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Germ cells have a capacity to undergo meiosis, a unique form of cell cycle halving the
genetic material, and ultimately differentiate into sperms or oocytes. Thus, these
haploid cells are crucial for transfer of genetic information from one generation to the
next without affecting chromosome number. A fundamental question in reproductive
biology relates to how these cells determinate their fate and commit to ecither
spermatogenesis or ocogenesis. Interestingly, the decision of their sexual fate is
independent of their XX or XY chromosomal constitution. Instcad, sexual fate of germ
cells is determined by the cues from their environment. In the mouse, exposed to high
level of retinoic acid (RA), germ cells in fetal ovaries embark on meiosis, and
simultancously, these germ cells commit to oogenesis, expressing scveral essential
factors for follicular development, In contrast, germ cells in testes do not enter meiosis
until after birth. They are protected from meiotic entry by Cyp26b1, encoding an
enzyme that directly degrades RA, Meanwhile, an cssential intrinsic factor Nanos2 is
expressed in XY germ cells and promotes male differentiation. It is considered that the
precise regulation of RA level in fetal gonads is important for specification of germ
cell fate. However, it is still unclear what signals directly induce Nanos2 expression in
fetal testes, Morcover, simultaneous progression of meiosis and oogenesis in XX germ
cells had been me;oupled, which prevented us to unveil the mechanism whereby
oogenesis is regulated. In my studies, via functional analysis of transforming growth
factor beta (TGFP) signaling pathways: nodal/activin and bone morphogenetic protein
(BMP) signalings in fetal gonads, I proved that nodal/activin signaling is responsible
for both Nanos2 induction and meiotic suppression of XY germ cells in testes, while
BMP signaling determines sexual fate of XX germ cclls in ovarics independently of
RA. My thesis is composed of three parts,

In the first part (Chapter 1), I described the identification of nodal/activin as a
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key regulator of the male germ cell fate. A male-specific expression pattern of genes
involved in nodal/activin signaling implied an important role of this signaling pathway
in testicular differentiation. Indeed, inhibition of nodal/activin signaling ex vivo using
specific inhibitors drives male germ cells into meiosis and causes failure of Nanos2
induction. Moreover, I proved that nodal/activin played dual roiés in both suppression
of meiosis and the induction of Nanos2, because the suppression of meiosis by an RA
receptor antagonist could not rescue the elimination of Nanos2 expression caused by
the loss of nodal/activin signaling. Nodal and activin-A bind their receptors that
subsequently activate the Smad2/3/4 transcriptional machinery and trigger expression
of target genes. Because these receptors are ubiquitously expressed, it is possible that
nodal/activin-A directly works on germ cells or indirectly acts via activating somatic
cells, which may send a secondary signal to promote male germ cell differentiation.
Induction of Nanos2 expression was observed when activin-A was added to purified
male germ cells, implying the direct regulation of nodal/activin-A to germ cells. In
addition, when Smad4, a mediator of nodal/activin signaling, was specifically deleted
from male germ cells, some male germ cells entered meiosis and failed to express
Nanos2., These phenomena were never observed in control testes, suggesting that the
activation ‘of nodal/activin signaling through Smad proteins is required for
gpermatogenesis, %Howaver, only a small part of germ cells entered meiosis, implying a
Smad4-independent pathway also contributes to regulate germ cell fate. Moreover, |
clarified that the initiation of nodal/activin signaling requires Fgf9 signaling, which is
secreted from pre-Sertoli cells under the control of SRY, the sex determinant of mouse
testes. Therefore, nodal signaling is specifically initiated in XY germ cells.

