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.~ Abstract 

SRY (Sex determining Region of Y chromosome) is the master gene initiating 

testis determination in mammals. To shed light on the molecular mechanism of 

SRY action during testicular differentiation, we examined the effects of TAT-HMG 

fusion protein on gonadal sex differentiation in culture. HMG is the DNA binding 

motif of SRY and "TA T" is a protein transduction domain. Each pair of CD1 mouse 

gonadal primordia at 11.5 days post coitum (dpc) was cultured with or without 

TAT-HMG dissolved in dimethyl sulfoxide (DMSO) up to 3 days. 

lmmunocytochemical labeling and Real-time RT-PCR of Sry, Sox9 and Mis 

indicated that DMSO blocked testicular differentiation, Sertoli cell differentiation 

and testis cards formation, downstream of SRY. TUNEL showed a massive 

mesenchymal cell death, which might be responsible for disruption of testis cord 

formation. Treatment with TAT-HMG rescued Sertoli cell differentiation, probably 

by up regulation of Sry, but not testis cord formation or cell death. 



7 

Résume 

SRY (la région déterminante du sexe dans le chromosome Y) est le gène maître 

inaugurant la détermination de testicule dans les mammifères. Pour éclaircir le 

mécanisme moléculaire d'action de SRY pendant la différenciation testicule, nous 

avons examiné les effets de TAT-HMG, une protéine de fusion, sur la 

différenciation du sexe gonadal en culture. HMG est le motif de SRY l'ADN liant, 

et TAT est un domaine de transduction de protéine. Chaque paire de CD1 

primordia gonadal de souris à 11 .5 jours poste coitum a été cultivé avec ou sans 

TAT-HMG dissous dans dimethyl sulfoxide (DMSO) jusqu'à 3 jours. L'étiquage 

immunocytochemical et RT-PCR en temps réel de SRY, SOX9 et MIS, indiquent 

que DMSO bloque la différenciation des testicules, la différenciation cellules des 

Sertoli, et la formation de corde testiculaire en aval de SRY. L'essai TUNEL a 

démontré une morte massive de cellules mesenchymales ce qui pourrait être 

responsable de l'interruption de la corde testiculaire. Le traitement avec TAT-HMG 

a secouru la différenciation cellules des Sertoli, probablement en augmentant 

SRY mais elle n'a pas affecté la formation de la corde testiculaire ou la mort des 

cellules. 
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1. Introduction 

Sex determination is a fundamental part of reproduction and a crucial process for 

the evolution and enrichment of the genome, so that it has been the subject of 

many studies across the species. lnterestingly, data gathered by a variety of 

model organisms to date have shown a relative economy in the molecular 

regulation of sex determination. From insects to mammals, there is much to learn 

from the many mechanisms engaged in determining sexual fate (Manolakou et al., 

2006). There exist various mechanisms involved in sex determination in the 

animal kingdom ranging from regulated mRNA splicing and intercellular ligand

receptor signaling to unknown temperature-sensitive mechanisms and the 

presence of distinct sex chromosomes. ln most animal species the gonadal sex is 

portrayed by the phenotypic sex. ln almost ali mammalian species the male is 

easily distinguished from the female. Male and female differ in size (the male has 

larger bones and muscles), external genitalia, and sometimes skin, fur, and horns. 

The male is probably more aggressive than the female and has a different scent, 

an essential parameter in sexual attraction. These differences commence 

becoming apparent after differentiation of the embryonic gonad has taken place, 

since the gonadal hormones generally determine the somatic phenotypic sex 

(Byskov 1986). ln most classes of vertebrates, except in mammals, the sex of 

animal exhibits great flexibility. The sex of amphibians and fish may change from 

male to female or through intersexuality to functional hermaphroditism known as 

natural sex reversai. The reversai or change of sex in different classes involves 

various factors such as genetic control mechanisms in Monopterus, changes in 

social organization in coral fish, changes in temperature in Rivulus, or changes in 

photoperiod (Chan, 1970; Baron et al., 2005). ln mammals gonadal sex is 

normally a consequence of the genetic sex, which is established at fertilization 

and is evident in the chromosomal constitution (Byskov 1986). The first 

morphological signs indicating the sex of the fetus are seen in the gonadal 

anlagen, which are controlled by expression of certain genes on sex 

chromosomes at a certain ti me; SRY (Sex determining Region on Y chromosome) 
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,/~. in XY gonads and its probable counterpart in XX gonads (that is ta be discovered). 

Ta date, the mechanisms that trigger the development of the gonads in bath sexes 

are not weil understood. Here, 1 will first review the mechanisms involved in the 

process of sex determination in sorne of the animal species studied up ta now and 

then focus on sex determination in mammals in terms of morphology, gene 

expression and molecular interactions. Finally, will represent my research 

project, results, discussion and conclusion. 

1.1. Mechanisms of sex determination in non-mammalian species 

1.1.1. lnvertebrates 

a. Hymenoptera 

ln the insect arder of Hymenoptera (ants, bees and wasps) sex is determined by 

the fertilization of the egg: uniparental haploid males and biparental diploid 

females originate from unfertilized and fertilized eggs respectively. One of the best 

understood mechanisms is the single-locus complementary sex determination (si

CSD), in which sex is determined by multiple alleles at a single locus. 

Heterozygotes at that sex locus develop as females whereas hemizygotes, and 

the odd case of homozygous diploids develop as males. ln honeybees, for 

example, the sex locus has recently been identified as the complementary sex 

determiner (csd) gene that encodes an arginine-serine rich protein (Beye et al., 

2003) whose function is required only in females. si-CSD exhibits an evolutionary 

pressure against species with higher rates of inbreeding, due ta one of its major 

faults. ln most cases, mating leads ta the creation of offspring with two different 

alleles at the sex locus (diploid females). However, a mating in such populations 

has higher probability of a union between a male and a female that share the 

same allele, a condition also known as a matched mating (Stalhut et al., 2004). ln 

matched matings half the di plaid offspring are predicted ta tu rn out homozygous at 

the sex locus and develop as males rather than females. Diploid males in species 
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with si-CSD are generally sterile, unable to mate or are not viable (Zayed et al., 

2004) and finally are eaten by the workers (Charlesworth et al., 2003). 

b. Dipterans (Drosophila melanogaster) 

ln Drosophila melanogaster one single gene named sex-lethal (sxl) makes the 

choice between male and female development and functions according to the ratio 

of X chromosomes to autosomes (X:A ratio) (Penalva et al. 2003). Activation of 

the sxl gene early in development, through an "early" promoter in females, 

orchestrates a specifie splicing of the sxl mRNA. ln males, standard splicing of the 

sxl mRNA leads to a non-functional protein. lt is only in females, through an 

autoregulatory feedback loop, that sxl stays active (Penalva et al. 2003, Keyes et 

al. 1992). SXL protein is a sequence-specifie RNA-binding protein that interacts 

with RNA through an RNP motif (Lodish et al., 2001 ). SXL then regulates a series 

of other proteins that control female development, once again through the process 

of alternative splicing, reading finally to two alternative products of the doublesex 

gene (dsx), DSXF and DSXM (Lalli et al. 2003, De Loof et al. 1998). lt is 

interesting to note that the Y chromosome, present in males, takes no part in this 

entire process, and that its only use is to help successful completion of 

spermatogenesis later on in the differentiation of the male germ li ne. 

