistochemistry of DDX4 (alsatm as VASA) was performed in the same
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section to identify the germ cells in the semirofes tubules. The expression of the spermatocyte
markerDMC1 (Yoshidaet al., 1998) and spermatid markFAND3 (also known aSEX27,
Otakeet al., 2011) was also analyzed to examine the germyqedk in the regressed testis. Since
DMCL1 cDNA was not cloned, its ORF sequence was ideutifrom the quail by RT-PCR for
probe synthesis (GenBank accession number: KU97560dH was strongly expressed in
Sertoli cells (DDX4 negative) in the regressedsd$tig. R-4H, J), while it was weakly expressed
in the active testis (Fig. R-4D, DMC1 andZFAND3 were expressed in the active testis (Fig. R-
4B, C), whereas they were not in the regresseis {€3y. R-4F, G), suggesting that the germ cell
types in the regressed testis are only spermatagdia signal was detected when each sense

probe was used as a negative control.

Identification of AMHR2 cDNA from the Japanese quail
To examine the expression of the AMH-specific tiipeceptor AMHR?), its partial cDNA

sequence was identified from the Japanese quaRTbRPCR and RACE (GenBank accession
number: KU715092). However, | could not identife thull ORF sequence in this study probably
because of the high GC content (about 70%), whig/htihave affected the reverse transcription
and PCR reaction. The deduced amino acid sequeintieeoidentified cDNA contained a
transmembrane domain and protein kinase domairigbeelcby using TMHMM Server and Pfam
database, respectively (Fig. R-5). The amino aeglisnce of the quail AMHR2 was compared
with those of other amniotes (Fig. R-6). The prmoteihase domain was well conserved among
amniotes. The amino acid identity and similaritgséd on the number of identical residues or
conservative substitutions, were calculated witm&koc software. The protein kinase domain
of the quail AMHR2 showed 84-94% identity (89-97¥nitarity) with those of other birds, 56-

67% identity (70-74% similarity) with those of rdps, and 54-55% identity (70-71% similarity)
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with those of mammals. Molecular phylogenetic tmgas constructed based on the ORF
nucleotide sequences BMHR2 and other TG superfamily type Il receptors from various
amniotes using the neighbor-joining method. Boafstvalues were calculated with 1000
replications to estimate robustness of the intdsreaiches. The identified sequence from the quail
clustered withAMHR2 sequences from other amniotes (Fig. R-7), shouhiag it is the qualil

ortholog ofAMHR2.

Expression analysis o0AMHR2

| performed tissue distribution analysis AMHR2 together withAMH by RT-PCR to
examine where they are expressed in the adult.AMH andAMHR2 were expressed primarily
in the testis and ovary. Their expression was d¢ietkio the brain and slightly in the thyroid gland,
adrenal gland, kidney, and heart by increasingntimaber of the PCR cycle (Fig. R-8A). The
expression oAMHR2 was examined in the testis of the quail at long-alashort-day condition.

AMHR2 expression was increased in the regressed tEglisR-8B).

Expression analysis oAMH and AMHR2 during the process of testicular changes induced
by the long-day condition

The expression oAMH, AMHR2, and germ cell markers was analyzed during thega®
of testicular changes induced by the long-day dadi The expression AMH and AMHR2
was decreased gradually after transferring toaghg-day condition (Fig. R-9A). The expression
of DMC1 and ZFAND3 was increased from 7 days and 15 days after thg-day treatment,
respectively (Fig. R-9A). The data were analyzedhgytesticular stages classified based on the
germ cell types in seminiferous tubules (Fig. R-9B) examine their association with

spermatogenesis. The expressiorAbfH and AMHR2 was decreased at Stage lll, and that of
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AMHR2 was further decreased at Stag®MCL1 expression was increased at Stage |1l and further
increased at Stage XFAND3 expression was slightly increased at Stage llIfarttier increased

at Stage V (Fig. R-9C).

Expression analysis of the ligands and receptors diGF-p superfamily in the testis of the
quail at long-day or short-day condition

The expression of the TGFsuperfamily members that are involved in spermategis and
their receptors was analyzed in the testis of tteel @t long-day or short-day condition to examine
their association with the AMH signaling. Among tleeeptors for BMPs, the expression of the
type Il receptorBMPR2 and three type | receptor8l.K2 (also known asACVR1), ALK3
(BMPR1A), andALK®6 (BMPR1B), was increased in the regressed testis inducédebghort-day
condition. However, the expression of BMPs was &wl not different between the active and
regressed testis (Fig. R-183mong the three TGB-isoforms, the expression afGFB2 and
TGFB3 was increased in the regressed testis, whereiaafti@FB1 was hardly detected. Among
their receptors, the expression of the type Il pemeTGFBR2, two type | receptorsALK1
(ACVRL1) and ALK5 (TGFBR1), and endoglin ENG: accessory receptor essential for ALK1
signaling) was increased in the regressed tesiis &11). The expression of thre@hibin
subunits, inhibin alphalllHA), inhibin beta A (NHBA), and inhibin beta BINHBB), was
increased in the regressed testis. The express$iatiistatin (FST: activin-binding protein) was
also increased in the regressed testis. Among taeaptors, the type Il receptACVR2A was
mainly expressed, but its expression was not diffelbetween the active and regressed testis. The
expression of the type | receptabK7 (ACVRLC) was decreased in the regressed testis, while
that of ALK4 (ACVR1B) was not changedETAGLYCAN (inhibin co-receptor also known as

TGFBR3) expression was increased in the regressed (EflisR-12).
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Expression analysis of the ligands and receptors GiGF-p superfamily during the process
of testicular changes induced by the long-day conithn

| then analyzed the expression of the Tsuperfamily members and their receptors during
the process of testicular changes induced by thg-dtay condition to examine their association
with spermatogenesis. Among T@E-and their receptors, the expression@FB2, ALK1, and
ENG was decreased at Stage Ill, and thal®FB2 andALK1 was further decreased at Stage V.
TGFB3 expression was decreased at Stage V, and thakd was not different among the stages
(Fig. R-13). Among inhibin subunits and their rethigenes, the expressionIbHBA, INHBB,
FST, andBETAGLYCAN was decreased at Stage Ill, and thatNtBA, INHBB, andFST was

further decreased at Stagel MHA expression was decreased at Stage V (Fig. R-14).
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Figure R-1. Expression analysis of the sex differg¢iation-related genes and steroidogenic genes ingh

testis of the quail at long-day (LD) or short-day $D) condition

Expression of (A) the transcription factors and {Bg secretory factors involved in sex differembiatwas

analyzed by RT-PCR. The numbers of each lane itelindividual number, and those in parenthesis sthew

number of the PCR cycle. (C) Expression of theetecy factors was quantified by real-time PCR. Tidlative

expression of the genes was normalized to the geienmeean ofGAPDH andPPIA. Results are shown as

mean + SEM. (n=6 / group), and the expression lefi¢he LD group is expressed as 1. ** p<0.01 (Mann

Whitney’sU test). (D) The genes involved in steroidogenesigevanalyzed by RT-PCR as indicators of adult

testicular functions. (E) The steroidogenic genest tshowed individual differences were analyzed by

increasing the number of samples.
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Quall SF3A2
:_________________________________________________________EI_Q_QAWCTCU-\AWA(IA GQCTO’-\TCTGGCT?—\TAGTI’
TTTTATATGCAGGTCACAAC TGATTGGGGTAAAATAGITT TGITTTGTATGCCAGTGATT TTGACTAGATCCTGTAGGTC GG'IgT CACTTT

TTCTTCCTCCCTGICTTCCC GTGTAATTGGTTAAAATCTT GCTGTGAGGTTGCTTTGAAA AGCACCAGGTGAGCTTTCAC TGGCAGCTCCCTCCGICTTG

. 640 -620 SOX(+ -580 -560
CTGCTCTTTGAGCTGTTGAT GEOCATCA( GT TTGTGAGCTCTTTGEGTCTG TCTGOAR0CGTATCCTGAG

-540 -520 -500 - 480 CLOCK/B 1(+,) SOX9(-)
CTCCATCCTGCACAGGTCCT GRGAACACAGAGGAGECTGA GROCATGCACTGGGAGCTTG TAGAGGTACATT
. ——
. 440 WTL(# .380 GATA4() WTlCheo
AT CTCTATOC T Oaaa0 oA AGEOAGAGCAGAGS CAGRTTGOGGCATTTOCTTT Gt GGTGTGCAC

- 340 -320 -300 - 280 - 260
AGCCCGCTCCTCCTGTCGCT GCTGATGGGGATGITGTGIT GOCAATCCCTGCGAAACCTC CGBOCCCGACTTCCACCCTT CTCTCAAAACAACTCAAGGA

- 240 -220 -200 -180 - 160,
CGT&ATCCCTACQACAA@ CAAAGGAAACAGCTTCACAG TTTGGGTTTGTTTTTTTTTC TTCTTTTCTTCGTTTTTAAA WACT@AT@QAACCCAAA

_140 AR, GR, PR(?) 120 100 SOX9(+) . SF1(+)
AT AGAACAGGAGBGITCCT CCGACCCACCOCTCCCTCCT TTGOAG(I*BSAGGTGTG TTGI'GI'GTTGG(_
.—)transcnptlon start 60

TATA box I
“T]TTM{BCA CGACACAGTCCTCCCTCACAC AGAGGTACGTCGGGCAGCTC GGCTGGCG@TCTGAGTGOG TFGGAACAGGGAG%I_%__:
AMH

Ch|cken SF3A2
__________________________________________________________________________________________________________________________________ >TGAAGOCTCTCCAT COCACOGGACTCGTCTGRCT ceon
CATAGCTTTTTATATGCAGG TCACAACTGATTGGGGTAAA ATAGICTTGITTTGTATGCC AGTGATTTTGACTAGATCCT G, AGATCC@AGGT T

TCACTTTTGCTTTCTGICTG TCTTCCCGTGTAATTGGITA AAATCCTGCTGTGIGGTCGC TTTCTTTTGTCCTTTGGTGT GTAAAACATTCCCCATCTGG

) S3%3) CLOCK/BMALl( )
1140 -1100 -1080 1060
TTATGICAT GGCACCTCAGTCAGCTRCTC. CTGACTGACAGAGCTGOATT TOOCCATCoTGACTTCADG]