In the second part (Chapter II), I investigated how nodal/activin signaling
suppresses meiosis and induces Nonos2 expression, by focusing two factors p38
mitogen-activated protein kinase (MAPK) and OTX2 transcription factor, because (i)

these two factors are specifically expressed in male germ cells; (ii) during the
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formation of anterior and posterior body axis, these two factors are regulated by nodal
signaling. Indeed, OTX2 expression level decreased éfter nodal inhibitor treatment,
indicating the regulation of OTX2 expression by nodal signaling in germ cells. To
examine the role of OTX2 in male sexual differentiation, I deleted Orx2 from fetal
testes, After the deletion of Ofx2, activation of Nanos2 cxpression was temporally
suppressed and recovered in later stage, suggesting the loss of OTX2 was rescued by
some other factors. Indeed, I detected the higher expression of Oix3, which have the
same binding site with OTX2, in mutant testes, Then, using a specific inhibitor I found
that the suppression of p38 MAPK ex vivo in fetal testes caused ectopic meiotic entry
of male germ cells, In addition, I found that the expression level of Nanos2 decreased
after the inhibitor treatment and the downregulation of Nanos2 was vanished when
these testes were exposed to RA receptor antagonist. These results suggested that p38
MAPK was merely permissive but not instructive for the Nanos2 expression, in which
p38 protected male germ cells from entering meiosis by the RA signaling.
Unexpectedly, the expression of pp38 persisted even nodal signaling was suppressed,
implying that there is an independent pathway to activate p38 signaling. 1 conclude
that nodal/activin signaling regulates male germ cell fate through OTX2-dependent
induction of Nanos2 expression. I also like to propose that both of these two pathways
arc essential for the suppression of RA signaling, although the activation of p38 is
independent of nodal.

In the last part (Chapter I}, I report that BMP signaling plays dual roles in sex
determination of XX germ cells. BMP signaling regulates meiotic progression after
RA-dependent meijotic initiation and promotes XX germ cell fate independently of RA.
To clarify the functions of BMP signaling, Smad4, a co-activator of both nodal/activin
and BMP signaling pathways was conditionally deleted before sex determination of
germ cells. Germ cells in the mutant ovaries fail to form double strand breaks (DSBs)

during meiosis. The expression levels of several genes involved in DSBs were
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significantly decreased after the disruption of BMP signaling. Interestingly, the
disruption of DSBs was not ascribed to the loss of RA signaling, because the
expression of Stra8, one of the direct targets of RA, is normally initiated. Notably,
exogenous additién of RA into Smad4 mutant ovaries could not rescue the deficiency.
Considering that nodal/activin signaling is not activated at this stage in ovaries, the
phenotype observed in mutant ovaries was imputed to the loss of BMP signaling.
Furthermore, the disruption of BMP signaling in the fetal ovaries causes XX
germ cells to maintain pluripotency genes, slight upregulation of male-specific genes
(Nodal and Na;ws.?) and fail to activate Figla and Nobox, which are essential factors
for follicular development. Therefore, the loss of BMP signaling resulted in
incomplete sex reversal of XX germ cells. Interestingly, the upregulation of nodal
signaling was not accompanied with the enhancement of Fgf9 signals, suggesting an
indirect role of Fgf9 in the initiation of nodal signaling by the suppression of BMP
signaling. Importantly, the initiation of sex reversal of XX germ cells was not caused
by meiotic failure, because the suppression of meiotic initiation by the treatment of the
RA receptor inhibitor did not lead to sex reversal. I conclude that BMP regulates
oogenesis by impeding male pathway, and instead activating genes required for
oogenesis. The initiation of sex reversal occurs independently of meiotic entry in the
Smad4 mutant ovaries, indicating that BMP but not RA regulates XX germ cell fate.
Finally, by the treatment of Smad+4 mutant ovaries with the RA receptor inhibitor, I
proved that incomplete sex reversal of XX germ cells was ascribed to RA judging by
the successful induction of complete sex reversal of XX germ cells in Smad4 mutant
ovaries after the suppression of RA signaling.
Taken together, my study revealed that TGFp signaling pathways are essential for
sex determination of mammalian germ cells. In ovaries, accompanying with meiotic
initiation by RA, BMP instructs oogenesis by inducing génes required for the

