
Introduction

Two conflicting molecular pathways form the ba-

sis of the genetic mechanisms underlying sex de-

termination and gonadal differentiation. This

antagonism takes place in somatic cells of the

bipotential gonad during sex determination. The

predomination of the female pathway results in

differentiation of ovarian cells, while the preva-

lence of the male pathway leads to the differentia-

tion of Sertoli cells, which act as an organizational

centre of testis development.
The genital ridge is composed of somatic cells

that surround germ cells. In XY gonads,
sex-determining interactions take place in somatic
cells, and germ cells seem not to be engaged in this
process. In XX gonads, both somatic and germ
cells play an important role in determination of
ovarian fate. Gonad development can be divided
into 3 periods. The first encompasses the forma-
tion of the genital ridge and initiation of low ex-
pression of both female and male pathways,
irrespective of genetic sex. The second period in-

volves the determination of gonadal sex due to
predomination of one of the 2 sex-determining
pathways. The final period comprises sex differ-
entiation, during which the gonad displays
changes in its structure and function due either
male or female gonadal differentiation program
switched on by the respective sex-determining
pathway (Brennan and Capel 2004).

Sex-determining genes can be recognized ow-

ing to complete sex reversal, following a

loss-of-function mutation or duplication. A large

number of factors driving gonadal differentiation

are encoded by autosomal genes. Therefore a low

level of expression of both testis and ovary path-

way factors occurs in each gonad before the

sex-determining period, irrespective of genetic

sex. Only the occurrence or absence of the Sry

(sex-determining region on the Y chromosome)

protein determines changes in proportions of male

to female factors during the sex-determining pe-

riod. The essence of genetic control of sex deter-

mination is enhancement of one of the pathways,

consistent with genetic sex, so that the pathway of
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the opposite sex cannot gain control of the gonad.

The necessity of consistency in gonadal sex with

the chromosome constitution is the reason of exis-

tence of such a strict molecular control. A lack of

such consistency leads to multiple disturbances,

usually resulting in infertility (Fleming and Vilain

2004).

Critical release of the testis pathway

The genetic regulation of sex determination is in

need of strict control necessary for the reproduc-

tive success of an individual. The basis of male sex

determination is an induction of Sry expression ro-

bustly and early enough, just before the onset of

the release of female genes, so that the initiated

testis pathway can efficiently overcome the ovar-

ian pathway by downregulation of its genes. In

mice the release of the female pathway is initiated

at 11.5 days post coitum (dpc), followed by

upregulation of multiple female pathway genes at

12.5 dpc in XX gonads. In XY gonads the male

pathway inhibits vestigial expression of female

genes as early as at 11.5 dpc during the

sex-determining period. This can be inferred ow-

ing to transcriptome analysis (Beverdam and

Koopman 2006; Nef et al. 2005). Of course, mole-

cules of each pathway have to be numerous and

have to appear at the right time and place. This in-

dicates that the molecular and cellular events in

gonadogenesis are synchronized quantitative pro-

cesses. Lately, it has been shown that R-spondin1,

which stabilizes �-catenin, is probably the main

element of the female pathway (Wilhelm 2007a).

�-catenin seems to act as an executive protein in

antagonism between the male and female path-

ways. Thus factors of the male pathway have to be

numerous in order to inhibit �-catenin early

enough. Sry has to reach a high enough level in

proper time, so that the male pathway factors are

numerous and able to suppress �-catenin and per-

haps other factors.

Sry, as the main and decisive gene for mamma-

lian sex determination, was described during re-

search on sex-reversed mice and humans (Gubbay

et al. 1990; Sinclair et al. 1990; Koopman et al.

1991). In a murine gonad, Sry expression begins at

10.5 dpc (in somatic cells that will differentiate

into Sertoli cells), reaches a peak at 11.5 dpc, and

is absent at 12.5 dpc (Hacker et al. 1995; Bullejos

and Koopman 2001; Taketo et al. 2005). Thus Sry

is present in the murine gonad only for less than 48

h, during the sex-determining period. Sry expres-

sion is initiated first in the mid-part of the gonad

and then expands towards the rostral and caudal

regions of the organ, and its expression takes about

8 h in each cell (Albrecht and Eicher 2001;

Bullejos and Koopman 2001; Sekido et al. 2004;

Wilhelm et al. 2005). In human gonads, SRY ex-

pression is initiated at 41 days post ovulation (dpo)

and reaches a peak at 44 dpo (Hanley et al. 2000).

In contrast to mice, the expression of human SRY

is weak after the sex-determining period and per-

sists even in adult Sertoli cells (Salas-Cortes et al.

1999). SRY expression is observed in the pig from

23 dpc and is downregulated at 35 dpc (Parma

et al. 1999), while in sheep SRY is detectable from

23 to 44 dpc, with 2 crucial periods when SRY

reaches a peak of expression characteristic for ru-

minants (Payen et al. 1996). Moreover, SRY is

present in the germ line cells in adult human,

mouse, and probably pig testes (Capel et al. 1993;

Rossi et al. 1993; Parma et al. 1999; Salas-Cortes

et al. 1999). Not only the expression of SRY is di-

verse among mammals, but also the sequence of

this gene is evolutionarily malleable.