CLOCK/BMALL(+,-
-980 S
TAATTACCAGTG AT PAGTCACTATTCAGCTG ARGTSCTTTCACTGAGTTGS GopeT CTCGTTTTTGECA

- 940 CLOGHBMALI(* ) -900 -880 - 860
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GAAAAGCACTGOGTGAGCTT TCATTTGGCATCTCCCTOCC OOCTGCTGCTCTOCGARCTG TTGATGOOCGACATGRGOCT CCATGOCTGAAACAGCTOGG
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CTGAGOCTCCTGCACGCAGG C CTCTGGGTCTG TGCTGAGA00GTATCCTGAG CTCCACCCTGCACGAGTOCT
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-540 520 500 .
GOGAACACGGAGAAGECTCT GOOCGTGCACTGRGAGCTGG TACAGGTACATTGOCACCTG OCAGGT! GGABATGIE
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Figure R-2. The putative transcription factor binding sites in the quail and chickenPAMH promoter
region

The DNA sequences from stop codonSB3A2 to start codon oAMH were analyzed using Matlnspector
software. The predicted binding sites are indicdtgdolored boxes, and the core sequences arelinader
(+) or (-) indicates the orientation that the taiggion factors recognize (+: sense sequencentisense
sequence). Numbers above the sequences indicatartiteer of nucleotides. The major transcriptiomt Stide

of AMH in the chicken (Oreat al., 1998) is indicated by arrow and designated agipa +1. The degenerated
TATA box (Orealet al., 1998) is indicated by box. The ORFSI63A2 andAMH are indicated by dotted boxes,

and poly A signal o83A2 is indicated by box.
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Quail, Chicken
r4) Chr 28) Chr8)
CLOiK KIT LINGO3 O0AZ1 AMH DOTIL DDX59 KIF14 NR5A2  LHX9
Mouse
Chr 5) Chr 10) Chr1)
Kt~ Clock Map2k2 Lingo3 Oazl  Amh  Dotll Ddx59  Kifl4  Nr5a2  Lhx9
Zebrafish
Chr 20) Chr 22)
clock kit hsd11b3 map2k2 lingo3 ocazl  amh  dotll el ddx59 kifl4  nr5a2  |hx9 vig
Medaka
Chr 4)
kit clock hsd11b3 map2k2 lingo3 ocazl  amh  dotll ell vig  ddx59  kifl4  nrba2  |hx

Figure R-3. Schematic diagram of conserved syntenchromosomal regions surroundingAMH in the
guail, chicken, mouse, zebrafish, and medaka

Synteny analysis AMH gene was performed using NCBI database. The atientof the genes is indicated
by arrows. The orthologs are indicated by the seohers. The data of the mouse, zebrafish, and naedek

taken from Paibomesai al., 2010 with some modifications.
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ZFAND3 MH + DDX4

Figure R-4. In situ hybridization analysis of AMH and germ cell markers in the testis of the quail a
long-day (LD) or short-day (SD) condition

(A, E) Hematoxylin and eosin staining. (B, F) Tlsults ofin situ hybridization foDMCL. (C, G) The results
of in situ hybridization for ZFAND3. (D, H) The results ofin situ hybridization for AMH and
immunohistochemistry for DDX4 (also known as VASS)Jue signal:AMH, Brown signal: DDX4. (1, J)
Enlarged view of the region enclosed in the sqim@®) and (H), respectively. The germ cell typeghe
testis of the LD condition were spermatogonia, sadocytes, spermatids, and spermatozoa (Stagehilg w
those in the testis of the SD condition were oplgreatogonia (Stage Il). Dotted lines indicatedbdine of
seminiferous tubules.
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1 cT 2

3 CCCAGCGCGGCGCCGTCTATGGGGACGCTGTGGCTGTGGGGCGCCGTCCCCCTCCTCCTCCTCCTCCTCCTCGCCTGCCTGGCTGCGCTG 92
TPSAAPSMHMGET LWL WGAV P L L L L L L LACLAALZ3

Transmembrane domain

Intron 4

93 g%GCACAGATGGACACGGGCTCAGATGGGTCGGACCCCACAGAGACGCCGGGAGCTCAGAGCCCCCCCAAAGCCCCCCAGCCCAGACCTC 182
31 GHRWTRAQMGRTPOQGQRRRELRAPPKPPSPDL 60

Intron 5

183 CCTGCACTGCGCTTCCTGCAGGTGCTGCAGACCGGCCGTTTCTCTGCGGTGTGGCGGGGCACCCTGCAGCAGCGCCCGGTCGCTATCAAG 272
61 P ALRFLOQVLQTGRFSAVWRGTLOQQRPVATTK O

Protein kinase domain

273 GCTTTCGCTGCCGGTTCATCCCGGCGCTGGGCGGCAGAGCGGGCGGTGCATGAACTGCCACTAATGGAGCACGAGAACGTGGCCAAACTG 362
9 A F AAGS SRRWAAERAVHELPLMEUHENLVAKTLI2

363 CTGGGAACGAGGGGGGCCGGACCGTGCGCCAGGGGGGGGCTCCTGGTGCTGCAGCTGTACCCGGCTGGCTCCCTGCAGCACTTCCTACGC 452
121 _ L 6 T R GAGPCARGGL LV LQLYPAGSLQHTFTLR 150

453 CATCATGTCTCTCCATGGGCCGGTACCGTGCGCCTGGCGCTGTCCCTGGCGCGGGGTCTGGCCTTCCTGCACCAGGAGCTGTGGCGAGAC 542
v _HH VS P WAGTVRLALSLARSGLAZFLHOQETLMWRTD I8

Intron 7

543 EETCTGTACAAACCCCGCGTGGTTCACCGCGATCTCAGCAGCCAGAACGTGCTGGTTCGGCAGGACGGGACCTGCGCCATCGGGGACTTC 632
11 6 L YKPRVVHRDLSSOQ@NVLVRQEDGTC CATILIGDTF 210

Intron 8

633 GGGCTGGCCATGGCGCTACCGGCCCGAGCGACCGGAACCGGGCAGAGAACGGAGCAACTGCGéAGGGCCGGCACCCAGCGCTATTTGGCC 122
2m_6 L AMALPARATGIT GOQRTEQLRRAGTQRY.L A 240

723 CCCGAGATCCTGGACGAGAGCCTGGACCTTCGCTGCTGRGECCATGCATTGCTGCAGGCTGATGTGTACGCGCTGGCGCTGCTGCTGTGG 812
24 B R LD E S LD LRO WG R AL LQAD VY ALALILLWZ20
Intron 9

\ 4
813 GAGATCCTGAGCCGCTGCCAGAGCCTGAGCCCCGGTGTCCCGGTGCCGGAGTTCCGTCTGGCCTATGAGGCTGAGT TGGGGGGCAGCCCC 902
n_e ot s rR CQ_s_L.SPGV PV PEFRRILANEAELGSGS P 300

Intron 10

903 ACGGCGGCGCAGCTCCGGCGGTTGGCGGTGGAGGAGAGAAGGAGACCATTGATCCCCACAACGTGGCACCGCACAGCGCAGCCGTCGGGG 992
301 _TAAQLRRLAVEERRR®PLIPIT T WHRTALQLPS G 33

993 GCTCTGCAGGAGCTGCTGGAGGATTGTTGGGACCCCGACCCCGAGGCTCGTCTGTCGGCTGAGCGCGCCCTGCAGCGCCTGCAGCGCCTG 1082
33m A LQELLEDCWDPDPEARLSAERALTG GRTLTA QRTL 360

1083 GCGGCCCCCCCGGAACCACGAACACGGAGCTGA 1115
361 AAPPEPPTRS % 370

1116 ACGGGGTCCCAGAGCAGTTTTCACCATGTGGGACCCCAATGCAGCAGCGACTCTGACTGATGTTAATGCCCCCCATGTCCTGGGGCCACG 1205
1206 CGTGTCCTCCTGTGGGACCCCCACCCACGAGCACCTCGAGGACCACGCAGCACTGCCGGGACCACCTGGAGCACATGAGCACCTGGGACG 1295
1296 ATCCGTGGCCACCCCATGTCCATGGAGACCCCCCCATGTCCCTATAGACCACCCCATATCCATATAGACTACCCCATATCCATATAGACC 1385
1386 ACTCCATATCCATGCAGACCATCCCATATCCATGCAGACCACCCTATATCCATGCAGACCGCCCTATATCCATGTAGACCACCCCATATC 1475
1476 CATGCAGACCGCCCTATATCCATGTAGACCATCCCATATCCATGTAGACCACCCTATATCCATGCAGACCACCCTATATCCATGTAGACC 1565
1566 ACCCTATATCCATATAGACCACCCTATATCCATGGAGACCCCCCCCATGTCCATGCAGACCACCCTATATCCATGTAGACCACCCCATAT 1655
1656 CCATGCAGACCACCCTATATCCATGTAGACCACCCTATATCCATGTAGACCCCCCCATGTCCATGTAGATCACTCTATATCCATGTAGAC 1745
1746 CACCCTGTATCTGGGTCCCCATCCATGACCCTCACGACCACCTGGAACCACCCACGACCACCCACTGATGATCCACGACCACCAGGAGCT 1835
1836 GCCTGGGCCCACCCTGACCACCCCATATCCACATAGGACCCCTGTGACCCCCCCATATCCACCCTGTCCATTTGGAAGCATCATGGCCGC 1925
1926 CCACATCCCATTCCCCACCGTGTCCTATGCCCCCATGTTCCTTCACCCCATGGGGCCTGCGCCTTGTGTGGGTGCTGGGGGGGTGTATTG 2015
2016 GGGGTGTCAGCATATTATGGGGTGTCACTGTGGGTTTGCCAGTCCCATTGTGGGGCTGCTGGGGCTCTGTGTTGTCCCAGCTGCCGATGT 2105
2106 TGCTGCTGCTGCCTCOYRINY.GCCCAGAGAAGCCTCAGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 2171

Figure R-5. Nucleotide and deduced amino acid seqouees of Japanese quaAMHR2 cDNA

Numbers on the both sides indicate the number ofentides (top) and amino acid residues (bottorhg T
exon/intron boundaries predicted by the comparigitimthe chicken genome are indicated by arrowd,tha
intron number is based on the comparison with dggisnces of other vertebrates. The asterisk irediche
stop codon. Polyadenylation signal is indicatedbifined characters. The transmembrane domain qiezeti
by TMHMM Server (version 2.0) is indicated by adifThe protein kinase domain predicted by Pfambdesia
(version 29.0) is indicated by a dotted line.
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Figure R-6. Alignment of the amino acid sequences AMHR2 from various amniotes

The CLUSTAL W program (version 2.1) was used widlfedilt settings to align the amino acid sequentes o
AMHR2 from various amniotes. Numbers on the rigdes and above the sequences indicate the number of
amino acid residues. Dots indicate the identitamino acid sequences in relation to those of Jagageail
AMHR2. Dashes indicate gaps inserted in the aligitmehe transmembrane domains predicted by TMHMM
Server (version 2.0) are indicated by blue box. Fiteéein kinase domains predicted by Pfam datafy@ssion