c. Nematodes (Caenorhabditis elegans) 

ln nematodes the animal's sexual fate depends on the X:A ratio, and there is not 

even a Y chromosome in males. C.elegans worms are special in that the choice 

lies between males with one X chromosome and hermaphrodites with two. The 

X:A ratio becomes effective through activation of seve rai "X-signal elements", 

such as the SEX-1 (signal element on X) protein that acts on the transcription 

lever and the FOX-1 (feminizing locus on X) protein that acts post-transcriptionally 

(Carmi et al. 1998). The two mentioned genes manage to suppress the levels of 

the XOL-1 (XO lethal) key protein (Meyer et al. 2000) in hermaphrodites. 
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,~ Expression or suppression of XOL-1 in turn activates a cascade of expression and 

suppression of several genes that results in the expression of TRA-1 (transformer 

1) protein. TRA-1 is free to act in hermaphrodites and regulates the expression of 

several other genes (Kuwabara et al. 1992, Stothard et al 2003). This pathway 

involves several groups of gene products, sorne of which retain their active state 

in males and others in hermaphrodites. However, the hermaphrodites pose an 

interesting issue: they produce around 300 sperm in their fourth and final larval 

stage (L4 ), to use for self-fertilization wh en the re are no males available 

(Kuwabara et al. 2001 ). This requires a careful regulation of the switching between 

the male and female differentiation of the same germ cells, without the benefit of 

the usual sex determination pathway and the "male" genes that normally regulate 

spermatogenesis are inactive anyway. lnstead, a new series of genes take over at 

a specifie stage of development and act in place of the HER-1 (Hermaphrodite 1) 

protein to inhibit tra-2 (transformer 2) and allow spermatogenesis to take place 

until the end of the L4 stage. Once this is over and the adult life onsets, a new 

series of genes take their place, tra-2 is once again active, and the adult 

hermaphrodite is free to continue with oogenesis for the rest of its life (Stothard et 

al 2003, Puoti et al. 2001) 

1.1.2. Vertebrates 

a. Reptiles 

There are a considerable variety of sex determination patterns in different species 

of reptiles. For instance, most snakes possess a ZZ/ZW pairs of sex 

chromosomes, similar to the madel mechanism for sex determination in birds. 

Lizards are even more complex, with different species having either a ZZ/ZW sex 

chromosome pair or a XX/XY system, similar to that observed in mammals 

(Graves et al. 2001, Maldonado et al. 2002). On the other hand, many species of 

reptiles, including most terrestrial turtles and ali crocodilians and sea turtles 

examined to this date, have no discernible sex chromosomes, nor is their sex 
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.~ determined by the presence or absence of specifie genes. Their sexual tate is 

determined by the temperature of the environment during the thermosensitive 

period {TSP) of incubation of the eggs, which regulates aromatase activity 

(Ferguson et al., 1982; Harvey et al., 1982). 

lnterestingly, a number of genes originally described as part of the genetic 

regulation of sex development in men and other mammals have also been 

detected in reptiles. For instance, in the sea turtle several genes so far related to 

mammalian sex determination are expressed, including DAX1 (dosage-sensitive 

sex reversai 1 ), DMRT1 ( doublesex- and mab-3-related transcription factor 1) and 

SOX9 (SRY related HMG box 9). Of particular importance is DAX1 whose 

expression in mammalian gonads, as will be discussed later, shows sexual 

specificity after a certain stage. ln reptiles, however, it is not differentially 

expressed in response to temperature variation du ring the TSP, so that its role in 

reptile sex determination is unclear. DAX1 gene is also expressed in crocodilians 

with temperature-dependent sex determination, such as Alligator mississippiensis. 

Whether this gene could indeed be a target for androgen or estrogen-related 

actions following the TSP remains unknown (Schartl, 2004; Maldonado et al., 

2002). 

DMRT1 was first considered as a gene involved in sex determination in 

Drosophila melanogaster, because of having a domain compatible to the sex 

determinant gene DSX. Subsequent research, however, has proven the gene's 

expression in several other species as weil, including birds, fish and reptiles. ln 

alligators, such as Alligator mississippiensis, the gene is expressed exclusively in 

the gonads of males. Moreover, its expression appears to precede that of SOX9, 

another testis-specific gene conserved in a vast number of species, ranging from 

reptiles to mammals. The latter gene is originally expressed in the bipotential 

gonad of reptile embryos, but following the TSP, it remains active only in males, 

making it a candidate gene for sex steroid-induced regulation (Schartl, 2004; 

Maldonado et al., 2002). 

ln alligators, SOX9 is also related to increased MIS (Müllerian lnhibiting 

Substance) levels, but, contrary to mammals, MIS induction chronologically 
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r~ precedes that of SOX9 (Schartl, 2004; Maldonado et al., 2002). ln the case of 

lizards, an attempt has also been made to examine sexual dimorphism in the 

brain. The first results from these experiments show distinct differences in 

estrogen receptor expression and progesterone concentrations in specifie areas of 

the central nervous system, a finding that may imply that aromatase regulation is 

only the first step in a sequence of severa! more complex sex-specific/dimorphic 

genetic phenomena that still remain to be examined (Wennstrom et al., 2003). 

Finally, it has recently been suggested that aromatase may also be regulated by 

secondary parameters, other than temperature. This has been described for 

instance, in the case of prostaglandin E2, which appears to be associated with 

increased aromatase action (Simpson et al., 2001 ). lmmunological reactions and 

cytokine levels may also be important (Purohit et al., 2003). 

b. Amphibians 

The thermosensitivity of the gonads has been demonstrated not only in reptiles, 

but also in severa! fish and sorne amphibians. These species tend to combine a 

genotypic sex determination mechanism -either male heterogamety, female 

heterogamety or polygenic- with aromatase activity. This may result in sex 

reversai, where the effects of temperature may go against the genotypic 

directions, allowing the existence of animais in genotypic and phenotypic sex 

discordance (Sarre et al. 2004 ). The exact mechanism by which temperature 

regulates sex determination in amphibians is yet to be deciphered, but it doesn't 

seem to be the same as reptiles. Of the various genes so far associated with sex 

determination in other species, amphibians appear to express DMRT1. However, 

it is yet to be determined whether this is a downstream product in the sex 

differentiation cascade or a factor with a more central role in sex determination 

(Schartl, 2004; Aoyama et al., 2003; Shibata et al., 2002). 

c. Fish 



14 

There are numerous species of fish in the animal kingdom. Among such a variety 

of living organisms, research has been focused on relatively few, specifie model 

organisms, each of which has been considered representative of the reproductive 

physiology of several other closely related species. Variable patterns of sex 

determination apply to fish: 1. The presence of true hermaphrodites, an approach 

usually associated with lower evolutionary levels such as model of invertebrates

nematodes. 2. Temperature-dependent sex determination, with a process similar 

to the one of the reptiles. 3. Presence of sex chromosomes (Manolakou et al., 

2006). Contrary to mammals, the sex determining genes are yet to be described in 

fish, although sorne candidates have been proposed. lt might also be possible 

that, instead of a common, uniform gene pattern for ali fish, different genes play 

the major sex determinant roles in different species. lt might also be possible to 

assume a number of competing genes in every species, with environmental and/or 

hormonal parameters regulating their relative priority in sex determination. For 

instance, the platyfish (Xiphophorus maculatus)'s genome may contain any of 

three sex chromosomes, namely X, Y and W; WX, WY and XX develop as 

females, while XY and YY become males. No specifie sex-determining gene has 

been described so far. However, the W chromosome is considered a major 

candidate for this function, since its presence coïncides with female phenotype 

regardless of the type of the second sex chromosome. Although classical 

hormonal regulators of sex differentiation such as MIS have not yet been identified 

in fish (Hofsten et al. 2005), SOX family members such as SOX9, as weil as 

DMRT1 are found in this and other kinds of fish. DMRT1 has been shown to be 

particularly important for sex determination in the teleost medaka, Oryzias latipes. 