Some factors, such as Wt1 (Wilms’ tumour

suppressor gene 1) and Sf1 (steroidogenic fac-

tor 1), recognized as essential for genital ridge for-

mation, have turned out to be responsible for the

regulation of Sry expression (Figure 1). These fac-

tors do not show a dimorphic pattern of expres-

sion, which implies that the signal triggering Sry

expression is present in both the XX and XY geni-

tal ridge. This confirms that only the presence of

Sry is decisive for the fate of a gonad (Luo et al.

1994; Hammes et al. 2001). There are some fac-

tors required for formation of genital ridges, since

null-mutations in below-mentioned genes result in

early gonadal degeneration (Kriedberg et al. 1993;

Luo et al. 1994; Miyamoto et al. 1997;

Katoh-Fukui et al. 1998; Birk et al. 2000; Hammes

et al. 2001; Wilhelm et al. 2007c). In the develop-

ing genital ridge, an isoform of Wt1-KTS (Wilms’

tumour suppressor 1), together with Lhx9 (LIM

homeobox gene 9) as well as M33 (M33

polycomb-like protein, chromobox homologue 2)

can upregulate Sf1 expression (Figure 1). The role

of Emx2, another gene expressed in the gonadal

anlage, remains the most obscure. Sf1 and

Wt1-KTS can influence the expression of Dax1

(dosage-sensitive sex reversal-adrenal hypoplasia

congenita critical region on gene 1 of the X chro-

mosome), encoding the next major factor for go-

nadal development. Mutations in Sf1 result in a

decrease in the testis markers or even in gonad de-

generation at 12.5 dpc (Luo et al. 1994; Park et al.

2005). SRY is probably a direct target of SF1, since

348 R.P. Piprek



this factor can bind and trans-activate the human

and porcine SRY promoter in vitro (de Santa

Barbara et al. 2001; Pilon et al. 2003). This indi-

cates that SF1 is an essential factor for genital

ridge formation but also for male sex determina-

tion. Importantly, in humans some heterozygous

mutations in SF1 have been linked to a range of

disorders, such as gonadal dysgenesis and

male-to-female sex reversal (Fleming and Vilain

2004; Lin et al. 2007).

Wt1 is another gene participating in the regula-

tion of Sry expression. Amidst up to 24 isoforms

of Wt1, only 2 seem crucial for gonadogenesis

(Hammes et al. 2001). A shorter isoform,

Wt1-KTS, takes part in the formation of the geni-

tal ridge regulating Sf1 expression. The lack of

functional Wt1-KTS protein leads to gonad de-

generation at 12.5 dpc, as in Sf1-/-. The vestigial

expression of testis markers has been detected in

gonadal remnants, implying that Wt1-KTS cannot

participate in murine male sex determination.

However, some data show that WT1-KTS can

bind and trans-activate the human and porcine

SRY promoter, which suggests that WT1-KTS can

be important for the regulation of SRY expression

and thus for sex determination (Shimamura et al.

1997; Hossain and Saunders 2001). The lack of

another isoform, Wt1+KTS, leads to a decrease in

Sry expression, which results in complete sex re-

versal in XY mice (Hammes et al. 2001). It implies

that this factor is essential in the establishment of

the fate of the testis. However, Wt1+KTS does not

trans-activate the promoter of Sry and reveals

higher affinity to RNA than to DNA (Shimamura

et al. 1997; Hossain and Saunders 2001). There-

fore, Wt1+KTS can enhance Sry translation and/or

can stabilize Sry mRNA, rather than activate Sry

transcription (Bor et al. 2006; Polanco and

Koopman 2007). This may explain the low con-

centration of Sry mRNA and high concentration of

Sry protein per pre-Sertoli cell.

A triple null-mutation of 3 insulin-family re-

ceptors (Igf1r, Ir, Irr) leads to sex reversal due to

disturbance in XY gonad development (Nef et al.

2003). However, it is not clear whether this distur-

bance is caused by a reduction in proliferation or

by a decreased level of Sry expression. Another

protein, Gata4 (GATA binding protein 4), acting

together with its co-factor Fog2 (zinc finger pro-

tein, multitype 2), upregulates the expression of

Sry, since mutation in Gata4 and Fog2 causes a

decreased level of Sry expression, which results in

sex reversal (Figure 1 and Tevosian et al. 2002).

Further studies conducted on heterozygous mu-

tants null for Fog2 (Fog2+/-) and knocked-in

Gata4, with impaired binding of Gata4 to Fog2

(Gata4ki/+), show sex reversal in XY mice with

weak alleles of Sry, but no decrease in Sry expres-

sion is detectable. However, the expression of

Sox9 (SRY-box 9), another essential gene, is al-

tered (Bouma et al. 2007). Importantly, this also

implies that a correct dosage of Gata4 and Fog2 is

needed in sex determination. There are multiple

GATA4 regulatory motifs 2-kb upstream of the

murine, porcine, and human SRY gene, but only in

the pig GATA4 alone trans-activates the SRY pro-

moter (Miyamoto et al. 2008). The significant

upregulation of porcine, murine, and human SRY
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Figure 1. Interactions between genes participating in mammalian sex determination. R-spondin1 signalling, involving