29.0) are indicated by yellow box. The conservestaipe residues are colored in red. The N-glycoisyla
sites (N-X (any residues except P)-S or T) preditte NetNGlyc 1.0 Server are colored in green.
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Figure R-7. Phylogenetic tree ofAMHR2 and other TGF-§ superfamily type Il receptors from various
amniotes based on the ORF nucleotide sequences

The tree was constructed using the neighbor-joinireghod with MEGA software (version 7.0.14). Human
IGF1R was used as an out group. Bootstrap values of dé)flizations are indicated for all nodes. Theescal
bar beneath the tree corresponds to estimatedtenwuy distance units.
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Figure R-8. Expression analysis o0AMHR?2 in the adult quail

(A) Expression analysis #fMMH andAMHRZ in various tissues of the adult quail. RT- repnsé¢he negative
control using testis total RNA without reverse samption. The numbers in parenthesis show the rurab
the PCR cycle. (B) Expression analysis\MHR2 in the testis of the quail at long-day (LD) or ghday (SD)
condition by real-time PCR. The relative expressibrthe gene was normalized to the geometric mdéan o
GAPDH andPPIA. The result is shown as mean £+ SEM. (n=6 / groapgl, the expression level of the LD
group is expressed as 1. ** p<0.01 (Mann Whitn&y®st).
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Figure R-9.Expression analysis oAMH, AMHR2, and germ cell markers during the process of testular
changes induced by the long-day condition

(A) Expressional changes by the days after the-ttmgtreatment (n=5 / group). (B) Representativtupes

of the testis at Stage Il, Stage Ill, and Stag&hé testes were stained with hematoxylin and e&age |l
spermatogonia, Stage Ill: spermatogonia and speoyis, Stage V: spermatogonia, spermatocytes,
spermatids, and spermatozoa. Red, green, and hlackwheads indicate spermatocytes, spermatids, and
spermatozoa, respectively. (C) Expressional chahgebe testicular stages. Stage II: n=14, StageH11,
Stage V: n=5. * p<0.05, ** p<0.01, *** p<0.001 (®feDwass test). For the results in (A) and (C),ridative
expression of the genes was normalized to the geienmeean ofGAPDH andPPIA. Results are shown as
mean + SEM., and the expression level of the loweslp is expressed as 1.
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Figure R-10.Expression analysis of BMPs and their receptors ithe testis of the quail at long-day (LD)

or short-day (SD) condition by RT-PCR and real-timePCR

The numbers of each lane indicate individual numaed those in parenthesis show the number of @ P
cycle. Some selected genes were also analyzedabyimee PCR. The relative expression of the genas w
normalized to the geometric mean@APDH andPPIA. Results are shown as mean + SEM. (n=6 / group),
and the expression level of the LD group is exméss 1. ** p<0.01 (Mann Whitneytd test).
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Figure R-11.Expression analysis of TGHBs and their receptors in the testis of the quail dbng-day (LD)

or short-day (SD) condition by RT-PCR and real-timePCR

The numbers of each lane indicate individual numaed those in parenthesis show the number of @ P
cycle. Some selected genes were also analyzedabyimee PCR. The relative expression of the genas w
normalized to the geometric mean@APDH andPPIA. Results are shown as mean + SEM. (n=6 / group),
and the expression level of the LD group is exméss 1. ** p<0.01 (Mann Whitneytd test).
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Figure R-12. Expression analysis of inhibin subunits and their elated genes in the testis of the quail at
long-day (LD) or short-day (SD) condition by RT-PCRand real-time PCR

The numbers of each lane indicate individual numaed those in parenthesis show the number of @ P
cycle. Some selected genes were also analyzedabyimee PCR. The relative expression of the genas w
normalized to the geometric mean@APDH andPPIA. Results are shown as mean + SEM. (n=6 / group),
and the expression level of the LD group is exméss 1. ** p<0.01 (Mann Whitneytd test).
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Figure R-13.Expression analysis of TGHBs and their receptors during the process of testidar changes
induced by the long-day condition

The relative expression of the genes was normatizélte geometric mean G/APDH andPPIA. Results are
shown as mean = SEM. Stage Il: spermatogonia (n-8tdye Ill: spermatogonia and spermatocytes (n=11)
Stage V: spermatogonia, spermatocytes, spermatidsspermatozoa (n=5). The expression level ofeStag
is expressed as 1. * p<0.05, ** p<0.01, *** p<0.0teel-Dwass test).
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Figure R-14. Expression analysis of inhibin subunits and their elated genes during the process of
testicular changes induced by the long-day conditio

The relative expression of the genes was normatizélte geometric mean G/APDH andPPIA. Results are
shown as mean = SEM. Stage Il: spermatogonia (n-8tdye Ill: spermatogonia and spermatocytes (n=11)
Stage V: spermatogonia, spermatocytes, spermatidsspermatozoa (n=5). The expression level ofeStag
is expressed as 1. * p<0.05, ** p<0.01, *** p<0.0teel-Dwass test).
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Discussion

Expression of the sex differentiation-related genes the adult testis

Gonadal sex differentiation proceeds by the intgrplf various genes encoding transcription
factors and secretory factors in a complex netwdtkose genes have been reported to be
expressed during postnatal gonadal developmenesed in the adult gonads. Moreover, the
studies using conditional knockout mice suggest thay are involved in the adult gonadal
functions. On the other hand, few studies havebeen conducted from the viewpoint of gene
network. In the present study, | analyzed the esgpom profile of various sex differentiation-
related genes encoding the transcription factalssanretory factors associated with the testicular
changes in the quail. The adult quail were reareteuthe long-day or short-day condition for 4
weeks. The average weight of the regressed tesfisced by the short-day condition was
decreased by about 80-fold compared to that ofdhg-day control (Fig. I-2). This result is
consistent with the previous report (Follett andnieéal966).

The expression of most of the transcription fac{®sl, WT1, SOX9, GATA4, andDAX1)
was increased in the regressed testis inducedebghtbrt-day condition (Fig. R-1A). Among the
secretory factors, the expressioddMH, PTGDS, andWNT4 was increased in the regressed testis.
In particular AMH, which acts on Mllerian ducts during male sefedéntiation, was expressed
at a high level and significantly upregulated ie tegressed testis (Fig. R-1B, C, and Fig. R-4).
These results are consistent with the findings alioal regulation ofAmh expression during
gonadal sex differentiation period. SF1, WT1, GATAAd SOX9 are known to upregulzieh
expression synergistically by binding to its proerdah mammals (Lasakt al., 2004). In addition,
WT1 and GATA4 can upregulatamnh expression by physical interaction with SF1.

Another possible interaction is expected betweEBDS andSOX9. Sox9 is upregulated by
prostaglandin B (converted from prostaglandin,by PTGDS) in the mouse (Wilhelst al.,

2007) and chicken (Moniott al., 2008) during gonadal sex differentiation. Theref it is
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suggested that the increased expressi®T@®DS contributes to the increase3dX9 (andAMH)
expression in the regressed testis of the quajpraataglandin Psignaling.

Unexpectedly,DAX1 expression was also increased in the regresséd {Egy. R-1A)
though it is known to repreggnh expression in mammals (Trembletal., 2001).DAX1 may be
upregulated byVNT4, which was also increased in the regressed qestist(Fig. R-1B, C), as
reported in mammals (Jordenal., 2001, Mizusaket al., 2003). DAX1 is also known to repress
the expression of the genes involved in steroidegierin mammals (Lalkt al., 1998), but most
of the steroidogenic genes were not downregulatedhowed individual differences in the
regressed quail testis (Fig. R-1D, E) thougAX1l expression was increased. One possible
explanation for these discrepancy is that the rofeBAX1 in birds are different from those
reported in mammals. Actually, during embryonic @lepmentDax1 expression was decreased
during testicular differentiation in the mouse (Msin and Sinclair 2002), while it was maintained
in the chicken (Smittet al., 1999). This difference in the expression patteay reflect the
functional difference. Although DAX1 was initialthought to have anti-testis functions (Bardoni
etal., 1994, Swairet al., 1998), it was also found to be essential faligelfferentiation (Meeks
et al., 2003a, b). The increased expressiolAKL as well as other sex differentiation-related
genes in the regressed quail testis may be invdlvdde maintenance of testicular functions
during quiescent period in preparation for thedwihg reactivation by the long-day condition.

To examine the relationship between AMH and thendraption factors that were
upregulated by the short-day condition, | analyttedputative promoter sequence of qédilH
gene. In the quaiAMH promoter region, there were several putative bigdiites for the
transcription factors, such as one SF1 site, tB@X9 sites, two WT1 sites, and one GATA4 site
(Fig. R-2, upper panel). | also analyzed the putatiromoter sequence of the chicken, which is

a model animal for study on sex differentiatiorainan species, for the comparison with that of
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the quail. The chicken sequence contained one B ¥aur SOX9 sites, two WT1 sites, and one
GATA4 site (Fig. R-2, lower panel). Among thesenszeription factors, SF1 was reported to bind
to its binding site and activafdH expression in the chicken (Takaaal., 2006). In the chicken,
S0X9 is not required for the onset AMH expression becaugéH expression precedes that of
SOX9 during testicular differentiation. However, it wasggested thaBOX9 contributed to
subsequent upregulationAif1H because it coincided with the onseBOX9 expression (Morrish
and Sinclair 2002). The presence of the bindirgsdibr SF1, SOX9, WT1, and GATA4 suggests
that these transcription factors contribute to ittezeased expression 8MH in the regressed
quail testis induced by the short-day condition.rédetailed studies are necessary to examine
whether SOX9, WT1, and GATA4 bind to their putatiending sites and activatAMH
expression.

In relation to sex steroid hormone signaling, theas a common binding site for androgen
receptor (AR), glucocorticoid receptor (GR), andg#sterone receptor (PR) in the qusH
promoter region (Fig. R-2, upper panel). In theckbn, there were one PR site and one common
site for AR, GR, and PR (Fig. R-2, lower panel)dfagens are thought to be responsible for the
downregulation of AMH expression because of thegative correlation in serum level (Rety
al., 1993). The presence of AR binding site suggbstglirect inhibitory effect of androgens on
AMH expression.