The sex determining system of the medaka follows the XX/XY principle known for 

mammalian reproduction: males are XY heterogametic and females are XX 

homogametic. Although sorne similarities with genes of the mammalian sex 

chromosomes may exist, the major sex determinant of mammals, SRY, is missing. 

lndeed, in the Y chromosome of the fish a new gene has been detected, bearing 

six exons and a DM domain (Matsuda et al. 2005). The latter is a major 

characteristic of genes involved in sex determination in invertebrates, such as 
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(' doublesex and mab3 in Drosophila melanogaster and C.elegans, respectively. 

This new gene was named DMY (DM domain of the Y chromosome) and it is 

homologous to DMRT1 gene, which is conserved in various species. lt appears 

that in the male, DMY and DMRT1 operate in procession as strong determinants 

of gonadal development. ln the female, the role of aromatase is once again 

central, although its induction, in this case, may be a genetic rather than 

temperature-related event. Other genes' expression has also been detected 

exclusively in females, such as F/Ga (factor in the germ line a) (Matsuda et al. 

2005). Finally, sex determination in the zebra fish is considered to be a genetic 

phenomenon, but the details of the process are still under examination. Of 

particular in te rest are recent data, proving the expression of two sex-related genes 

in the zebra fish. These are a) VASA, a gene family expressed exclusively in the 

gonads of seve rai species, including D.melanogaster, mi ce and fish and b) FTZF1 

(fushi tarazu factor 1 ), a gene originally described in Drosophila and known to 

encode the steroidogenic factor 1 (SF1) in mammals, thus regulating sex steroid 

production (Krovel et al. 2004, Fujiwara et al. 1994). lnterestingly, the rainbow 

trout is an interesting model for the study of Fox/2. Firstly, the trout genome went 

through a tetraploid phase, then a diploid phase in evolution. Secondly, sexual 

differentiation, even genetically controlled by an XY/XX mechanism, can be 

modified by environmental factors such as hormones, leading to the development 

of fertile neo-XX males or neo-XY females (Baron et al., 2005). ln trout there are 

two FOXL2 genetically independent paralogue genes: FOXL2a and FOXL2b. 

FOXL2a expression is similar to that observed for the mammalian FOXL2 gene. 

FOXL2b, being specifie of somatic cells of the ovary, is expressed later than 

FOXL2a. As weil, the expression of FOXL2 in the ovarian somatic compartment is 

also found in the ovaries of estrogen-treated neo-XY females. Conversely, FOXL2 

expression is not found in androgen-treated neo-XX males. Accordingly, the 

expression of FOXL2 sharply decreases in XX females treated with aromatase 

inhibitors (Baron et al., 2004). 

d. Birds 
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ln birds females are the heterogametic (ZW) and males the homogametic sex 

(ZZ). However, we have yet to decipher which of the two (Z or W) is responsible 

for the choice between males and females. Sex may depend on Z chromosome 

dosage, according to the example of D.melanogaster and C.elegans. One 

candidate gene for this theory is DMRT1, which is located on the Z chromosome. 

This gene escapes dosage compensation and is expressed specifically in the 

gonads, and is th us capable of linking the number of Z chromosomes with gonadal 

differentiation (EIIegren et al. 2001, Smith et al. 2004). On the other hand, sex 

may be determined by the feminizing presence of the W chromosome, following 

the example of Y in eutherian mammals. The FET1 gene, which is located on W, 

does not have a Z homologue and is expressed almost exclusively in the female 

urogenital system. As weil, products of the ASW gene, also known as WPKC/, and 

its Z homologue ZPKCI, are capable of dimerisation, with a ZPKCI homodimer 

acting as a testis factor and a WPKCIIZPKCI heterodimer preventing this effect 

(Pace et al. 2003, Smith et al. 2004 ). However, studies of ZW aneuploidy have 

shown that ZZZ animais develop testes but are infertile, ZWW animais die early in 

embryonic development, but ZZW combinations manifest as intersexual: the 

animais appear female on hatching, but slowly turn into males at sexual maturity. 

lt is still possible, th us, that combinations of the above mechanisms are functional 

(EIIegren et al., 2001; Clinton et al., 1999). 

1.2. Mechanisms of sex determination in mammals 

ln mammals, sex determination is genetically controlled by the presence or 

absence of the Y chromosome, and in particular, of a transcriptional factor SRY 

(sex determining region on the Y chromosome). From marsupial with the smallest 

Y chromosome to eutherian mammals, undifferentiated XV gonads usually turn 

into testes (Manolakou et al., 2006: Waters et al., 2007). ln the conventional view 

of mammalian sex determination the basic pathway of organ development is 

ovarian, and the testis-determining gene operates by diverting this program 
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toward testis development through simultaneously influencing the fate of the key 

supporting cell lineage and initiating a male-specifie morphogenetic program in 

chromosomal males. ln 1947, Alfred Jost demonstrated that if XX and XY rabbit 

fetuses were castrated in utero before sexual differentiation, they would develop 

female ducts and external genitalia (Jost, 1947). Therefore, development of ovary 

represents the "default" state and is independent of gonadal hormones. Sex 

differentiation, defined as the development of any male- or female-specific 

physical or behavioural characteristic, is the series of molecular events that direct 

the undifferentiated bipotential gonad to become either a testis or an ovary (Fig. 

1 ). Sexual differentiation supplies organisms with the anatomy and physiology 

necessary for sexual reproduction. As far as the genetics of sexual development is 

concerned, arguably the most significant events unfold within the fetal gonads. 

Although in mammals the sexual fate of the organism is cast at fertilization, this 

fate is revealed only during fetal development, when the gonads begin to 

differentiate as avaries or testes after a considerable period of sexual ambiguity. 

Ali secondary sexual dimorphisms are thought to follow the differentiation of the 

gonads and their acquisition of endocrine function (Wilhelm et al., 2007). My study 

is focused on sexual differentiation in the mouse. 