�-catenin stabilization, is the main part in the female sex-determining pathway (left). Both Rspo1 and Wnt4 signalling

seem to inhibit the male pathway (right) that is characterized by positive feedback interactions. Sry is the decisive factor

in mammalian sex determination. Interestingly, the interactions, regulating the formation of the genital ridge (marked by

a dashed-line oval), influence Sry expression. Probably Sry, Sox9, and Fgf9 inhibit the female pathway.



expression is observed when GATA4 co-operates

with WT1. This action depends on WT1 rather

than GATA4 binding to regulatory elements in the

SRY promoter. The SRY promoter is not highly

conserved, thus the factors differently regulate the

expression of SRY in individual species. In the pig

and mouse the strongest trans-activation of the

SRY/Sry promoter is a result of the synergism of

WT1+KTS and GATA4, while in humans a more

intense effect is caused by WT1-KTS alone

(Miyamoto et al. 2008).

Sexual disturbances are exceptionally fre-

quently revealed in C57BL/6J(B6) XY mice, since

autosomal genes derived from the B6 strain are not

able to regulate the expression of some alleles of

Sry correctly (Albrecht et al. 2003; Eicher et al.

1996). Research on mice carrying weak alleles of

Sry (such as YTIR or YPOS), on a C57BL/6J genetic

background, has indicated that a high Sry concen-

tration and proper time of its expression is impor-

tant for male sex determination, because delayed

and/or reduced Sry expression can lead to sex re-

versal (Eicher et al. 1982; Bullejos and Koopman

2005). It can be assumed that there are 2 key con-

trol points in the action of Sry. Firstly, Sf1, Gata4,

Wt1-KTS initiate the transcription of Sry, so these

factors are responsible for the occurrence of a high

concentration of Sry in proper time and place. Ad-

ditionally, Wt1+KTS can be needed to overcome a

threshold level of Sry protein concentration in

proper time due to mRNA processing. The regula-

tion of Sry expression is strictly controlled in ac-

cordance with a particular Sry concentration that

is critical for the regulation of downstream genes.

Sry and Sox9 – establishment of testis fate

The appearance of functioning Sry is a decisive

moment for male fate. The Sry factor binds to the

sequence WACAAW (where W is A or T) in the

minor groove of the DNA molecule, and induces

DNA bending of 60-85o (Giese et al. 1994; Harley
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Figure 2. Expression of Sox9 in XY gonads and positive feedback between Sox9 and Fgf9.

(A–C) Immunostaining of Sox9 (red) shows that Sox9 is upregulated in XY gonads normally from 11.5 dpc and then

expends. At 12.5 dpc, Sox9 is detected in Sertoli cells forming testis cords. (D–F) In the absence of Fgf9, Sox9 is

upregulated in XY gonads between 11.5 and 12.0 dpc, but its expression is lost by 12.5 dpc. Thus Fgf9 is essential to

maintain Sox9 expression. (G, H) Detection of Sox9 (red) in mutant XX gonads shows that addition of exogenous Fgf9

does not release the male pathway in the wild-type XX gonads (G), but leads to up-regulation of Sox9 expression when

Wnt4 is altered (H). Therefore, WNT4 inhibits the male pathway. (I) mRNA in situ hybridization shows that Fgf9 is

expressed in Sox9flox/� XY gonads at 11.5 dpc, but its expression is absent in Sox9�/� gonads (J). Therefore, Sox9

upregulates the expression of Fgf9. PECAM (green) marks germ cells and vascular endothelial cells. Scale bar = 25 �m

(reproduced from Kim et al. 2006).



et al. 1994; Werner et al. 1995). DNA bending is

possible owing to both the Sry tail-shaped

C-terminal domain protein, which acts as a kinetic

clamp, and to several other factors, e.g. Krab-O

and Sip1 (Poulat et al. 1997; Oh et al. 2005;

Thevenet et al. 2005; Phillips et al. 2006). Muta-

tions in SRY sequences encoding domains respon-

sible for DNA binding and bending, result in sex

reversal in humans (Polanco and Koopman 2007).