Unexpectedly, the quail and chick&MH promoter regions contained binding sites for
CLOCK/BMALL1 heterodimer, which is involved in thegulation of circadian rhythm (Bell-
Pederseret al., 2005) (Fig. R-2). In the chicken, there weree¢hadditional CLOCK/BMAL1
sites that formed tandem repeats. In some telqmsties like medakaamh gene lies in a
chromosomal region that contains tbeck gene and reproductive and cell cycling genes,

suggesting the presence of a functional clustab{Pzesakt al., 2010). In the quail and chicken,
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there was a conserved syntenyLdlGO3, OAZ1, AMH, andDOTI1L on chromosome 28 (Fig.
R-3). HoweverCLOCK andKIT were located on the different chromosome (Chiilk®) in the
mouse and zebrafisiDDX59, KIF14, NR5A2, and LHX9 were also located on the different
chromosome (Chr 8) like in the mouse. These regudiisate that there is no functional cluster
including CLOCK, AMH, and other reproduction-related genes in the cuadl chicken. In the
zebrafish, the expression of the genes involvedeproduction includingamh showed daily
rhythms (Di Rosat al., 2016) thougtamh andclock are not located on the same chromosome.
This result suggests that the expression rhythnoidinked to the presence of the functional
cluster. In future study, it is important to examimhether the expressionAH is regulated by
CLOCK for understanding the molecular mechanisnploétoperiod-regulated expression of
AMH in the qualil.

In summary, the expression of many sex differeiotiatelated genes was increased in the
regressed testis induced by the short-day conditionodel of the network of sex differentiation-
related genes in the adult quail testis is illustlan Fig. D-1. It is suggested that this network
works in Sertoli cells because the sex differeitatelated genes have been reported to be
expressed in Sertoli cells in the mouse (Wilhetral., 2007) and chicken (Oreatal., 2002). In
particular, AMH was significantly upregulated in the regressediste¥he expression of the
transcription factors that promaotdMH expression in mammal&H1, SOX9, WT1, andGATA4)
was also increased. Moreover, there were putativding sites for these transcription factors in
the quailAMH promoter region. These results suggest that #meseription factors involved in
sex differentiation play a role in the regulatidnAdH expression in the adult quail testis, and
AMH is involved in the testicular changes. Therefdrdecided to analyze the expression of the

AMH-specific type Il receptorAMHR2).

52



Discussion

AMH signaling in the adult testis

Since the nucleotide sequencediHR2 in the avian species had not been identified and
was not available in the genome database, | idedtihe partiaAMHR2 cDNA sequence from
the quail to examine its expression. The deducedaatid sequence contained a transmembrane
domain and protein kinase domain (Fig. R-5). Thatgdn kinase domain was well conserved
among amniotes (Fig. R-6). Molecular phylogeneteetwas constructed based on the ORF
nucleotide sequences AMHR2 and other TG superfamily type Il receptors from various
vertebrates. The identified sequence from the quiagtered witPAMHR2 sequences from other
amniotes (Fig. R-7), showing that it is the quaitholog of AMHR2. | could not identify the full
ORF sequence in this study probably because diigieGC content (about 70%), which might
have affected the reverse transcription and PCRtioga The partial cDNA sequence of the
chickenAMHR2 was reported, and the same reason was suggecsthe fequencing difficulties
in avian species (Cutting al., 2014). AMHR2 expression was increased in the regressed testis
induced by the short-day condition (Fig. R-8B). Tinanscription factors increased in the
regressed testisSf1, SOX9, WT1, andGATA4) may also contribute to the increased expression
of AMHR2 because the binding sites for these factors asept in the mammalisAMHR2
promoter (de Santa Barbagizal ., 1998, Klattiget al., 2007). In future, it is necessary to identify
the promoter sequence of qUAMHR2 to investigate its expressional regulation.

AMH andAMHR2 were expressed primarily in the adult ovary initidd to the testis (Fig.
R-8A). This indicates thadMH expression is not sex-specific in the adult gorthdsigh it is
male specific during early gonadal sex differefgiaiMorrish and Sinclair 2002, Culttireg al.,
2013).AMH was expressed in the granulosa cells dependinigeoiollicular development in the
adult quail ovary (data not shown). Similar expi@spatterns have been reported in mammals,

and AMH is known to inhibit the initial follicle @uitment and FSH-dependent growth and
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selection of preantral and small antral follicl&&sgeret al., 2006). However, the expressional
regulation ofAMH in the ovary still remains unknown. In futureisiimportant to examine when

AMH is expressed during ovarian development and #gecition with the expression of the
transcription factors that upregula®H expression in the testiSK1, SOX9, WT1, andGATA4)

to understand the expressional mechanism in they.ova

AMH andAMHR2 were also expressed in the brain and slightihénthyroid gland, adrenal
gland, kidney, and heart (Fig. R-8A). Gonad-spe@hpression oAmhr2 was reported in the rat
(Baarendst al., 1994) and medaka (Kluvet al., 2007). On the other hand, the expression of
Amh andAmhr2 in the brain was also reported in the mouse (Lebe¥et al., 2008) and Nile
tilapia (Pfenniget al., 2015). The expression &MH and AMHRZ2 in the quail brain may be
involved in the brain functions, such as neuronalisal reported in the mouse (Lebeurrierl .,
2008).

The expression analysis AMH andAMHR2 was conducted during the process of testicular
changes induced by the long-day condition and aedlyy the testicular stages to examine their
association with spermatogenesis. The expressidiMéf and AMHR2 was decreased at Stage
lll, when spermatocytes appeared in the seminiferubules (Fig. R-9B). The correlation
between the decreased expressioAMH and the onset of meiosis is consistent with tpens
from the human (Ret al., 1996), mouse (Al-Attaet al., 1997), and Japanese flounder
(Yoshinageet al., 2004). In the quaiBMHR2 expression was also decreased at Stage Ill. Simila
results were reported in the black porgy. The esgiom ofamh andamhr2 was increased during
pre-meiotic period and declined in the mature sediiring the spawning season (#&al., 2010).
Increased expression 8MH andAMHRZ in the regressed quail testis and decrease of #iem
Stage Ill suggest that AMH is involved in the regidn of meiosis and/or spermatogonial

proliferation and differentiation. Previous studieghe rat and fish support the role of AMH in
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the germ cell proliferation. In the adult rat tesAmh and Amhr2 mRNA were expressed at a
maximal level in the seminiferous tubule segmertiene mitotic divisions of spermatogonia are
minimum (Baarendst al., 1995). The inhibitory effect of Amh on spermada@l proliferation
and differentiation was also demonstrated by uslirgtestis tissue culture from the zebrafish
(Skarret al., 2011) and Japanese eel (Mietal., 2002). Moreoveramhr2 mutation led to the
excessive proliferation of germ cells in the meddlktel mutant and caused sex reversal
(Morinagaet al., 2007). In this context, in several fish speci8IH signaling determines the
gonadal sex. A duplicated copy ahh on the Y-chromosomefhy) is a male sex-determining
gene in the Patagonian pejerreé9dntesthes hatcheri) (Hattori et al., 2012) and pejerrey
(Odontesthes bonariensis) (Yamamotoet al., 2014), ancamhy with a missense SNP is essential
for male sex determination in the Nile tilapia @tial., 2015). InTakifugu species, a missense
SNP in theamhr2 gene is associated with phenotypic sex (Kanelyal., 2012). These studies
from fish species that have no Millerian ducts ssgghat the functions of AMH in the gonad
are evolutionally more ancient than the promotibMdllerian duct regression.

AMH has also been reported to be involved in stergenesis in mammals and fish. For
example, overexpression of AMH blocked the diff¢istion of Leydig cell precursors and
decreased the expression of steroidogenic genels,asCypl7al, Cypllal, andHsd3B in the
mouse (Racinet al., 1998). In zebrafish testis tissue culture, relgiment Amh inhibited
gonadotropin-stimulated androgen production by esing the expression of the genes involved
in steroidogenesis (Skaatral., 2011). In this study, the expressiorCMP19A1 was decreased in
the regressed qualil testis induced by the shoredaglition (Fig. R-1D). This result is consistent
with the inverse relation witAMH during chicken gonadal sex differentiation (Nishiket al.,
2000). However, the expression of other steroidimggenes was not downregulated or showed

individual differences in the regressed quail &fig. R-1D, E). These results suggest that the
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effects of AMH on the expression of steroidogerengs differ among species. More detailed
studies are needed to verify this possibility.

In summary, the expression AMH andAMHR2 was increased in the regressed testis, and
it was decreased at Stage Ill, when spermatocy&s wbserved, during the long-day-induced
testicular changes. These results suggest that AbMHaling in the quail is involved in the

regulation of spermatogenesis.

TGF-p superfamily signaling system in the adult testis alationship with AMH signaling-

AMH is a member of the TGB-superfamily, and most of the members are known to
contribute to testicular functions such as spergetesis (Itmast al., 2006). There are complex
signaling cross-talks in this superfamily becaums#rtreceptors and SMADs are shared among
different kinds of ligands (Miyazawat al., 2002, Shi and Massagué 2003). Moreover, mutually
antagonistic relationship between the two groupSMADs (SMAD1/5/8 and SMAD2/3) has
been reported. Therefore, it is important to exariime relationship between AMH and other
members of the superfamily for understanding the odAMH in the adult testis. However, few
studies have examined their signaling system intéiséis. In this study, | also analyzed the
expression of the TGB-superfamily members that are involved in spermetegis and their
receptors during the testicular changes in thel qgoa@xamine their association with the AMH
signaling.

BMPs and AMH use the same three BMP type | receptalctK2, ALK3, and ALK6, and
their downstream factors SMAD1/5/8 (Miyazawtal., 2002, Shi and Massagué 2003). The
expression of BMP type Il and type | receptors waseased in the regressed testis induced by
the short-day condition (Fig. R-10). Increased egpion of the type | receptors further supports

the activation of AMH signaling in the regressestite However, the expression of BMPs was
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low and not different between the active and resgdstestis (Fig. R-10). In addition,
BETAGLYCAN (inhibin co-receptor) expression was increasdtiéregressed testis (Fig. R-12).
It is known to enable inhibins to compete with BM®Bs binding to BMPR2 (Wiater and Vale
2003). Therefore, it is suggested that BMP siggghrinhibited by inhibins in the regressed testis.
These results suggest that there are no coopewattian between AMH and BMPs via type |
receptors.