1.2.1. Morphological Gonadal Organogenesis 

ln ali mammalian species, the embryonic gonad is made up of a mixed population 

of somatic cells and germ cells. This tissue is remarkable in that ali of its cells are 

believed to be bipotential, and can differentiate into ovarian or testicular lineages 

(Eicher et al., 1986; Albrecht et al., 2001 ). At first, scientists had various ideas 

regarding the origin of somatic cell types forming the mammalian gonads; Byskov 

et al. (1977) proposed that, although the mesonephric-derived cells were crucial 

for gonadal differentiation, a minor role of coelomic epithelial cells cannet be 

excluded. Wartenberg {1978) suggested a dual origin of the somatic elements of 

the gonads; i.e., one cell type derives from the mesonephros and the other 

proliferates from the coelomic epithelium. Sorne claimed that the only significant 
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l' somatic cell type of the developing gonads is that derived from the mesonephros 

(Upadhyay et al., 1979; Zamboni et al., 1981). To date we know that the 

mammalian gonad forms on the surface of the mesonephros within the urogenital 

ridge. This occurs through proliferation of the mesothelium (coelomic epithelium) 

in a restricted region on the media-lateral side of the mesonephros, and through 

the allocation of cells from the mesonephros. At the same time, germ cells are 

completing their migration from the base of the allantois along the gut tube, and 

through the mesonephros to the site where the gonad is forming (Kim & Capel, 

2006). Different species have been studied with respect to early gonadal 

mesonephric interaction including mouse, rabbit, sheep, human; most reports are 

based on histological and ultrastructural studies of early stages of gonadal 

development (Byskov, 1986). The mouse is, by far, the most studied and the best

characterized model of mammalian sex determination. lt is assumed that events in 

the human embryo follow the same basic pattern, even if there are differences in 

timing and anatomy. However, there are variations in mammalian sexual 
;-··· differentiation. After gastrulation, organogenesis in the mouse embryo starts 

approximately 8 days post coitum (dpc). The gonad, adrenal gland, kidney, and 

reproductive tract can be traced to a derivative of the intermediate mesoderm that 

forms at 9.5dpc. The indifferent gonads arise as paired structures within the 

intermediate mesoderm, which lies on either side of the embryo filling much of the 

coelomic cavity between the limb buds during the first half of development. Within 

this region, three segments comprising the urogenital ridge are distinguished from 

anterior to posterior: 1) the pronephros, which includes the adrenal primordium 

near its caudal end; 2) the mesonephros, the central region from which the gonad 

arises; and 3) the metanephros, the most posterior region from which the kidney 

forms. The gonads emerge on the ventromedial surface of the mesonephros at 

10.5 dpc. Cells th at delaminate from the coelomic epithelium seem to provide one 

source of cells for the growing genital ridges, while recruitment of underlying cells 

from the mesonephros to the epithelial population also augments the cell 

population in the gonadal primordium in males (Wilhelm et al., 2007). From the 

earliest stages of gonad development, the mesonephric tubules form continuous 
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,~ bridges to the epithelial cells of the gonad in male and female genital ridges (Karl 

et al., 1995). No function for these tubule connections has yet been defined. 

The early mammalian gonad is an undifferentiated primordium composed of 

bipotential precursor cells that can follow one of two possible fates. Precursors for 

supporting cells and steroid-secreting cells are believed to be present in the early 

gonad (Merchant-Larios et al., 1993). Supporting cell precursors continue to 

delaminate from the coelomic epithelium until 11.5 dpc (Karl & Capel, 1998). 

Supporting cell precursors can develop into either testis-specific Sertoli cells or 

ovary-specific follicle (granulosa) cells. ln mosaic gonads, consisting of a mixture 

of XX and XY cells, small numbers of XX cells develop as Sertoli cells (Palmer & 

Burgoyne, 1991 a), and XY cells develop as granulosa cells (Burgoyne et al., 

1988; Palmer & Burgoyne, 1991 ). ln addition, transgenic mice that express a 

reporter protein (green fluorescent protein, GFP) under the control of the Sry 

promoter express it not only in Sertoli cells in XY gonads, but also in granulosa 

cells in an XX gonad (Aibrecht et al., 2001 ). As weil, the steroid-secreting Leydig 

cells in the testis and theca cells in the ovary, which engage in many common 

steroid pathways, probably derive from a single precursor. ln contrast, other 

characteristic cell types in the gonad are recruited differently in the testis versus 

the ovary (Wilhelm et al., 2007). Sex-specific differences are apparent at about 

12.5 dpc when the male gonad takes on a striped appearance, probably due to 

cells of the supporting cell lineage differentiating into Sertoli cells and aligning into 

testis cords, the presumptive seminiferous tubules. The ovary forms 2 or 3 days 

later in female embryos, behaving as a default pathway, initiated in the absence of 

specification of the male pathway. The testis comprises three main cell types: 

Sertoli cells, Leydig cells, and germ cells. Sertoli cells and germ cells form 

seminiferous tubules where spermatogenesis occurs. The Leydig cells populate 

the interstitial compartment and produce testosterone. The ovary also comprises 

three main cell types: granulosa cells, theca cells, and oocytes. The oocytes are 

surrounded by granulosa and theca cells forming follicles that grow and develop at 

puberty. The Sertoli cells and granulosa cells surround the germ cells in their 

respective organs. However, germ cells are not required for testis determination 
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because mice homozygous for the Kit mutation lack germ cells yet form 

somatically normal testes (Mclaren, 1995). 

1.2.2. Germ Cells 

a. Origin and migration 

The primordial germ cells (PGCs) do not arise within the genital ridge or the 

mesonephros, but they originate from the base of the allantois at the posterior end 

of the primitive streak (Lawson & Hage, 1994). At 6-6.5 dpc, the precursors of the 

PGCs can be fou nd in the epiblast close to the extraembryonic ectoderm, but they 

are evidently not yet restricted to a germ cell fate because they can also form 

extraembryonic mesoderm. By 7 dpc, these cells are in the region of the forming 

hindgut. As development proceeds, the hindgut invaginates and the germ cells are 

swept into the embryo. Although germ cells have the capacity for active migration, 

this early stage is likely to be a passive process as they are not motile. By 9.5 dpc, 

PGCs commence leaving the hindgut and enter the forming urogenital ridges, 

which are in close proximity at this time. As development proceeds, the hindgut 

descends into the coelomic cavity and PGCs arriving later must migrate through 

the dorsal mesentery before entering the developing gonads. Survival of the 

PGCs during migration is dependent on an interaction between the tyrosine kinase 

receptor c-KIT, which is present on the surface of PGCs, and its ligand, stem cell 

factor (SCF), which is produced by the surrounding tissues (Bendei-Stenzel et al., 

1998). During migration the PGCs also undergo several rounds of cell division to 

achieve a population of about 3,000 cells by 11.5 dpc, when almost ali the PGCs 

have arrived at their destination. Once inside the genital ridge, the germ cells lose 

their motility and begin to aggregate with one another. They continue to proliferate 

within the indifferent gonad and maintain their bipotentiality until 13 dpc, 

whereupon germ cells within the male gonad become enclosed within the forming 

testis cords and enter mitotic arrest as T1 prospermatogonia. ln the female, 
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r-", proliferation continues for a short while longer before the germ cells enter meiosis 

at 13.5 dpc. 

b. Differentiation of PGCs and somatic cells 

Primordial germ cells have the potential to develop either as meiotic oocytes, 

progressing through the first meiotic prophase and arresting in diplotene just after 

birth, or as prospermatogonia, mitotically arrested in G1/GO until a few days after 

birth, when they resume proliferation (Hilscher et al., 1974; Mclaren et al., 1984). 