It has been proposed that SRY/Sry may act as a

repressor of a repressor of the male pathway

(McElreavey et al. 1993), may lead to change in

chromatin structure (Pontiggia et al. 1994), may

play a role in splicing (Ohe et al. 2002), or may be

a trans-activator of some male-specific genes

(Thevenet et al. 2005; Sekido and Lovell-Badge

2008). Now it seems that the Sry factor directly

upregulates the expression of the genes of the male

pathway, but also inhibits the action of the female

pathway factors by protein-protein interactions

(Bernard et al. 2008; Sekido and Lovell-Badge

2008).
The testis never develops without the action of

SOX9, which implies that this factor is essential
for male sex determination. SOX9/Sox9 is down-
stream of SRY/Sry in mammals and is upregulated
at 11.5 dpc in XY mouse gonads (Figure 2A-C;
Kim et al. 2006). SOX9 plays a key role in testis
development in all investigated vertebrates. More-
over, its orthologue, named Sox100B, participates
in Drosophila male gonad development (DeFalco
et al. 2003). SOX9 may play a conservative role in
testiculogenesis in all metazoans, while SRY is
present only in the majority of mammals, so SOX9
is probably the only direct target of the SRY factor
in the male pathway (Figure 1). This hypothesis is
additionally confirmed by transgenic XX mice
with ectopic Sox9 expression, and by human pa-
tients with a duplication containing SOX9, leading
to complete female-to-male sex reversal (Huang
et al.1999; Bishop et al. 2000; Vidal et al. 2001;
Qin and Bishop 2005). This shows that SOX9 is an
indispensable gene required for male sex determi-
nation. Its overexpression in XX leads to the testis
pathway taking control over the fate of the gonad.
Therefore, SRY has only to upregulate SOX9,
which stands at the top of the molecular cascade
above all factors of the testis pathway, directly af-
ter SRY. It was supposed that Sox9 gene might be
a direct target of Sry, since the expression of
murine Sox9 is upregulated about 4 h after the on-
set of Sry expression and follows the Sry wave
with a similar spatial expression pattern, and there
is a potential binding site for SRY/Sry in the pro-
moter of the human and murine SOX9/Sox9 (Kent

et al. 1996; Morais da Silva et al. 1996; Kanai and
Koopman 1999; Canning and Lovell-Badge 2002;
Sekido et al. 2004; Bullejos and Koopman 2005;
Kidokoro et al. 2005; Wilhelm et al. 2005;
Polanco and Koopman 2007). However, recent re-
search has proved that Sry and Sf1 bind to multiple
sites within a testis-specific enhancer of Sox9
(TES) upstream of the murine Sox9 gene (Sekido
and Lovell-Badge 2008). Within this enhancer
there is a highly conserved 1.4-kb region named
TESCO (TES core). In XXSry and in XXSox9-/- mice,
this enhancer is active but is inhibited in XYSf1-/-

and XXSry- individuals, which implies that both Sry
and Sf1, but not Sox9, are required to activate the
Sox9 enhancer, so that the expression of Sox9 is
upregulated. Moreover, Sox9 protein can bind to
the Sox9 enhancer and thus can upregulate its own
expression. The expression of Sox9 can be divided
into 3 phases: (1) the initiation phase, during
which Sf1 induces a low level of the Sox9 expres-
sion in both XX and XY bipotential gonads; (2)
the upregulation phase, when Sf1 along with Sry
upregulates the expression of Sox9; and (3) main-
tenance phase, when Sox9 expression is main-
tained after the influence of Sry is ceased (Sekido
and Lovell-Badge 2008). Probably, the mainte-
nance of Sox9 expression after sex determination
is an effect of the autoregulative activity of Sox9,
but also is caused by the influence of prostaglan-
din D2 and Fgf9/Fgfr2 signalling (Figure 1). More-
over, Sox9 can regulate Sf1 expression, to ensure a
sufficient level of its own regulator (Shen and
Ingraham 2002; Sekido and Lovell-Badge 2008).

Odsex mutants (Ods, ocular degeneration with

sex reversal) have provided a hypothetical expla-

nation for the regulation of Sox9 expression. Inser-

tion of the Dct-tyrosinase transgene caused sex

reversal in XX mice, due to the loss of a 134-kb se-

quence, located 0.98 Mb upstream of Sox9. This

sequence is presumably responsible for the repres-

sion of Sox9 expression, so derepression of Sox9 in

genetic females was followed by testis develop-

ment (Bishop et al. 2000). Further trials have re-

vealed that Ods deletion and tyrosinase insertion

without the Dct promoter did not cause sex rever-

sal (Qin et al. 2004). This implies that the

dopachrome tautomerase (Dct) promoter influ-

ences Sox9 indirectly via a gonad-specific Sox9

cis-enhancer element. Also other trials showed

that regulatory sequences, which are disseminated

over several hundred kilobases upstream of human

SOX9, are involved in the regulation of its expres-

sion (Wunderle et al. 1998).

Cases of XX males deprived of SRY have indi-

cated that the male pathway is inhibited by a hypo-
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thetical Z factor, and the SRY factor acts as a

derepressor of the male pathway (Qin and Bishop

2005). Odsex mutants reveal that Sox9 expression

may be blocked by such a factor and that Sry inter-

feres in this action. There are at least 8 conserved

sequences upstream and downstream of Sox9, to

which the hypothetical Z factor can bind. Presum-

ably, â-catenin, acting with co-factors, may be the

Z factor, since â-catenin acts downstream of the

female-determining pathway, as well as binds one

of Sox9 regulatory sequences and regulates Sox9

expression in neural crest cells of the first murine

pharyngeal arch (Bagheri-Fam et al. 2006). This

suggests that the female pathway may directly

block release of Sox9 expression, possibly by

â-catenin binding to Sox9 regulatory elements.

XX male patients with a mutation in RSPO1 have

shown that the testis pathway is induced without

the contribution of SRY when the ovary pathway

is impaired (Parma et al. 2006). Possibly, a low

concentration of â-catenin and other ovary-deter-

mining factors causes derepression of Sox9 ex-

pression, and thus upregulation of the

testis-determining pathway. Importantly, it has

been shown that Sry as well as Sox9 reduce the

intracellular concentration of �-catenin in vitro

(Bernard et al. 2008). This indicates that the piv-

otal factors of the male pathway can inhibit the fe-

male pathway by direct protein-protein

interactions.