TGFs activate two distinct signaling pathways, ALK5-8DR/3 and ALK1-SMAD1/5/8
(Miyazawaet al., 2002, Shi and Massagué 2003). The expressiditbB2, TGFB3, and their
receptors was increased in the regressed testjsRF11). Among the receptors, the expression
of bothALK1 andENG, accessory receptor that facilitates ALK1 sigrngifhebrinet al., 2005),
was increased in the regressed testis. The expnesSALK5, which activates SMAD2/3, was
also increased in the regressed testis (Fig. RHdwever, ALK5 is important for recruiting of
ALK1 into TGF receptor complex, and its kinase activity is reegifor optimal ALK1
activation (Goumanest al., 2003). Therefore, these results suggest that-fsactivate ALK1-
SMAD1/5/8 rather than ALK5-SMADZ2/3 pathway in thegressed testis (Fig. D-2). During the
process of testicular changes induced by the I@ygedndition, the expression 66FB2, ALK1,
ENG, andBETAGLYCAN (accessory receptor that mediates the bindingG#Js to the type I
receptor, particularly important for TGR2 signaling) was decreased at Stage Ill, when
spermatocytes appeared in the seminiferous tulfbigsR-13 and R-14). These results suggest
that TGF$ signaling through ALK1 pathway is involved in thehibition of germ cell
proliferation and differentiation. TGE-signaling has been reported to affect cell proiiien
and differentiation. For example, TGR-is a negative regulator of the fetal and neorgeain
cell proliferation and apoptosis in the mouse, iaiglconsidered to regulate the duration of germ

cell quiescence (Morerabal., 2010). Moreover, TGB-type | receptor ALK1 is known to repress
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the proliferation of endothelial cells in mammatsldish (Ohet al., 2000, Lamouillest al., 2002,
Romanet al., 2002). The expression AMH andAMHR2 was also decreased at Stage Il (Fig.
R-9B). Therefore, it is suggested that T@dare involved in the regulation of spermatogonial
proliferation and differentiation together with AMHa SMAD1/5/8 (Fig. D-2).

Activins activate SMAD2/3, the different group frc8MAD1/5/8 (Miyazaweet al., 2002,
Shi and Massagué 2003). The expression of thrakiinsubunits INHA, INHBA, andINHBB,
was increased in the regressed testis (Fig. Rsl@)gesting that the production of both activins
and inhibins are increased. In the regressed tésti®xpression ¢iST (activin-binding protein)
andBETAGLYCAN (inhibin co-receptor), which inhibit activin sigivay, was also increased (Fig.
R-12). Therefore, it is suggested that activin alipy is inhibited by follistatin and inhibins in
the regressed testis. During the process of téatichanges induced by the long-day condition,
the expression d¥ST andBETAGLYCAN was decreased at Stage Il similaAtddH andAMHR2
(Fig. R-14). These results suggest that the balambseen the action of activins and inhibins
regulates germ cell proliferation and differentiati and activins function in a manner opposite
to AMH. The effects of activins and inhibins onlgaloliferation and differentiation have been
reported in mammals. For example, inhibin redubeditumber of differentiating spermatogonia
in the adult testis of the Chinese hamster (varsélMEmilianiet al., 1989). In contrast, activin
stimulated spermatogonial proliferation and diffaration in germ-Sertoli cell coculture from
immature rat testis (Mathest al., 1990). Moreover, during the adult rat spermatigeycle,
activin A stimulated DNA synthesis of intermediapermatogonia and preleptotene
spermatocytes, whereas inhibin A inhibited thattloése cells (Hakovirtat al., 1993). As
described above, Amh is known to inhibit spermatdgigoroliferation and differentiation in fish
(Miura et al., 2002, Skaret al., 2011). Moreover, the synergistic effect of inhiand AMH on

mouse testicular tumor development was previowegprted (Matzulet al., 1995). Therefore, it

58



Discussion

is suggested that AMH acts against activins togethit inhibins and follistatin in the regressed
testis to inhibit spermatogonial proliferation adiferentiation (Fig. D-2). The antagonism
between AMH and activins may occur at the SMAD ldvecause SMAD1/5/8 and SMAD2/3
are known to be mutually antagonistic (Zeisbetrgl., 2003, Matsumotet al., 2012).

It is suggested that the signaling cross-talks eetwWAMH and other TGB-superfamily
members occur in Sertoli cells and/or Leydig céflg). D-2) because the expression of AMH
type Il receptor in those cells has been reportetie rat (Mendis-Handagamgal., 2006) and
human (Salhgt al., 2004). In the rat, TGB-type | and type Il receptors (Lei al., 2003) and
activin type 1l receptor (Kaipiat al., 1992, MacConelét al., 2002) have been reported to be
expressed in Sertoli cells, Leydig cells, and gemlis. However, the localization of these
receptors differ among species even in mammals.example, AMH type Il receptor was
expressed in Sertoli cells but not in Leydig callthe mouse (Klattigt al., 2007). In the human
testis, activin type | and type |l receptors wexpressed in Sertoli cells and germ cells but not in
Leydig cells (Diast al., 2008). Therefore, it is necessary to examinenthrethe quail testis in
future. In addition, it is also needed to analyze ¢hanges in phosphorylation state of SMADs
and their localization to examine whether the diggapathways suggested by the expression
analysis are actually activated.

In summary, the expression of the ligands and tecepf TGFB family was increased in
the regressed testis. The expression of follistatith betaglycan, which inhibit activin signaling,
was also increased. In addition, their expressias gdecreased at Stage Ill, when spermatocytes
were observed in the seminiferous tubules, dutiegésticular changes induced by the long-day
condition. These results suggest that AMH is inedhin the regulation of spermatogonial

proliferation and differentiation together with etrmembers of the TGFsuperfamily.
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Conclusion

This is the first study that analyzed the exprasgimfile of various sex differentiation-
related genes associated with the testicular clsaimgine quail induced by photoperiod. | found
that the expression of most of the transcriptiandies and secretory factors was increased in the
regressed testis induced by the short-day condiRanticularly, AMH was expressed at a high
level and significantly upregulated together witte ttranscription factors that are known to
promote its expression in mammal-{, SOX9, WT1, and GATA4). Moreover, the putative
binding sites for these transcription factors wanesent in the qualMH promoter region. | also
found thatAMHR2 showed an expression pattern similaAMH depending on the photoperiod-
induced testicular changes. These results sugbestthe sex differentiation-related genes
function via AMH in the adult quail testis. In atdn, | analyzed the expression of other TBF-
superfamily members and their receptors to exantiai association with the AMH signaling.
The obtained results suggest that AMH is involvedtlie regulation of spermatogonial
proliferation and differentiation together with ethmembers of the TGE-superfamily.

A series of the results in this study strongly sgig that the sex differentiation-related genes
work in a network that leads to th&MH expression and participate in the regulation of
spermatogenesis in the testis of the adult quail (B-3). Although further studies are necessary
to elucidate their detailed functions, the findir@jshe present study should provide important
clues to understand the physiological significaoiceex differentiation-related genes in the adult

gonad.
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/ Sertoli cell \
PTGDS

11 SF1 | WT1 || GATA4

SOX9 ' ' ' > AMH
WNT4 |— | DAX1 —?
FGF9 |—? RSPO1 |—?

\ DMRT1 |2 | FOxL2 |+ /

Figure D-1. A model of the network of sex differenttion-related genes in the adult quail testis preidted

by the results of the expression analysis

The genes increased in the regressed testis indhyce short-day condition are indicated as bblracters.
The genes encoding transcription factors are itglicas blue boxes, and those encoding secretaogréeare
indicated as red boxes. It is suggested that #igark works in Sertoli cells because these sdrmdiftiation-

related genes have been reported to be expresseertoli cells in the mouse (Wilhelet al., 2007) and
chicken (Oreaét al., 2002).
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Follistatin
TGFB2/3 AMH Activins |—-T Inhibins
Endoglin \® & Betaglycan
L b N
tarBR2 I AYO amur2BBALK2/3/6 AcvR2al Alks  AcvR2a

ALK1
o |
LSMAD1/5/83 » Jusisi SMAD2/37 -~

Genes involved in the regulation of
spermatogonial proliferation and differentiation

Figure D-2. A putative signaling system of AMH and other membes of TGF$ superfamily in the
regressed quail testis induced by the short-day cdition

The expression of AMH, TGBs, and their receptors was increased in the regpidsstis. In activin signaling
system, the expression of three inhibin subunits wareased, suggesting that the production of activins
and inhibins are increased. The expression ofstalin and betaglycan, which repress activin signak also
increased (*: Betaglycan promotes inhibin bindia@ttivin type Il receptor and thereby preventsvacfrom
binding to the type Il receptor). The factors iraged in the regressed testis are indicated bydiadacters,
and the signaling pathways suggested by the expreasalysis are indicated by bold lines. The preexdi
functions of SMADs based on the previous studiesdeed below are indicated by dotted lines. Amé lheen
reported to inhibit spermatogonial proliferatiordahfferentiation in fish (Miurat al., 2002, Skaret al., 2011).
TGFB2 is a negative regulator of germ cell proliferatin the mouse and is considered to regulate tregidn
of germ cell quiescence (Morerbal., 2010). Moreover, ALK1 signaling is known to reps cell proliferation
in mammals and fish (O& al., 2000, Lamouillegt al., 2002, Romaret al., 2002). The stimulatory effect of
activin and inhibitory one of inhibin on spermatogad proliferation and differentiation have beempoded
from mammals (van Dissel-Emiliagi al., 1989, Mathekt al., 1990, Hakovirtat al., 1993). The two groups
of SMADs (SMAD1/5/8 and SMAD2/3) are known to be tomily antagonistic (Zeisbergt al., 2003,
Matsumotoet al., 2012).

It is suggested that the signaling cross-talks oirt&ertoli cells and/or Leydig cells becausedkpression
of AMH type Il receptor in those cells has beerorggd in the rat (Mendis-Handagaseial., 2006) and human
(Salhiet al., 2004). In the rat, TGB-type | and type Il receptors (Lsi al., 2003) and activin type Il receptor
(Kaipiaet al., 1992, MacConelit al., 2002) have been reported to be expressed inlSestls, Leydig cells,
and germ cells. However, the localization of thesseeptors differ among species even in mammaldt{glet
al., 2007, Diast al., 2008). Therefore, it is necessary to examinmthethe qualil testis in future.

62



Discussion

Sertoli cell

Sex differentiation-related genes

AMH
TGF-B Activin
Sertoli / Leydig cell \\‘ /

Spermatogenesis

Figure D-3. A Schematic diagram of the expression of sex diffentiation-related genes and its association
with AMH signaling system in the adult quail testis

AMH was significantly upregulated in the regressetis@sduced by the short-day condition. In addititre
expression of the transcription factors that arevikm to promoteAMH expression $1, SOX9, WT1, and
GATA4) was also increased. Moreover, the putative bipdites for these transcription factors were pregen
the quailAMH promoter region. These results suggest that thdifferentiation-related genes contribute to the
expression oAMH.