This developmental switch, which has occurred by 13.5 dpc, is dependent on the 

sex of the somatic cells in the gonad, rather than the chromosomal sex of the 

PGCs: XY PGCs can develop as oocytes in female embryos, and XX PGCs can 

develop as prospermatogonia in male embryos (Ford et al., 1975; Palmer & 

Burgoyne, 1991 a). Wh en germ cells migrate into ectopie sites su ch as the ad renal 

gland, they will develop as oocytes even in male embryos, entering meiosis with 

apparently normal timing (Zamboni & Upadhyay, 1983). 

Germ cells seem to play a more active role in ovary development than in testis 

development. ln the absence of germ cells, supporting cells in the ovary 

differentiate into prefollicle cells that aggregate into mesenchymal condensations, 

but these eventually degenerate, leaving only stroma! tissues. The involvement of 

germ cells in the differentiation and maintenance of the male supporting cell 

lineage is Jess obvious, as germ cells are required neither for the differentiation of 

Sertoli cells nor for the assembly of testis cards (Mclaren, 1991 ). 

c. Meiosis 

lt has been proposed that PGCs enter meiosis driven by an intrinsic clock and that 

as an yet uncharacterized signal produced by the somatic cells in a male genital 

ridge inhibits PGCs from entering meiosis, arresting them in G1/GO, and directing 

them towards spermatogenesis (Dolci & De Felici, 1990; Mclaren & Southee, 

1997). PGCs in male genital ridges can be rescued from this signal if they are 
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removed from the genital ridges at 11.5 dpc and will develop as oocytes in lung 

aggregates. However, by 12.5 dpc, PGCs isolated from male genital ridges are 

committed to spermatogenesis (Adams & Mclaren, 2002; Mclaren & Southee, 

1997). After birth the normal XV male germ cell starts its life cycle with a series of 

mitotic divisions. At puberty a certain fraction of the germ cells (spermatogonia) 

begin the spermatogenic cycle by entering the first meiotic prophase, thus 

becoming spermatocytes. After the meiotic divisions the spermatids differentiate 

into spermatozoa with either a Y or an X chromosome. 

Entry into meiosis in the female embryo occurs in an anterior to posterior wave, a 

situation that possibly might not occur under the action of an intrinsic clock 

(Zamboni & Upadhyay, 1983). Cocultures of fetal testes and avaries showed that 

non-meiotic germ cells within the testes were induced to enter meiosis by close 

apposition with ovarian tissue in a dosage dependent manner (Byskov, 1978; 

Byskov et al., 1993; Byskov & Saxen, 1976). These observations suggest that in 

the embryonic testes either this meiosis-inducing factor does not exist or a 

r~ meiosis-inhibiting factor is produced. Recently it has been revealed that the 

retinoic acid produced within the mesonephros induces the entry into meiosis 

(Bowles et al., 2006; Koubova et al., 2006). PGCs in male gonadal expiant 

cultures treated with exogenous retinoic acid start to express meiosis markers 

su ch as StraB, Scp3, and Dmc1, whereas PGCs in fe male explants cultures 

treated with inhibitors of retinoic acid signalling do not enter meiosis but instead 

continue to express the pluripotency marker Oct4. Male germ cells are protected 

from the effects of retinoic acid by their location within the testis cords. Sertoli 

cells, which surround PGCs in the testis cords, express CYP26B1, an enzyme that 

catabolyzes retinoic acid and is therefore the male-specifie meiosis-inhibiting 

factor (Bowles et al., 2006). 

1.2.3. Ductal System: Development and Differentiation 

ln mammals, the primordia of both male and female duct systems are initially 

present in the mesonephroi. The Wolffian (or mesonephric) ducts are the 
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progenitors of the male duct system and first appear in the mouse in short, 

transient segments within the pronephros, then as a stable continuous tube along 

the length of the urogenital ridge, adjoining the cloaca at its caudal end (Capel, 

2000). The precursor of the female ductal system, the Müllerian (or 

paramesonephric) duct, forms by invagination of a tube from the surface 

epithelium of the mesonephros. This tube extends parallel to the Wolffian duct in 

both male and female embryos. Later on in development, one of the two duct 

systems will degenerate in mammals, depending on the differentiation of a testis 

or ovary. ln addition to the duct formation, the mesonephric tubules form shortly 

after the Wolffian duct appearance and extend through the mesenchyme of the 

mesonephros toward the coelomic surface. The mesonephric tubules may play a 

role in the development of both the adrenal gland and the gonad either through 

signalling to the surrounding regions or by the direct contribution of cells to the 

forming organs (Wilhelm et al., 2007). 

1.2.4. Testicular differentiation 

Testis differentiation, defined as the proliferation and differentiation of supporting 

cells and their organization into testis cords, is induced by the expression of a 

male specifie gene named Sry (Sex determining Region on Y chromosome) in a 

subset of somatic cells that are due to differentiate into Sertoli cells. Testicular 

differentiation is characterized by three consecutive events: 1) Sertoli cell 

differentiation, 2) Testis cords formation, 3) Differentiation of Leydig cells in the 

interstitium. ln parallel to the differentiation of Sertoli cells, the gonad increases 

remarkably in size due to the increased proliferation and migration of cells from 

adjacent mesonephros to the developing gonad. Ali of the experimental evidence 

suggests that these two processes are closely interwoven. For example, both 

proliferation (Schmahl et al., 2003) and migration of cells to trigger testis cord 

formation appear to be closely integrated with Sertoli cell differentiation (Tilmann 

et al. 1999). 
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a. Cell proliferation 

Early studies in several mammalian species suggested that the choice between 

testis and ovarian patterns in the gonad is potentially controlled by cell 

proliferation and gonad growth. At equivalent gestational ages, male embryos are 

more developed than females on average (Scott and Holson, 1977; Pedersen, 

1980; Seller & Perkins-Cole, 1987). The observation that the early male gonad is 

larger than the female gonad in many vertebrates supports the view that the 

differentiai growth rate between the sexes somehow determines the sex of the 

gonad, such that gonads with more rapid growth rates become testes, while 

gonads which failed to reach a certain size by a given stage develop into avaries 

(Mittwoch, 1969, 1989; Mittwoch and Buehr, 1973; Hunt and Mittwoch, 1987). 