Since the Sry factor probably has to only

upregulate Sox9 expression and to inhibit tran-

siently �-catenin in the female pathway, after-

wards Sry expression can be downregulated in the

mouse. In Sox9 mouse mutants, the expression of

Sry persists or is even higher than during the peak

of Sry expression in the wild type (Chaboissier et

al. 2004; Barrionuevo et al. 2006; Bouma et al.

2007). It implies that Sox9 acts as a repressor of

Sry expression (Figure 1). The truncation of the

3’-untranslated region (3’UTR) of the Sry gene

also results in the absence of Sry downregulation,

but the mechanism of contribution of this region to

the regulation of Sry expression remains unclear

(Albrecht and Eicher 2001; Sekido et al. 2004;

Polanco and Koopman 2007). Additionally,

3’UTR in human SRY is shorter than its equivalent

in the murine Sry gene, which may be associated

with the lack of downregulation of SRY expression

in the human testis (Salas-Cortes et al. 1999;

Hanley et al. 2000).

A decreased level of Sox9 expression results in

impairment of Sox8 expression. Heterozygous

mutation in Sox9 does not alter mouse testis devel-

opment, but leads to sex reversal when Sox8 is also

mutated (Chaboissier et al. 2004). It suggests that

these 2 genes act in the same pathway, and Sox8

may be another subordinate factor in testis devel-

opment. Sox8 may aid Sox9 in its action, which

can ensure male sex determination.

There are several genes required for upregulation

of Sox9 expression. Null-mutations in Wnt4 (wing-

less-type MMTV integration site family, member 4)

or Dax1 result in sex reversal caused by decreased

expression of Sox9, while Sry expression is not im-

paired (Meeks et al. 2003; Jeays-Ward et al.2004;

Bouma et al. 2005). This shows that WNT4 and

DAX1, initially described as anti-testis factors,

presumably are needed for upregulation of Sox9

expression (Figure 1). Recent research has re-

vealed that heterozygous mutations in Fog2 and

mutations impairing Gata4 binding to Fog2 abol-

ish the expression of Sox9, while the expression of

Sry is not lower but rather increased after the

sex-determining period, probably due to a low

concentration of Sox9 (Bouma et al. 2007). The

total lack of biding of Gata4 to Fog2 also impairs

the expression of Sox9 (Manuylov et al. 2007). It

indicates that the complex Gata4/Fog2 is essential

for Sox9 male-specific upregulation. Further trials

must revise why previous researches showed that

GATA4/FOG2 is essential for Sry upregulation.

M33 is another gene that may influence Sox9 ex-

pression. In null-mutants for this gene, Sry is ex-

pressed normally, but Sox9 expression is reduced.

Some data show that sex reversals resulting from a

mixed genetic background, are effects of a low

level of Sox9 expression. An autosomal tes-

tis-determining locus (Tda1) (Bouma et al. 2005),

linked to a distal region of chromosome 4 and in-

volved in such sex reversals, can be Wnt4 or

Rspo1.

Sry and Sox9 may bind not only to DNA but

also to RNA, and thus play a role in pre-mRNA

splicing. Sry and Sox9 have revealed co-locali-

zation with splicing factors in the Sertoli-like

NT2/D1 cell line. Furthermore, these proteins are

able to replace the activity of other splicing fac-

tors, such as Sox6 (Poulat et al. 1995; de Santa

Barbara et al. 1998; Ohe et al. 2002).

Factors crucial for male sex determination,

such as SRY and SOX9, are transcription factors.

Therefore, after their translation, they must reach

the nucleus in order to function. Before the

sex-determining period, SOX9/Sox9 is localized

in the cytoplasm in both XX and XY gonad so-

matic cells, while after the onset of SRY/Sry ex-

pression, SOX9/Sox9 is co-localized with
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SRY/Sry in the nucleus in XY somatic cells in

mice and humans (Morais da Silva et al. 1996; de

Santa Barbara et al. 2000). The block in nuclear

import in somatic cells of XY murine cultured go-

nads leads to a decrease in the concentration of Sry

and Sox9 in the nucleus, and as a consequence re-

sults in the predominance of the female pathway

and sex reversal. In contrast, the block in nuclear

export in XX cells causes a predominance of Sry

and Sox9 in the nucleus, and consequently initia-

tion of the male pathway, since the expression of a

Sertoli cell marker, such as Amh, has been de-

tected in vitro (Gasca et al. 2002). Nuclear trans-

port of Sry and Sox9 is possible owing to the

interaction of these proteins with importinâ and

calmodulin. Furthermore, acetylation and

phosphorylation of transported proteins enhance

this process (Harley et al. 1996; Thevenet et al.

2004). Mutations affecting importinâ- and

calmodulin-dependant nuclear localization signal

(NLS) in SRY/Sry and/or SOX9/Sox9 cause sex re-

versal due to the impairment of import of these

transcription factors into the nucleus (Forwood

et al. 2001; Li et al. 2001; Argentaro et al. 2003;

Harley et al. 2003; Smith and Koopman 2004;

Polanco and Koopman 2007). Thus regulation of

nuclear transport may be the key control point in

sex determination.