Among the TGH3 superfamily members that are involved in spermategis (Itmaret al., 2006), the
expression of the ligands and receptors of Pd&mily was increased in the regressed testis.ekpeession
of follistatin and betaglycan, which inhibit actvsignaling, was also increased. These resultsestitjgat AMH
is involved in the regulation of spermatogenesigtber with other members of the T@Buperfamily.

In conclusionthe results obtained in this study strongly sugtiestthe sex differentiation-related genes work
in a network that leads to thdMH expression and participate in the regulation efsm@mtogenesis in the adult
quail testis.

63



Acknowledgements

Acknowledgements

| express my sincere gratitude to Associate Profed4in Kyun Park, Department of
Biological Sciences, Graduate School of Science,hiversity of Tokyo, for constant guidance,
encouragement, and valuable discussion duringdhese of my study.

| am grateful to Prof. Yoshitaka Oka for helpfulvam and encouragement. | also thank
Associate Prof. Shinji Kanda, Dr. Misaki MiyoshisivMiho Kyokuwa, Ms. Erina Kurakata, Mr.
Genki Yamagishi, Department of Biological Scienc&aduate School of Science, The
University of Tokyo, for valuable discussion thréwagt this study, and Prof. Toshiaki Noce (Keio
University) for the gift of anti-CVH antibody.

I am sincerely grateful to Prof. Yoshitaka Oka afdsociate Prof. Masanori Taira,
Department of Biological Sciences, Graduate Schd&cience, The University of Tokyo, and
Prof. Yoshio Takei, Atmosphere and Ocean Researstitute, The University of Tokyo, and
Associate Prof. Mariko Kondo, Misaki Marine Biologi Station, The University of Tokyo, for
critical reading of the present thesis and valudideussion.

This work was supported by Grants-in-Aid for ScigntResearch from the Japan Society
for the Promotion of Science (13J10520 to S.O)thedMinistry of Education, Culture, Sports,

Science and Technology of Japan (26440162 and 28940 M.K.P.).

64



References
References

Adolfi MC, Carreira AC, Jesus LW, Bogerd J, Funes RV, Schartl M, Sogayar MC and Borella Ml (2015)
Molecular cloning and expression analysis of dmatid sox9 during gonad development and male
reproductive cycle in the lambari fish, AstyanatiparanaeReproductive Biology and Endocrinology 13 2.

Al-Attar L, Noél K, Dutertre M, Belville C, Forest MG, Burgoyne PS, Josso N and Rey R997) Hormonal
and cellular regulation of Sertoli cell anti-MUill@n hormone production in the postnatal mot$e.Journal
of Clinical Investigation 1001335-1343.

Baarends WM, Helmond MJL van, Post M, Schoot PJCM an der, Hoogerbrugge JW, Winter JP de,
Uilenbroek JTJ, Karels B, Wilming LG, Meijers JHC et al. (1994) A novel member of the transmembrane
serine/threonine kinase receptor family is spegliffcexpressed in the gonads and in mesenchymil cel
adjacent to the mullerian du@evelopment 120189-197.

Baarends WM, Hoogerbrugge JW, Post M, Visser JA, D&ooij DG, Parvinen M, Themmen AP and
Grootegoed JA (1995) Anti-millerian hormone and anti-mulleriaarimone type |l receptor messenger
ribonucleic acid expression during postnatal testevelopment and in the adult testis of the rat.
Endocrinology 1365614-5622.

Bardoni B, Zanaria E, Guioli S, Floridia G, Worley KC, Tonini G, Ferrante E, Chiumello G, McCabe
ER, Fraccaro M et al. (1994) A dosage sensitive locus at chromosome Xp&ivolved in male to female
sex reversalNature Genetics 7 497-501.

Barrionuevo F, Bagheri-Fam S, Klattig J, Kist R, T&keto MM, Englert C and Scherer G (2006)
Homozygous inactivation of Sox9 causes completes¥X reversal in miceBiology of Reproduction 74
195-201.

Barrionuevo F, Georg |, Scherthan H, Lécureuil C, Giillou F, Wegner M and Scherer G(2009) Testis cord
differentiation after the sex determination stagy@dependent of Sox9 but fails in the combinedabs of
Sox9 and Sox&evelopmental Biology 327 301-312.

Bell-Pedersen D, Cassone VM, Earnest DJ, Golden Si8ardin PE, Thomas TL and Zoran MJ (2005)
Circadian rhythms from multiple oscillators: lessdnom diverse organismslature Reviews Genetics 6
544-556.

Capriglione T, Vaccaro MC, Morescalchi MA, Tammaro S and De lorio S(2010) Differential DMRT1
expression in the gonads of podarcis sicula (Reptibcertidae)Sexual Development 4 104—109.

Cartharius K, Frech K, Grote K, Klocke B, Haltmeier M, Klingenhoff A, Frisch M, Bayerlein M and
Werner T (2005) Matlinspector and beyond: promoter analgaised on transcription factor binding sites.
Bioinformatics 21 2933-2942.

Chen M, Wang X, Wang Y, Zhang L, Xu B, Lv L, Cui X, Li W and Gao F (2014) Wil is involved in leydig
cell steroid hormone biosynthesis by regulatingpane factor expression in midgiology of Reproduction
9071.

Chenna R, Sugawara H, Koike T, Lopez R, Gibson TXHliggins DG and Thompson JD(2003) Multiple
sequence alignment with the Clustal series of mmgrtNucleic Acids Research 31 3497-3500.

65



References

Colvin JS, Green RP, Schmahl J, Capel B and OrnitPM (2001) Male-to-female sex reversal in mice lacking
fibroblast growth factor 9Cell 104 875-889.

Crisponi L, Deiana M, Loi A, Chiappe F, Uda M, Amat P, Bisceglia L, Zelante L, Nagaraja R, Porcu $t
al. (2001) The putative forkhead transcription factoFOXL2 is mutated in
blepharophimosis/ptosis/epicanthus inversus synerbiature Genetics 27 159-166.

Cutting A, Chue J and Smith CA(2013) Just how conserved is vertebrate sex detatimn?Developmental
Dynamics 242 380-387.

Cutting AD, Ayers K, Davidson N, Oshlack A, Doran T Sinclair AH, Tizard M and Smith CA (2014)
Identification, expression, and regulation of avtillerian hormone type-Il receptor in the embryonic
chicken gonadBiology of Reproduction 90 106.

Dadhich RK, Barrionuevo FJ, Lupiafiez DG, Real FM, Birgos M and Jiménez R(2011) Expression of
genes controlling testicular development in ade#tis of the seasonally breeding iberian m&sual
Development 5 77-88.

de Santa Barbara P, Moniot B, Poulat F, Boizet B ath Berta P (1998) Steroidogenic factor-1 regulates
transcription of the human anti-mullerian hormoaeaptorThe Journal of Biological Chemistry 27329654-
29660.

Dias V, Meachem S, Rajpert-De Meyts E, McLachlan RManuelpillai U and Loveland KL (2008) Activin
receptor subunits in normal and dysfunctional aduthan testisHuman Reproduction 23 412—-420.

Di Rosa V, Lopez-Olmeda JF, Burguillo A, Frigato E Bertolucci C, Piferrer F and Sanchez-Vazquez FJ
(2016) Daily Rhythms of the Expression of Key Gelme®lved in Steroidogenesis and Gonadal Function i
Zebrafish.,PLoSOne 11 e0157716.

Eggers S, Ohnesorg T and Sinclair A2014) Genetic regulation of mammalian gonad dgwvelent.Nature
Reviews Endocrinology 10 673—-683.

Eroschenko VP and Wilson WO(1974) Histological changes in the regressingaepctive organs of sexually
mature male and female Japanese gB&ilogy of Reproduction 11 168-179.

Finn RD, Coggill P, Eberhardt RY, Eddy SR, Mistry J, Mitchell AL, Potter SC, Punta M, Qureshi M,
Sangrador-Vegas Aet al. (2015) The Pfam protein families database: towardsore sustainable future.
Nucleic Acids Research 44 D279-285.

Follett BK and Farner DS (1966) The effects of the daily photoperiod onapted growth, neurohypophysial
hormone content, and neurosecretion in the hypathalhypophysial system of the Japanese quail (Giatur
coturnix japonica)General and Comparative Endocrinology 7 111-124.

Frojdman K, Harley VR and Pelliniemi LJ (2000) Sox9 protein in rat sertoli cells is agd atage dependent.
Histochemistry and Cell Biology 113 31-36.

Goumans MJ, Valdimarsdottir G, Itoh S and Lebrin F (2003) Activin receptor-like kinase (ALK) 1 is an
antagonistic mediator of lateral TGFbeta/ALKS5 silgms Molecular Cell 12 817-828.

Hakovirta H, Kaipia A, S6der O and Parvinen M (1993) Effects of activin-A, inhibin-A, and trawsming
growth factor-beta 1 on stage-specific deoxyribdsiocacid synthesis during rat seminiferous epitthel
cycle. Endocrinology331664-1668.

66



References

Hattori RS, Murai Y, Oura M, Masuda S, Majhi SK, Sakamoto T, Fernandino JI, Somoza GM, Yokota
M and Strussmann CA(2012) A Y-linked anti-Mullerian hormone duplicati takes over a critical role in
sex determinatiorProceedings of the National Academy of Sciences 1092955-2959.

Heikinheimo M, Ermolaeva M, Bielinska M, Rahman NA,Narita N, Huhtaniemi IT, Tapanainen JS and
Wilson DB (1997) Expression and hormonal regulation of tapson factors GATA-4 and GATA-6 in the
mouse ovaryEndocrinology 138 3505—-3514.

Itman C, Mendis S, Barakat B and Loveland KL (2006) All in the family: TGF-beta family action testis
developmentReproduction 132 233-246.

Jeays-Ward K, Hoyle C, Brennan J, Dandonneau M, Allus G, Capel B and Swain A2003) Endothelial
and steroidogenic cell migration are regulated bYW in the developing mammalian gon&ukvel opment
1303663-3670.

Jordan BK, Mohammed M, Ching ST, Délot E, Chen XNDewing P, Swain A, Rao PN, Elejalde BR and
Vilain E (2001) Up-regulation of WNT-4 signaling and dosagesitive sex reversal in humaAsierican
Journal of Human Genetics 68 1102-1109.

Kaipia A, Penttila TL, Shimasaki S, Ling N, Parvinen M and Toppari J (1992) Expression of inhibin beta
A and beta B, follistatin and activin-A receptorsaenger ribonucleic acids in the rat seminiferquigelium.
Endocrinology 1312703-2710.