However, many studies comparing gonad size between the sexes did not take it 

into account. Additionally, the more rapid growth rate of male embryos is not an 

absolute distinction: sorne male embryos are smaller and develop more slowly 

than their female littermates, suggesting that growth rate and/or developmental 

acceleration are not the primary determinants of the sex of the embryo. After 

discovery of Sry as the testis determining gene, it was realized that expression of 

Sry initiates a dramatic increase in somatic cell proliferation in XY gonads at 11.25 

dpc. ln contrast, proliferation in the female gonad changes very little at this time 

(Schmal et al., 2000). Using the expression of sex-specific genes and the 

formation of testis morphology as markers of testis determination, it was found 

that proliferation within a specifie 8 hour time window, coinciding with the initiation 

of Sry expression, is critical for the establishment of the male pathway and the 

formation of the testis. These studies suggested that proliferation is involved not 

only in the elaboration of organ pattern, but also in the choice between male and 

female patterns in the bipotential gonad. However, Inhibition of proliferation before 

or after this critical period led to smaller gonads, but did not black testis formation 

(Schmal & Caple, 2003). 

b. Cell migration 
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During gonadal differentiation, mesonephric cells make a substantial contribution 

to the structure of the ovary or testis. The study of early testis differentiation in the 

rabbit (Wartenberg et al., 1991) illustrated that cells migrate from both the 

mesonephros and the coelomic epithelium to the developing testis. The migration 

of mesonephric cells takes place in XV but not XX gonads from 11.5 to 16.5 dpc in 

mice and contributes to the interstitial cell population; the myoid, the endothelial, 

and sorne cells closely associated with endothelial cells, but not in the Sertoli cells 

or the germ cells (Martineau et al., 1997; Buehr et al., 1993, Cotinot et al., 2002). 

This migration is necessary for seminiferous cord organization in the testis, as it is 

consistently associated with Sry's presence and with testis cord formation (Caple 

et al., 1999; Buehr et al., 1993). The signal that triggers this migration operates 

over long distances, behaving as a chemoattractant, and fibroblast growth factor 9 

(FGF9) seems to be the main factor responsible for this chemoattraction (Colvin et 

al., 2001 ). lndeed, when the migration is blocked, no cord formation occurs in the 

,~ XV gonad. By contrast, when the migration is induced in XX gonads, they develop 

cord structures and acquire male-specifie gene expression patterns (Tilmann et 

al., 1999). Mesonephric cell migration is most likely induced by secreted factors 

expressed under the direct or indirect control of Sry. Several factors have been 

implicated such as neurotropin-3 (NT-3), hepatocyte growth factor (HGF) and 

platelet-derived growth factor (PDGF) (Smith et al., 2005; Wilhelm et al., 2007). 

However, ali data obtained to date are in vitro or in ex vivo gonad cultures; it is still 

not known whether these factors play a role in vivo. Moreover, it is not clear 

whether a single factor induces the migration of one or more precursor cell type or 

several factors are each responsible for the migration of different cell precursors. lt 

seems as if the first mechanism is working, since interference with any of the 

pathways studied so far resulted in the blockage of migration of ali cells, not just a 

subset of cells (Wilhelm et al., 2007). 

c. Sertoli cell differentiation 
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ln the adult testis Sertoli cells are somatic cells that associate with germ cells and 

nurture their development into sperm; serving as a specifie compartment for 

spermatogenesis and antimullerian hormone [Mullerian lnhibiting Substance 

(MIS)] secretion. Additional functions in the adult testis include synthesis of 

androgen-binding protein, secretion of fluid, phagocytosis of degenerating germ 

cells, and secretion of inhibin, a peptide with a negative-feedback effect on follicle

stimulating hormone (FSH). Sertoli cells are named after the man who described 

their supporting and nutritive role for the germ cells in the human testis. lt was not 

clear whether the Sertoli cell population is uniform or composed of cell types of 

different origin. A dual origin of the Sertoli cells was proposed, studying the tetai 

testis of the human and rabbit. On the other hand, a uniform origin of the Sertoli 

cells from the mesonephros was suggested by studies of the tetai mouse and 

sheep (Byskov, 1986). Later on, it was illustrated that they do not originate from 

mesonephros and the lineage that gives rise to Sertoli cells originates from the 

coelomic epithelium (CE) of the genital ridge, but these cells are also able to give 

r, rise to an interstitial cell type (Karl and Capel, 1998). After the coelomic epithelial 

cells migrate into the gonad, there is first a decision to become interstitial or 

supporting cells and then the transient expression of Sry in each pre-Sertoli cell, 

not in coelomic epithelial cells, determines its tate as a Sertoli cell by up-regulating 

Sox9 (Sekido et al., 2004) as it initiates differentiation. Sertoli cells are believed to 

act as the organizing center of the male gonad and orchestrate the differentiation 

of ali other cell types. They are the first cell type known to differentiate within the 

gonad from bipotential precursors of the supporting cell lineage and are therefore 

the first indicator that the gonad has passed from the indifferent stage into testis 

development. The differentiation from pre-Sertoli cells into Sertoli cells is marked 

by the polarization of the cells when they form epithelial aggregates that assemble 

into testis cards. At the same time there is a change in the expression of certain 

extracellular matrix proteins; desmin is downregulated, whereas cytokeratins are 

upregulated (Wilhelm et al., 2007). Sertoli cells only proliferate during tetai and 

neonatal development. . Du ring tetai and neonatal development Sertoli cells 

undergo characteristic structural changes that lead to the specifie structure of the 
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adult Sertoli cell. Du ring early stages of differentiation the shape of the Sertoli cells 

is roughly columnar with thick cytoplasmic extensions surrounding the 

prespermatogonia. Gradually they become more irregular in shape. They form 

long slender cytoplasmic extensions from their lateral and apical surfaces that 

reach into each other and surround the germ cells. ln the fetal testis they are 

looser and tight junctional characteristics of the Sertoli cell membranes, which in 

the adult testis form the blood-testis barrier, are not present. However, incomplete 

tight junctions are observed between the plasma membranes of fetal Sertoli cells 

in the mouse, rat, and human. With advanced stages of differentiation, the Sertoli 

cell population seems to achieve a uniform appearance. Although the adult Sertoli 

cells apparently do not synthesize steroids de novo, they possess the essential 

enzymes for converting progesterone to testosterone and in particular to estradiol. 

The ability to synthesize these enzymes has probably been preserved from fetal 

life. Generally the newly enclosed Sertoli cells resemble fetal undifferentiated cells 

with lack of cell organelles but possessing ali organelles of a protein-synthesizing 

./' cell (Byskov, 1986). Sertoli cells are the only cell type within the developing testis 

that requires the cell-autonomous expression of Sry. However, Sry is not 

necessary for differentiation of ali Sertoli cells. ln addition, the number of Sertoli 

cells must reach a certain threshold to guarantee testis development (Palmer & 

Burgoyne, 1991a). 

d. Peritubular myoid cells 

The peritubular myoid (PM) cell is one of the three cell types that migrate from the 

mesonephros into the male gonad. PM cells form a single layer of flattened cells 

which surround the Sertoli cells and circumscribe the testis cords. They are known 

to have two main functions: 1) contribute structurally to the formation of the testis 

cords in conjunction with Sertoli cells, 2) promote the movement of mature sperm 

through the seminiferous tubules of the adult testis for export to the seminal 

vesicles. PM cells represent the only cell type in the testis so far for which no 

counterpart can be identified in the ovary (Wilhelm et al., 2007). 
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e. Testis cord formation 