Fgf9 and prostaglandin D2 – paracrine factors in

sex determination

Prostaglandin D2 (PGD2) has been shown to in-

duce the expression of the testis markers in XX go-

nads in vitro, which is the effect of the ability of

PGD2 both to enhance nuclear localization of

Sox9 and to upregulate Sox9 expression (Figure 1

and Adams and McLaren 2002; Malki et al. 2005;

Wilhelm et al. 2005). Moreover, PGD2 acts as a

paracrine factor mediating the differentiation of

supporting cells into Sertoli cells in the wild-type

XY gonads and in the XX gonads cultured with

ectopic PGD2. Lipocalin-type prostaglandin D

synthase (L-PGDS) is sex-specifically expressed

in pre-Sertoli cells and XY germ cells in the same

spatial pattern as Sry and Sox9 (Adams and Mc-

Laren 2002; Menke and Page 2002; Wilhelm et al.

2007b). Molecular studies imply that the promoter

of the prostaglandin D synthase gene is a direct

target of dimeric Sox9 (Wilhelm et al. 2007b).

Thus both L-PGDS and PGD2 are a part of the

male-determining pathway and are downstream of

Sry and Sox9 (Figure 1). L-PGDS can be secreted

from a cell and converts prostaglandin H2 to PGD2

(Urade and Hayaishi 2000; Urade and Eguchi

2002). PGD2 influences membrane receptor DP1,

contributing to intracellular cAMP production,

which results in nuclear localization of SOX9 via

protein kinase A (PKA) phosphorylation (Boie et

al. 1995; Breyer and Breyer 2001; Malki et al.

2005). Thus PGD2, like fibroblast growth factor 9

(Fgf9), acts as a paracrine factor that stimulates

Sertoli cell differentiation in a gonad, protects

against engaging the ovary pathway in XY gonad

development, and thus ensures the male pathway.

However, the lack of PGDS or the DP receptor

does not disrupt gonadal development. This indi-

cates that upregulation of Sox9 by the

cell-autonomous action of Sry and by positive

feedback with Fgf9 and PGD2, is the pivotal event

in sex determination. Additionally, PGD2 may

protect the male pathway against weakness (Wil-

helm et al. 2005). Sry-negative XX Sertoli cells

were found in XX-XY chimaeric mouse gonads

(Palmer and Burgoyne 1991). This indicates that

some paracrine signals, such as PGD2 and Fgf9,

induce the testis pathway in XX cells. The same

study has shown that there is a threshold of 30%

Sry-positive cells needed for the differentiation of

the murine testis (Palmer and Burgoyne 1991).

Similarly, 20% of SRY-positive cells is sufficient

to induce testis differentiation in human XY/XO

mosaics (Ford 1970).

After Sry is downregulated in the murine go-

nad, Sox9 expression increases. This implies that

Sry acts probably only as an inducing factor for

testis differentiation, and there are other mecha-

nisms responsible for further upregulation and

maintenance of the male pathway. After

upregulation of Sry and Sox9, the expression of

Fgf9 increases in XY gonads (Figure 3). The in-

citement of the male pathway is due to a positive

feedback of Sox9, with both Fgf9 and PGD2 (Fig-

ure 1). The loss of Sox9 expression causes a de-

crease in Fgf9 expression, thus Fgf9 is

downstream of Sox9 (Figures 2I and J). Oppo-

sitely, in case of a lack of Fgf9, the expression of

Sox9 is lost in XY gonads. This indicates that Fgf9

is needed to maintain the level of Sox9 (Fig-

ure 2D-F; Kim et al. 2006). Since ectopic Fgf9

upregulates Sox9 expression in XX gonads in vi-

tro, this signalling protein may also act as a

paracrine factor promoting Sertoli cell differentia-

tion in a gonad (Figure 2G and H). Sox9 and Fgf9

are expressed initially in genital ridges in both

sexes. Thus it is important for ovary development

to block efficiently Sox9 and Fgf9 expression, be-
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cause specific autoregulative ability of Sox9, as

well as Sox9-Fgf9 and Sox9-PGD2 interaction,

can promote the male pathway to take control over

the XX gonad.

FGF9 is the crucial growth factor for male sex

determination and also acts as the earliest mitogen

in the XY gonad. Fgf9 secreted from pre-Sertoli

cells enhances proliferation of Sf1-positive cells

of coelomic epithelium, which results in an in-

creased number of precursors of Sry-expressing

cells and other gonadal cells (Schmahl et al. 2004).

Thus Fgf9 participates in both sex determination

and testis differentiation. However, Fgf9 is ex-

pressed equally in early XX and XY gonads and its

expression is upregulated during the sex-determi-

ning period in XY, while it is downregulated at

12.5 dpc in XX gonads. Fgf9 is downstream of Sry

and Sox9, thus a higher concentration of Fgf9 is

observed as early as 11.0 dpc. In gonads of Fgf9-/-

XY individuals, proliferation at the coelomic sur-

face is reduced even at 11.2 dpc, and as a result af-

fected XY gonads have the same size as wild-type

XX gonads at 12.5 dpc (Schmahl et al. 2004). Re-

duced proliferation may disrupt Sry action, thus

the lack of Fgf9 disrupts male sex determination

and testis differentiation. Sox9 concentration at

11.5 dpc in the XY gonad is not affected in Fgf9-/-

XY gonads, but Sox9 expression becomes im-

paired at 12.5 dpc (Figure 2D-F and Colvin et al.