formation of primordial follicle and meiotic progression, and also suppressing the
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male-specific nodal signaling. BMP might directly act on germ cells or indirectly
induce a secondary signal from somatic cells to regulate germ cell fate. In contrast, XY
germ cells are protected from RA by an enzyme CYP26B1 that is regulated by
Fglf9/Sox9 signaling. Meanwhile, germ cell intrinsic nodal signaling promotes
spermatogenesis by inducing Nanos2 expression. The disruption of RA and BMP
signalings in fetal ovaries is sufficient for the upregulation of nodal signaling and for
the induction of complete sex reversal of XX germ cells indicating spermatogenesis is
a default pathway for germ cells. However, the mechanism whereby nodal signaling is
initiated is still unknown. It might be a cell autonomous event in germ cells or be
triggered by a signal from somatic cells which is suppressed by BMP signaling in fetal
ovaries. These results provide important information to understand the mechanisms
guiding sex determination of germ cells. Moreover, TGFf members are highly
conserved among animals, implying similar mechanisms might also exist in other
animals. Therefore, the mechanism of sex determination in germ cells might be far

more conserved than we previously considered.
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WERXOFEHFROES

7 AAEFEARNA OB, AR OoEA b ) TSR CHERERETF Sty &
Sox9MEE L, O FHIH 5 Fibroblast growth factor 9 (FGF9) HoWsh T,
BWEhsrotB@menTnsd, Ik, AFOHBHRETIE RNA #He ¥ vy
NANOSZ 3= A OAFRM CHRB| L, BEsRENH Lzl dBo 4 &
ERHLTCWS, EEIPAFIR NANOSS 2B T BV 7/ PV EERBBICAKEH L,
LT DM & 4T 2 72,

BUBIK, AFMEPEEET SR BATIREFE2ROUBZ I 22BN E LT,
Jad 12.6 B (E12.5) » 0 E13.5 AN AMMM CRETHIBETFOA /0T Vv
AREF E{F o, TLTCRAOPoEREFENLT, BREBOR2HIHIEPHEBEL
Te EFHABIC B AR BT, AMBERRRIT B A E B MR o Fom s,
VYT NVBEETF Smadd R Nodal DERMBKEM R T aat) w2 Ty
FeRO)= T 2% BV i#D FGFOD T CTGFR%REF O NODAL/ACTIVIN
ABBS LR o0, BMBO Nodal mRNA BHOERMBIRESR CORIHE L.
Nodal BT 2SR R E &% cKO v 0 X Tl NanosZmRNA O FBHR AW
FTHC b, ETHMERIERBIT S Nanos2 #BLHEEF 1 NODAL EH® L -,

wic, ERHIERL BT A NODAL O THREFOMF L #E D, TGFRRIEFOEER I
LV BBEEOHLBBEBTFE YA 70T LA THRIT L, £OEE, TAFRRAD TH D
BT & LTabS OTX2 & B2 7, 0 cKO <= 7 X ORH 5 &, OTXS 1t NanosZ
mRNA OB OTX3 Ll - e ARBRahE, E6K, NODAL®TF
HImhHBH o LBHLILTWS p38 MAPK I oW T LT 2w, BMlHREHHT 5
NanosZ2 DRBEEETH &, Nanos2 W2 WEHEC LB SMLZIHT Ao ¢ L R
2T T,

k7, B ic BT A FGFO-NANOSZ OfEHICM AT, Smadd cKO<=D A E AWV
T XX Aol sig s BMP offlic >0 T L £ dn iz, SMAD4 X
TGFRHROHFO Vv 7P VEREFCH Y L ORFEE XX OEFEICBW T BMP
YT FANOEERERT S, AEBEBEECRBTIEEACRNER LSS DY
CHRHF L. BMP ¥ 7 A3 XX AWBEICBE 5858 double strand
break KMETHY, TAREEERD Z L CHEOLMMBO/RBRERTZEER
. XX ETARB OB S B O retinoie acid 12 & 5 Strad BMETF OEML
R BERISRAZZERTCRMENTVWAHN, BMP & 7 I )Vik Stra8 DRBIL
BBERITSRWIERENE, STRAS ORI L IMZIZHVTNE Z L BRBEh
Tvw b,

UEORBREELAERF—-FELHLEERENRTEY., vy ALMBROMES{LD
SEFEBNTEREFERRCH S, BT FGFI © Filic NODAL/ACTIVIN A
B m L 2R LEERIIKREL, E, ML BMP BRE LomBHEREZED
AMERBELRDTHAD, BLEo#EHE»b, ABOWLIRIIBMLEREOEES
Ml L EERSR - THIRLE,
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