Testis cords are the first morphological sign by which a differentiating gonad can 

be recognized as a testis. lnitially the testicular cord diameter varies, but soon the 

cords become regular with a constant diameter. The somatic cells that become 

part of the cords are the presumptive Sertoli cells, and the germ cells are the 

future spermatogonia (Byskov, 1986). The gonad becomes separated by septa 

perpendicular to its long exis. The packing of Sertoli cells and germ cells is very 

tight, with extremely narrow intercellular spaces. ln contrast, the intercellular 

spaces in the extracordal compartment are clearly visible. Throughout 

differentiation the plates or cords remain in connection with the basal part of the 

mesonephric cell mass. This cell mass gradually transforms into a network of 

cords, the rete testis (Byskov, 1986). Differentiation of the testicular cords occurs 

rapidly. Toward the periphery of the cords the Sertoli cells become flattened and a 

basal lamina begins to form. Blebs of cytoplasmic extensions from the Sertoli cells 

and sometimes from germ cells reach through the basal lamina (Magre & Jost, 

1980). These blebs are probably pinched off when the final enclosure of the basal 

lamina takes place (Byskov et al., 1983). Whereas the connections between the 

testicular cords and the rete testis remain intact, connections between testicular 

cords and the coelomic epithelium are only seen during the beginning of testicular 

differentiation (Merchant, 1975; Paranko et al., 1983; Torrey, 1945). The coelomic 

epithelium transforms into an epithelium with an intact basal lamina, and 

simultaneously the testicular cords retract from the testicular surface. This process 

leaves an area of loose mesenchymal tissue beneath the coelomic epithelium that 

develops into the tunica albuginea. The selection of the Sertoli cells may occur 

randomly among the mass of somatic cells, whereas practically ali germ cells are 

confined to the cords. However, experiments in which the germ cells were virtually 

eliminated by irradiation (Mintz, 1959) or by treatment with busulfan (Merchant, 

1975) indicated that testicular cord formation took place, regardless of the number 

of germ cells left. Therefore germ cells are not necessary for testicular cord 
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.~. formation. The developing testis becomes weil vascularized when the testicular 

cards form. Capillaries grow between the arches of the testicular cards. ln 

particular, the blood vessels in the developing tunica albuginea become clearly 

visible soon after sex differentiation. 

f. Leydig cell differentiation 

Steroidogenic Leydig cells differentiate within the second compartment of the 

testis, the interstitium. They were first described by Franz Leydig in 1850. 50 years 

later Bouin and Ance! demonstrated that these cells secrete a hormone that plays 

a role in establishing and maintaining the secondary male sex characteristics 

(Bouin & Ancel, 1903). Leydig cells often lie in clusters close to blood vessels, in 

line with their steroidogenic role. ln mammals there are two types of Leydig cells. 

The fetal Leydig cells originate, at least in part, in the mesonephros, and are 

responsible for the production of androgen for the fetal masculinization; these cells 

probably degenerate postnatally (Hardy et al, 1993). The adult Leydig cells, which 

differentiate after birth, appear to be unrelated to their fetal counterparts. They 

arise from undifferentiated precursor cells that are part of the mesenchymal cells 

of the interstitium (Hardy et al, 1993: Wilhelm et al., 2007). The Leydig cells are in 

fact the most patent cells in androgen synthesis. They differentiate in the 

interstitium shortly after the testicular cards have formed. During testicular 

differentiation the Leydig cells gain the characteristics of typical steroid-producing 

cells. The amou nt of endoplasmic reticulum increases and changes gradually from 

a rough to a tubular agranular form that occupies most of the cytoplasm. The 

mitochondria increase in number and become spherical with tubular cristae. The 

morphological differentiation of the fetal Leydig cells is closely correlated with 

steroidogenic activity. Differentiation of the Leydig cells appears to depend on the 

formation of the testicular cards. ln cultures of minced testicular tissue, 

testosterone production is decreased and the morphological differentiation of 

typical Leydig cells does not happen, whereas in cultures of intact testes with well

structured testicular cards, the Leydig cells differentiate weil and testosterone 
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l'· production is high. The development or maintenance of the appropriate enzymes 

necessary for synthesis of testosterone from progesterone seems to depend on 

interaction between cells of the testis cords and interstitium (Byskov, 1986). 

Progesterone may influence the differentiation of the testicular cords themselves 

and/or the differentiation of the steroid metabolic system of the Leydig cells. The 

number of Leydig cells that differentiate during early life changes with the 

secretion of testosterone by the testis. They are numerous and fully differentiated 

when testosterone reaches peak levels in the fetus, then they dedifferentiate, and 

testosterone production decreases (Byskov, 1986). Mitotic figures in Leydig cells 

are almost exclusively present during early stages of testicular development 

(Gondas, 1977). The fluctuation in the Leydig cell number seems to result from 

differentiation and/or regression of cells in relation to a fixed pool of Leydig cell 

precursors (Gondas, 1977; Wartenberg, 1981) si nee mitosis becomes rare or 

absent in later stages of development. Later on in the fetal development, the 

maintenance of Leydig cell function and steroid secretion is regulated by 

gonadotropins. 

g. Vascular and other interstitial cells 

Although Leydig cells are often considered as the major component of the 

testicular interstitium, there are several other interstitial cell types including 

endothelial cells, fibroblasts, and blood-derived cells such as macrophages, 

lymphocytes, plasma cells, monocytes, and mast cells. Endothelial cells together 

with PM and Leydig cells represent the third cell type that migrate into the testis 

from the mesonephros (Martineau et al., 1997). They form the male-specifie 

vasculature with the prominent coelomic vessel on the surface of the gonad and 

side branches in between the testis cords. The formation of the vasculature and 

the testis cords are intimately interwoven (Wilhelm et al., 2007). 

1.2.5. Ovarian differentiation 
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~ The ovary has two main functions: the production of steroid hormones and the 

generation of mature oocytes that are capable of being fertilized and developing 

into embryos. The functional unit of the ovary is the ovarian follicle which 

commences differentiation only after birth. The oocytes are surrounded by 

granulosa and thecal cells and mature in the ovarian follicles (Wilhelm et al., 

2007). ln the mouse, the fetal gonad appears inert for several days in females. 

However, female-specific gene expression commences as early as 11.5 dpc 

(Bowles et al., 2000; Jorgensen & Gao, 2005; Nef et al., 2005; Yao et al., 2004). 

Furthermore, there is a phase starting around 13.5 to 15.5 dpc, in which the poorly 

differentiated structure undergoes remodelling. The presumptive oocytes develop 

as interconnected cysts that are linked by cytoplasmic bridges (Pepling & 

Spradling, 1998). There is also a high degree of vascularization, with a dense 

network of small vessels (Bullejos et al., 2002) which demarcate strings of germ 

cells, also known as ovigerous cards (Konishi et al., 1986, Odor & Blandau, 1969). 

The function of this vascularization is not known. However, the vasculature in 

males and females might serve the same function, delivering exogenous growth 

factors to the somatic and/or germ cells. ln most mammals the characteristic sign 

of a differentiating female gonad is the presence of germ cells entering meiotic 

prophase (Peter, 1970) which indicates differentiation of an ovary and not a testis. 