2001). It can be assumed that Sry is responsible for

induction of Sox9 upregulation, while Fgf9 is re-

quired to maintain a high concentration of Sox9.

The expression of testis markers, such as Sox9,

Amh and Scc, but not Dhh, is upregulated in XX

gonads cultured with an increased concentration

of Fgf9. This indicates that the male sex determi-

nation pathway, affected by ectopic Fgf9, may be

able to induce expression of only some genes of

testis differentiation (Schmahl et al. 2004; Kim

et al. 2006). The expression of Pgds in gonads in

individuals deprived of Fgf9/Fgfr2 signalling, im-

plies that the prostaglandin pathway acts inde-

pendently of Fgf9 to regulate Sox9 expression

(Bagheri-Fam et al. 2008).

Deletion of Fgfr2 (one of four Fgf receptors)

causes male-to-female sex reversal (Kim et al.

2007; Bagheri-Fam et al. 2008). This indicates

that Fgf9 signalling, mediated by the Fgfr2 recep-

tor, is an essential part of male sex determination.

Moreover, the Fgfr2 gene displays a sexually di-

morphic expression pattern, and the Fgfr2 protein

plays distinct roles in testis-specific proliferation

and Sertoli cell differentiation (Schmahl et al.

2004; Kim et al. 2007). Fgfr2 is initially found in

the cell membrane of coelomic epithelial cells, but

at 11.5 dpc this receptor is localized in the nuclei

of scattered cells in the interior of the XY gonad

but not in the XX gonad. Fgf9 is crucial but not

sufficient for induction of the nuclear localization

of Fgfr2 (Schmahl et al. 2004). Cells with Fgfr2
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Figure 3. Expression of Fgf9 in XY and XX gonads. Immunodetection of Fgf9 (red) shows that the expression of Fgf9 is

downregulated in XX gonads after the sex-determining period (A–C), while it is upregulated in XY gonads (D–F). Fgf9

is visible in Sertoli cells within nascent testis cords (F); g = gonad; m = mesonephros. Scale bar = 25 �m (reproduced

from Kim et al. 2006).



localized in the nucleus differentiate into Sertoli

cells but do not divide rapidly. Membrane Fgfr2

can mediate proliferation at the surface of the XY

gonad. However, this receptor in nuclei may be re-

sponsible for Sertoli cell differentiation (Brennan

and Capel 2004). Moreover, the sex-specific bind-

ing of Fgf9 in extracellular matrix has been shown

to be enhanced in differentiating XY gonads

(Schmahl et al. 2004). The glycoprotein compo-

nents of the extracellular matrix, especially hepa-

rin sulfate proteoglycans (HSPGs), act as

low-affinity receptors for Fgfs and can be a reposi-

tory of Fgf9. Besides, they may be responsible for

maintenance of a high concentration of this

growth factor, ensuring testis development.

Female genes in the male pathway

Surprisingly, 2 genes important for ovary develop-

ment, Wnt4 and Dax1, have been implicated in tes-

tis determination or differentiation, since

loss-of-function mutations of these genes in XY

individuals result in disturbances in the testis path-

way and testis morphogenesis (Yu et al. 1998;

Meeks et al. 2003; Jeays-Ward et al. 2004). WNT4

and DAX1 have been initially described as

anti-testis genes, because their duplication leads to

male-to-female sex reversal in mice and humans

(Cousineau et al. 1981; Elejalde et al. 1984; Mo-

hammed et al. 1989; Bardoni et al. 1994; Wieacker

et al. 1996; Swain et al. 1998; Jeays-Ward et al.

2003; Jordan et al. 2003). The overexpression of

Wnt4 in XY mice affects testis development but

does not cause complete sex reversal, so Wnt4 is

not the primary female-determining gene

(Jeays-Ward et al. 2003; Jordan et al. 2003). The

lack of functional Wnt4 leads to disruption of the

expression of Sox9 and other Sertoli cell markers,

as in the case of Dax1 mutants (Meeks et al. 2003;

Jeays-Ward et al. 2004). When Wnt4 is altered,

steroidogenesis and formation of testis-specific

vasculature is accelerated, while the testis is

smaller than in the wild type, and testis cord for-

mation is disrupted, especially under the surface of

the gonad. Furthermore, defects in testis cords af-

fect Leydig cells.

The deletion of the DSS (dosage-sensitive sex

reversal) region in XY humans does not affect sex-

ual development (Bardoni et al. 1994). However,

null-mutation in Dax1 leads to complete gonadal

sex reversal in B6 XY mice. Moreover, such mu-

tants do not reveal male-specific Sox9

upregulation, although Sry expression is not de-

creased (Bouma et al. 2005). In addition, the lack

of functioning Dax1 in murine genetic males with

a weak allele of Sry (Dax1-/Ypos), results in a low

level of Sox9, a lack of Amh and Scc expression, as

well as in a lack of testis cords, and thus in the ab-

sence of signs of testis differentiation (Meeks et al.