Kamiya T, Kai W, Tasumi S, Oka A, Matsunaga T, Mizwno N, Fujita M, Suetake H, Suzuki S, Hosoya S
et al. (2012) A trans-species missense SNP in Amhr2 sscated with sex determination in the tiger
Pufferfish, Takifugu rubripes (FuguLoS Genetics 8.

Kato T, Esaki M, Matsuzawa A and lkeda Y (2012) NR5AL1 is required for functional maturatiohSertoli
cells during postnatal developmeRégproduction 143663—-672.

Ketola I, Anttonen M, Vaskivuo T, Tapanainen JS, Tepari J and Heikinheimo M (2002) Developmental
expression and spermatogenic stage specificityraofstription factors GATA-1 and GATA-4 and their
cofactors FOG-1 and FOG-2 in the mouse teBtisopean Journal of Endocrinology 147 397—-406.

Kim Y, Kobayashi A, Sekido R, DiNapoli L, Brennan J Chaboissier MC, Poulat F, Behringer RR, Lovell-
Badge R and Capel B(2006) Fgf9 and Wnt4 act as antagonistic signalsegulate mammalian sex
determinationPLoS Biology 4.

Klattig J, Sierig R, Kruspe D, Besenbeck B and Engirt C (2007) Wilms’ tumor protein Wt1 is an activator
of the anti-Mdllerian hormone receptor gene Amidlecular and Cellular Biology 27 4355-4364.

Klaver N, Pfennig F, Pala I, Storch K, Schlieder M,Froschauer A, Gutzeit HO and Schartl M (2007)
Differential expression of anti-Mullerian hormonanth) and anti-Mullerian hormone receptor type Il
(amhrll) in the teleost MedakBevelopmental Dynamics 236271-281.

Kojima Y, Sasaki S, Hayashi Y, Umemoto Y, MorohashKl and Kohri K (2006) Role of transcription factors
Ad4bp/SF-1 and DAX-1 in steroidogenesis and spesgatesis in human testicular development and
idiopathic azoospermi#nternational Journal of Urology 13 785—793.

Kreidberg JA, Sariola H and Loring (1993) WT- 1 is required for early kidney develagrh Cell 74 679—
691.

67



References

Krogh A, Larsson B, von Heijne G and Sonnhammer EL(2001) Predicting transmembrane protein topology
with a hidden Markov model: Application to complgenomesJournal of Molecular Biology 305567-580.

Kumar S, Stecher G and Tamura K(2016) MEGA7: Molecular Evolutionary Genetics Aysik version 7.0
for bigger datasetddolecular Biology and Evolution.

Kyrdnlahti A, Euler R, Bielinska M, Schoeller EL, Moley KH, Toppari J, Heikinheimo M and Wilson DB
(2011) GATA4 regulates Sertoli cell function andtiféy in adult male mice.Molecular and Cdlular
Endocrinology 33385-95.

Lalli E, Melner MH, Stocco DM and Sassone-Corsi F1998) DAX-1 blocks steroid production at multiple
levels.Endocrinology 1394237-4243.

Lamouille S, Mallet C, Felge JJ and Bailly S(2002) Activin receptor-like kinase 1 is implicdtén the
maturation phase of angiogenedikod 1004495-4501.

Lasala C, Carre-Eusebe D, Picard JY and Rey R2004) Subcellular and molecular mechanisms ré¢iggla
anti-Mullerian hormone gene expression in mammadiach nonmammalian speci&NA Cell Biol 23572—
585.

Lebeurrier N, Launay S, Macrez R, Maubert E, LegrosH, Leclerc A, Jamin SP, Picard J-Y, Marret S,
Laudenbach V et al. (2008) Anti-Mullerian-hormone-dependent regulatiointhe brain serine-protease
inhibitor neuroserpinJournal of Cell Science 121 3357-3365.

Lei N, Hornbaker Kl, Rice DA, Karpova T, Agbor VA and Heckert LL (2007) Sex-specific differences in
mouse DMRTL1 expression are both cell type- andestigpendent during gonad developm@&nblogy of
Reproduction 77 466—475.

Li M, Sun 'Y, Zhao J, Shi H, Zeng S, Ye K, Jiang DZhou L, Sun L, Tao Wet al. (2015) A tandem duplicate
of anti-Millerian hormone with a missense SNP @Ylthromosome is essential for male sex determimat
in Nile tilapia, Oreochromis niloticu®LoS Genetics 11.

Ludbrook LM and Harley VR (2004) Sex determination: A ‘window’ of DAX1 aciiy. Trends in
Endocrinology and Metabolism 15 116-121.

Lui WY, Lee WM and Cheng CY (2003) TGF-betas: their role in testicular funotiand Sertoli cell tight
junction dynamicslnternational Journal of Andrology 26 147-160.

Luo XR, lkeda YY and Parker KL (1994) A cell-specific nuclear receptor is ess@titir adrenal and gonadal
development and sexual differentiati@e! 77 481-490.

MacConell LA, Leal AM and Vale WW (2002) The distribution of betaglycan protein am@NA in rat brain,
pituitary, and gonads: Implications for a role fmetaglycan in inhibin-mediated reproductive funatio
Endocrinology 1431066—-1075.

Manuylov NL, Zhou B, Ma Q, Fox SC, Pu WT and Tevosin SG(2011) Conditional ablation of Gata4 and
Fog2 genes in mice reveals their distinct rolesmiammalian sexual differentiatiobevelopmental Biology
353229-241.

Marchand O, Govoroun M, D'Cotta H, McMeel O, Lareyre JJ, Bernot A, Laudet V and Guiguen Y(2000)
DMRTL1 expression during gonadal differentiation apermatogenesis in the rainbow trout, Oncorhynchus
mykiss.Biochimica et Biophysica Acta 1493180-187.

68



References

Mather FB and Wilson WO (1964) Post-natal testicular development in Jagpamgiail (Coturnix coturnix
japonica).Poultry Science 43 860-864.

Mather JP, Attie KM, Woodruff TK, Rice GC and Phill ips DM (1990) Activin stimulates spermatogonial
proliferation in germ-Sertoli cell cocultures frammature rat testig€ndocrinology 127 3206-3214.

Matson CK, Murphy MW, Sarver AL, Griswold MD, Bardw ell VJ and Zarkower D (2011) DMRT1
prevents female reprogramming in the postnatal mallmmtestisNature 476 101-104.

Matsumoto Y, Otsuka F, Hino J, Miyoshi T, Takano M, Miyazato M, Makino H and Kangawa K (2012)
Bone morphogenetic protein-3b (BMP-3b) inhibitseodtlast differentiation via Smad2/3 pathway by
counteracting Smad1/5/8 signalimdolecular and Cellular Endocrinology 350 78—86.

Matzuk MM, Finegold MJ, Mishina Y, Bradley A and Behringer RR (1995) Synergistic effects of inhibins
and mdullerian-inhibiting substance on testiculanaigenesisMolecular Endocrinology 9 1337-1345.

Meachem SJ, Stanton PG and Schlatt 2005) Follicle-stimulating hormone regulates bs#rtoli cell and
spermatogonial populations in the adult photoirteibiDjungarian hamster testiiology of Reproduction
721187-1193.

Meeks JJ, Crawford SE, Russell TA, Morohashi K, Wess J and Jameson JI(2003a) Dax1 regulates testis
cord organization during gonadal differentiati@®vel opment 1301029-1036.

Meeks JJ, Weiss J and Jameson J(2003b) Dax1 is required for testis determinatNdature Genetics 34 32—
33.

Mendis-Handagama SM, Di Clementi N, Ariyaratne HB ad Mrkonjich L (2006) Detection of anti-
Mullerian hormone receptor Il protein in the posahaat testis from birth to sexual maturibjistology and
Histopathology 21 125-130.

Miura T, Miura C, Konda Y and Yamauchi K (2002) Spermatogenesis-preventing substance anéap eel.
Development 1292689-2697.

Miyazawa K, Shinozaki M, Hara T, Furuya T and Miyazono K (2002) Two major Smad pathways in TGF-
beta superfamily signallingsenesto Cells 7 1191-1204.

Mizusaki H, Kawabe K, Mukai T, Ariyoshi E, Kasahara M, Yoshioka H, Swain A and Morohashi K(2003)
Dax-1 (dosage-sensitive sex reversal-adrenal hgg@ptongenita critical region on the X chromosayeege
1) gene transcription is regulated by wnt4 in gradle developing gonabllolecular Endocrinology 17 507—
519.

Moniot B, Boizet-Bonhoure B and Poulat H2008) Male specific expression of lipocalin-typ@staglandin
D synthase (cPTGDS) during chicken gonadal diffeaéion: relationship with cSOX%exual Devel opment
296-103.

Moniot B, Declosmenil F, Barrionuevo F, Scherer GAritake K, Malki S, Marzi L, Cohen-Solal A, Georg
I, Klattig J etal. (2009) The PGD2 pathway, independently of FGFldims SOX9 activity in Sertoli cells
during male sexual differentiatioBevelopment 136 1813-1821.

Moreno SG, Attali M, Allemand |, Messiaen S, FoucheP, Coffigny H, Romeo PH and Habert R(2010)
TGFB signaling in male germ cells regulates gonocytespence and fertility in miceDevelopmental
Biology 34274-84.

69



References

Morinaga C, Saito D, Nakamura S, Sasaki T, Asakaw8, Shimizu N, Mitani H, Furutani-Seiki M, Tanaka
M and Kondoh H (2007) The hotei mutation of medaka in the antiibftan hormone receptor causes the
dysregulation of germ cell and sexual developmrtceedings of the National Academy of Sciences of the
United Sates of America 104 9691-9696.

Morrish BC and Sinclair AH (2002) Vertebrate sex determinatiamany means to an erfgeproduction 124
447-457.

Nishikimi H, Kansaku N, Saito N, Usami M, Ohno Y arl Shimada K (2000) Sex differentiation and mRNA
expression of P450c17, P450arom and AMH in gonddth@ chicken.Molecular Reproduction and
Development 55 20-30.

Notarnicola C, Malki S, Berta P, Poulat F and BoizeBonhoure B (2006) Transient expression of SOX9
protein during follicular development in the admibuse ovaryGene Expression Patterns 6 695—702.

Oh SP, Seki T, Goss KA, Imamura T, Yi Y, Donahoe PKLi L, Miyazono K, ten Dijke P, Kim S et al.
(2000) Activin receptor-like kinase 1 modulatesisforming growth factor-beta 1 signaling in theulagion
of angiogenesid?roceedings of the National Academy of Sciences of the United States of America 97 2626—
2631.

Oréal E, Mazaud S, Picard JY, Magre S and Carré-Eusbe D(2002) Different patterns of anti-Mullerian
hormone expression, as related to DMRT1, SF-1, VGATA-4, Wnt-4, and Lhx9 expression, in the chick
differentiating gonadevelopmental Dynamics 225221-232.

Oreal E, Pieau C, Mattei MG, Josso N, Picard JY, Gaé-Eusebe D and Magre §1998) Early expression
of AMH in chicken embryonic gonads precedes tekicBOX9 expressiorDevelopmental Dynamics 212
522-532.

Otake S, Endo D and Park MK (2011) Molecular characterization of two isoforafZFAND3 cDNA from
the Japanese quail and the leopard gecko, andetiffexpression patterns between testis and o@Gane
48823-34.

Paibomesai MI, Moghadam HK, Ferguson MM and Danzman RG (2010) Clock genes and their genomic
distributions in three species of salmonid fishssociations with genes regulating sexual matunadiod
cell cycling.BMC Research Notes 3 215.

Pask AJ, Behringer RR and Renfree MB(2003) Expression of DMRTL1 in the mammalian ovaing testis -
From marsupials to mic€ytogenetic and Genome Research 101229-236.

Pask AJ, Paplinska JZ, Shaw G, Graves JA and RenfeeMB (2007) Marsupial WT1 has a novel isoform
and is expressed in both somatic and germ cellserdeveloping ovary and testf&exual Development 1
169-180.

Pfennig F, Standke A and Gutzeit HO(2015) The role of Amh signaling in teleost fisMultiple functions
not restricted to the gonadSeneral and Compar ative Endocrinology 223 87-107.

Prunskaite-Hyyryldinen R, Shan J, Railo A, HeinonerKM, Miinalainen |, Yan W, Shen B, Perreault C
and Vainio SJ(2014) Wnt4, a pleiotropic signal for controlliegll polarity, basement membrane integrity,
and antimullerian hormone expression during oooy&turation in the female follicldzASEB Journal 28
1568-1581.

70



References

Racine C, Rey R, Forest MG, Louis F, Ferre A, Huhtaiemi I, Josso N and di Clemente N1998) Receptors
for anti-Mullerian hormone on Leydig cells are respible for its effects on steroidogenesis and cell
differentiation.Proceedings of the National Academy of Sciences 95 594-599.

Raghuveer K and Senthilkumaran B (2009) Identification of multiple dmrtls in catiis Localization,
dimorphic expression pattern, changes during tdsticycle and after methyltestosterone treatnientnal
of Molecular Endocrinology 42 437—-448.

Raghuveer K and Senthilkumaran B(2010) Isolation of sox9 duplicates in catfishchbzation, differential
expression pattern during gonadal development eordidescence, and hCG-induced up-regulation of sox9
in testicular slicedReproduction 140477-487.

Raymond CS, Murphy MW, O’Sullivan MG, Bardwell VJ and Zarkower D (2000) Dmrtl, a gene related
to worm and fly sexual regulators, is requiredf@mmalian testis differentiatiofkenes and Devel opment
14 2587-2595.

Rey R, al-Attar L, Louis F, Jaubert F, Barbet P, Nhoul-Fékété C, Chaussain JL and Josso KL996)
Testicular dysgenesis does not affect expressicant¥millerian hormone by Sertoli cells in premigio
seminiferous tubule§he American Journal of Pathology 148 1689-1698.

Rey R, Lordereau-Richard I, Carel JC, Barbet P, Cae RL, Roger M, Chaussain JL and Josso 1993)
Anti-mllerian hormone and testosterone serum teaed inversely during normal and precocious pabert
developmentThe Journal of Clinical Endocrinology & Metabolism 77 1220-1226.

Roman BL, Pham VN, Lawson ND, Kulik M, Childs S, L&ven AC, Garrity DM, Moon RT, Fishman MC,
Lechleider RJet al. (2002) Disruption of acvrll increases endoth&l&l number in zebrafish cranial vessels.
Development 129 3009-3019.

Salhi |, Cambon-Roques S, Lamarre |, Laune D, Molia F, Pugniere M, Pourquier D, Gutowski M, Picard
J-Y, Xavier F et al. (2004) The anti-Mdullerian hormone type Il recepiasights into the binding domains
recognized by a monoclonal antibody and the natigrahd. Biochemical Journal 379785-793.

Sato Y, Suzuki T, Hidaka K, Sato H, Ito K, Ito S anl Sasano H(2003) Immunolocalization of nuclear
transcription factors, DAX-1 and COUP-TF I, in tm®rmal human ovary: Correlation with adrenal 4
binding protein/steroidogenic factor-1 immunolozation during the menstrual cyclédournal of Clinical
Endocrinology and Metabolism 88 3415-3420.

Schmidt D, Ovitt CE, Anlag K, Fehsenfeld S, Gredsi L, Treier A-C and Treier M (2004) The murine
winged-helix transcription factor FoxI2 is required granulosa cell differentiation and ovary maimnce.
Development 131933-942.

Shi Y and Massagué J2003) Mechanisms of TGE-signaling from cell membrane to the nucle@sll 113
685-700.

Sinclair AH, Berta P, Palmer MS, Hawkins JR, Griffiths BL, Smith MJ, Foster JW, Frischauf AM, Lovell-
Badge R, and Goodfellow PN1990) A gene from the human sex-determining mregiocodes a protein with
homology to a conserved DNA-binding motifature 346 240-244.

Skaar KS, Nébrega RH, Magaraki A, Olsen LC, SchulRW and Male R (2011) Proteolytically activated,
recombinant anti-Mullerian hormone inhibits andnogsecretion, proliferation, and differentiation of

71



References

spermatogonia in adult zebrafish testis organ oestiEndocrinology 152 3527-3540.

Smith CA, Smith MJ and Sinclair AH (1999) Gene expression during gonadogenesis ichio& embryo.
Gene 234 395-402.

Swain A, Narvaez V, Burgoyne P, Camerino G and LovVeBadge R (1998) Dax1 antagonizes Sry action in
mammalian sex determinatidNature 391 761-767.

Takada S, Wada T, Kaneda R, Choi YL, Yamashita Y ad Mano H (2006) Evidence for activation of Amh
gene expression by steroidogenic factdvigchanisms of Development 123472-480.

Tomizuka K, Horikoshi K, Kitada R, Sugawara Y, Iba Y, Kojima A, Yoshitome A, Yamawaki K, Amagai
M, Inoue A et al. (2008) R-spondinl plays an essential role in @adevelopment through positively
regulating Wnt-4 signalingduman Molecular Genetics 17 1278-1291.

Tremblay JJ and Viger RS (2001) Nuclear receptor Dax-1 represses the trgpigmal cooperation between
GATA-4 and SF-1 in Sertoli cell&iology of Reproduction 64 1191-1199.

Tsunekawa N, Naito M, Sakai Y, Nishida T and Noce T2000) Isolation of chicken vasa homolog gene and
tracing the origin of primordial germ cellBevelopment 1272741-2750.

Uhlenhaut NH, Jakob S, Anlag K, Eisenberger T, Sekio R, Kress J, Treier AC, Klugmann C, Klasen C,
Holter NI et al. (2009) Somatic sex reprogramming of adult ovatoetestes by FOXL2 ablatio@ell 139
1130-1142.

Vainio S, Heikkila M, Kispert A, Chin N and McMahon AP (1999) Female development in mammals is
regulated by Wnt-4 signallingNature 397 405-409.

Vandesompele J, De Preter K, Pattyn F, Poppe B, VdRoy N, De Paepe A and Speleman(2002) Accurate
normalization of real-time quantitative RT-PCR daiageometric averaging of multiple internal cohtro
genesGenome Biology 3 RESEARCHO0034.

van Dissel-Emiliani FM, Grootenhuis AJ, de Jong FHand de Rooij DG (1989) Inhibin reduces
spermatogonial numbers in testes of adult miceGinidese hamsterEndocrinology 1251899-1903.

Veitia R, Nunes M, Brauner R, Doco-Fenzy M, Joannylinois O, Jaubert F, Lortat-Jacob S, Fellous M
and McElreavey K (1997) Deletions of distal 9p associated with 46,Xale to female sex reversal:
definition of the breakpoints at 9p23.3-p243knomics 41 271-274.

Vidal VP, Chaboissier MC, de Rooij DG and Schedl A2001) Sox9 induces testis development in XX
transgenic miceNature Genetics 28 216-217.

Visser JA, de Jong FH, Laven JS and Themmen AR2006) Anti-Mullerian hormone: a new marker for
ovarian functionReproduction 131 1-9.

Wang XN, Li ZS, Ren Y, Jiang T, Wang YQ, Chen M, Zlang J, Hao JX, Wang YB, Sha RNet al. (2013)
The Wilms tumor gene, Wt1, is critical for mousempatogenesis via regulation of sertoli cell pdyaaind
is associated with non-obstructive azoospermiaimdnsPLoS Genetics 9.

Whitworth DJ, Pask AJ, Shaw G, Marshall Graves JA, Behringer RR and Renfree MB (2001)
Characterization of steroidogenic factor 1 duriagugl differentiation in a marsupigene 277209-219.

Wiater E and Vale W (2003) Inhibin is an antagonist of bone morphogjern@otein signalingThe Journal of
Biological Chemistry 2787934-7941.

72



References

Wilhelm D, Palmer S and Koopman P(2007) Sex determination and gonadal developmemammals.
Physiological Reviews 87 1-28.

Wu GC, Chiu PC, Lyu YS and Chang CF(2010) The expression of amh and amhr2 is assatiaith the
development of gonadal tissue and sex change ipritt@androus black porgy, Acanthopagrus schlegeli.
Biology of Reproduction 83 443—-453.

Yamamoto Y, Zhang Y, Sarida M, Hattori RS and Strismann CA (2014) Coexistence of genotypic and
temperature-dependent sex determination in pej@dontesthes bonariensif.oS ONE 9.

Yoshida K, Kondoh G, Matsuda Y, Habu T, Nishimune Yand Morita T (1998) The mouse RecA-like gene
Dmcl is required for homologous chromosome synapsgisng meiosisMolecular Cell 1 707-718.

Yoshinaga N, Shiraishi E, Yamamoto T, Iguchi T, AbeSI and Kitano T (2004) Sexually dimorphic
expression of a teleost homologue of Miillerian liitiig substance during gonadal sex differentiation
Japanese flounder, Paralichthys olivac8&iachemical and Biophysical Research Communications 322508—
513.

Zeisberg M, Hanai J, Sugimoto H, Mammoto T, Charyta D, Strutz F and Kalluri R (2003) BMP-7
counteracts TGF-betal-induced epithelial-to-mesgmeth transition and reverses chronic renal injury.
Nature Medicine 9 964-968.

73