2003). Sry expression is not affected in these mu-

tants, because Dax1 may influence the

upregulation of Sox9 expression (Figure 1). Such

genetic males without Dax1 develop into

phenotypic females that have external and internal

female genitalia. They differ from the wild-type

females by the presence of multioocyte ovarian

follicles and are incapable of corpora lutea forma-

tion. Interestingly, genetic females with mutated

Dax1 are not affected. Nevertheless, Dax1 is

upregulated in differentiating ovaries downstream

of Wnt4 (Mizusaki et al. 2003). These findings im-

ply that Dax1 may support Sry action, since these

2 factors are co-localized in pre-Sertoli cells be-

tween 10.5 and 12.5 dpc, and are required for Sox9

upregulation. After the sex-determining period,

Dax1 is downregulated in XY gonads, but is again

upregulated at 17.5 dpc (Swain et al. 1996; Ikeda

et al. 2001). This testis-specific gap in Dax1 ex-

pression, between 12.5 and 17.5 dpc, is needed for

proper sexual differentiation in males, since Dax1

inhibits the expression of genes of the testis path-

way, such as Amh and 3Hsd. Amh is responsible

for degeneration of internal female genitalia but

not for gonadal development, whereas 3Hsd en-

codes a steroidogenic enzyme.

In XY mice, duplication of a region including

Dax1 (DSS region) results in a reduction of Sry ex-

pression already at 11.5 dpc, and in male-to-fe-

male sex reversals when a weak allele of Sry is

utilized (YPOS) (Swain et al. 1998). Dax1 represses

the expression of Sf1 and Gata4 (Figure 1 and Ito

et al. 1997; Nachtigal et al. 1998; Tremblay and

Viger 2001). The decreased level of Sf1 and

Gata4, resulting from overexpression of Dax1,

may disrupt upregulation of Sry. Moreover, Dax1

can interfere with the expression of genes down-

stream of Sry, such as Sox9, Amh, and

steroidogenic enzymes. Thus a strictly controlled

dose of Dax1 has to act during the sex-determining

period in XY.

Dmrt1 – a conservative gene participating in

male sex determination

Dmrt1 (doublesex and mab-3-related transcription

factor 1) seems to be involved in male sex determi-

nation in some vertebrates, such as birds and hu-

mans, since in human pre-Sertoli cells DMRT1

co-localizes with SRY in undifferentiated gonads.

Moreover, deletion of human DMRT1 results in
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male-to-female sex reversal (Alfi et al. 1973;

Veitia et al. 1997; Flejter et al. 1998; Veitia et al.

1998; Raymond et al. 1999; Moniot et al. 2000).

Oppositely, in mice Dmrt1 can act as a testis dif-

ferentiation factor rather than as a sex determina-

tion factor, since it does not have a sexually

dimorphic pattern prior to gonadal differentiation,

and is upregulated in XY gonads after Sry expres-

sion (Smith et al. 1999; De Grandi et al. 2000;

Raymond et al. 2000). Moreover, null-mutation in

murine Dmrt1 leads only to Sertoli and germ cell

defects but not to sex reversal (Raymond et al.

2000).

Conclusions

Molecular mechanisms determining maleness

form a complicated pathway that inhibits the ex-

pression of ovary-determining genes and induces

the expression of genes driving differentiation of

the testis. Previous results have indicated that sex

determination is more complicated and more

genes are responsible for gonad development.

Thus studies must be continued to clarify any

doubts.

There are a couple of points in the male-dete-

rmining pathway that are responsible for success

of testis development. First of all, the expression

of Sry has to be strictly controlled, so that the Sry

factor appears at the right place and time. Other-

wise, the female-determining genes can gain con-

trol over gonad development. Factors like Wt1,

Gata4/Fog2, Sf1, and the insulin receptor family,

are supposed to upregulate Sry expression. It was

thought that the Sry factor has only to upregulate

the expression of Sox9 that induces the expression

of other key genes for male sex determination.

However, new data have shown that Sry, like Sox9

and Fgf9, may antagonize the female pathway by

direct protein-protein interactions. Sex determina-

tion is not only a qualitative process (the presence

of Sry or its absence) but it is also quantitative,

since a definite concentration of factors decides

about gonadal sex. Surprisingly, processes like

splicing, regulation of nuclear transport, and accu-

mulation of growth factors in the extracellular ma-

trix, seem to be involved in sex determination.

The presence of positive feedback loops is

characteristic for the male sex-determining path-

way. Interactions between Sox9 and Fgf9, as well

as between Sox9 and PGD2 and autoregulative

ability of Sox9, ensure the male pathway in order

to prevent sex reversal. Thus the objective of the

sex-determining pathway is to prevent sex reversal

and the resultant infertility. If germ cells are

placed in a sex-reversed gonad, their genetic sex

will be opposite to gonadal sex, which causes dis-

turbances during spermatogenesis or oogenesis.

This indicates that gonadal sex needs to be com-

patible with genetic sex. A lack of compatibility is

the direct cause of infertility in disorders such as

sex reversal or hermaphroditism. Thus sex deter-

mination is crucial for reproductive success of an

individual and has to control strictly the develop-

ment of gonads.
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