However, in many species such as sheep, pig, cow, and rabbit initiation of meiosis 

is not the first sign of ovarian differentiation, since meiosis is delayed during an 

early period of ovarian differentiation when the germ cells are enclosed in more or 

less well-defined germ cell cards. ln the 12.5 dpc mouse ovary, germ cells gather 

in clusters that are uniformly distributed throughout the ovarian tissue. A thin rim 

resembling a tunica albuginea is present beneath the surface epithelium. During a 

limited period the ovarian surface epithelium may exert influences that are 

unfavourable for proliferation of germ cells and somatic cells. The ratio of germ 

cells to somatic cells is somewhat law in the basal part of the ovary, where 

mesonephric cells invade and where the first meiotic germ cells appear (Byskov, 

1978). 
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~· Formation of primordial follicles 

The ovarian morphology undergoes a rapid reorganization within the first 3 days 

after birth. The intracellular bridges between oocytes within the ovigerous cards 

break dawn, and a somatic epithelial monolayer of flattened squamous 

pregranulosa cells closely surrounds the single oocytes. These definitive 

primordial follicles are separated from the somatic compartment with a basement 

membrane which surrounds the pregranulosa cells. At the same time, there is a 

reorganization of the ovary into morphological compartments, the cortex, where 

the primordial follicles reside, and the medulla. During the formation of the 

primordial follicles, high levels of oocyte death occur (Beaumont & Mandl, 1963; 

Borum, 1961) due to a process known later as apoptosis, programmed cell death. 

lt is likely that a combination of intercellular and intracellular signais triggers this 

massive cell death, which limits the number of primordial follicles. ln contrast to 

the continuous proliferation of male germ cells, in females germ cells only 

proliferate during embryogenesis. lt has been long thought that the female has a 

limited number of primordial follicles, which, alongside the rate of depletion of this 

pool, determines the reproductive life span of females. Recent reports of germ li ne 

stem cells (GCS) resident within the bane marrow challenged this dogma. This 

pool of stem cells may refill the ovary with new oocytes (Johnson et al., 2004; 

Johnson et al., 2005), an exciting possibility that is yet to be confirmed. During the 

formation of primary follicles the pregranulosa cells become cuboidal and 

commence the proliferation, the oocyte increases in size, produces the zona 

pellucida, an extracellular glycoprotein matrix deposit between the oocyte and the 

granulosa cells, and subsequently thecal cells surround the follicle. ln fact, by the 

intragonadal factors that initiate the growth and extragonadal factors 

synchronizing granulosa and thecal cell function at later stages of folliculogenesis 

control these processes. On the other hand, other primordial follicles remain 

inactive until later so that there is a continuous production of preovulatory follicles, 

and follicles of each stage (primordial, primary, transitional, secondary, and antral) 

can be found at any given time. Moreover, not ali follicles eventually ovulate 
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~ successfully; many follicles are lost during folliculogenesis via atresia, a 

degenerative process involving loss of granulosa cells by apoptosis and 

subsequently the loss of the oocyte. 

1.3. Molecular genetics of gonadal differentiation (Fig.1.) 

1.3.1. SRY: the master gene 

SRY is the master gene that orchestrates the cascade of testis determination in 

mammals. lt was discovered 17 years ago by analysis of the small fragment of the 

Y chromosome that had translocated to the X chromosome in the XX male 

(Sinclair et al., 1990). Characterization of three XY female patients with gonadal 

dysgenesis but no apparent cytogenetic abnormalities carrying frameshift mutation 

and single base substitutions in SRY provided evidence that SRY serves as the 

testis-determining factor (TDF) (Berta et al., 1990; Jager et al., 1991 ). However, 

the real proof was derived from mouse studies; Sry (the mouse ortholog) is 

deleted in a line of XY female mice (Gubbay et al., 1990), Sry is expressed in the 

somatic component of the genital ridge at exactly the predicted time for testis 

determination (Koopman et al., 1990) and transgenic XX mice carrying a genomic 

fragment containing the Srygene develop as males (Koopman et al., 1991). 

The gene was then mapped to the short arm of human Y chromosome, close to 

the pseudo-autosomal region, and consists of a single exon that encodes a 204-

amino-acid protein encompassing a conserved DNA binding domain of 79 amino 

acids, the HMG box (Cotinot et al., 2002) (Fig. 2). HMG (high mobility class of 

non-histone proteins) domain is the site of nearly ali missense mutations causing 

XY gonadal dysgenesis (Hawkins, 1993; Poulat et al., 1994). Sorne of these 

mutations have been found to disrupt the interaction of SRY with DNA, affecting 

binding affinity or the angle of bend induced (Nasrin et al., 1991; Harley et al., 

1992; Pontiggia et al., 1994; Poulat et al., 1994). Surprisingly, outside this domain, 

the SRY protein is poorly conserved among mammals, particularly in humans and 
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~~ mice. ln human it remains possible that the HMG box might be the only 

functionally important domain required to bind and bend DNA and thereby allow 

SRY to act as an architectural factor, and also required for interacting with other 

proteins. The human SRY C-terminal domain has no obvious or conserved 

structure, except for the final seven amino acids, which interact in vitro with a PDZ 

domain protein (Poulat et al., 1997). The N-terminal region of the protein also has 

no obvious structure, but phosphorylation of a sequence within this domain 

enhances DNA binding activity (Desclozeaux et al., 1998). 

The mouse Sry gene codes for a protein containing an HMG box at N-terminus, a 

bridge region, and a glutamine rich region which occupies over half of the protein 

at its C-terminus (Gubbay et al., 1992) (Fig. 2). The glutamine-rich domain is 

specifie to mice and has an essential role in sex determination in vivo (Bowles et 

al., 1999); it has been suggested to be capable of acting as a transcriptional 

activation domain (Dubin and Ostrer, 1994 ). However, the lack of conservation of 

this domain in species other than mice raises doubts regarding its significance. 

SRY HMG domain binds to its target DNA in a sequence specifie manner, 

preferentially to AACAAT, and causes a bend of about goa in its flanking 

chromatin in vitro (Nasrin et al., 1991; Ferrari et al., 1992; Harley et al., 1992; King 

and Weiss, 1993; Natesan and Gilman, 1993). The HMG domain also contains 

two distinct nuclear localization signais (NLS) flanking the domain, the N-terminal 

bipartite NLS and the monopartite C-terminal NLS, which modulate the nuclear 

localization (Südbeck and Scherer, 1997; Harley et al., 1996). The NH2-terminal 

NLS is recognized and bound by calmodulin (CaM), whereas the COOH-terminal 

acts via lmportin-~1 (Forwood et al., 2001 ). There are reports that SRY acts as a 

transcriptional activator, but also as a represser. lt is suggested that SRY forms 

transcriptional regulation complexes by interacting with other sex determining 

proteins or co-factors, encoded by autosomal and/or X-located genes, in 

mediating its biological function(s) (Eicher et al., 1996; Brennan and Capel, 2004). 

For both mouse and human SRY, a putative transactivation domain (TAO) has 

been described. The hinge or bridge region interacts with mouse SRY-interacting 
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.~ protein 1 (SIP-1/ NHERF2) and the KRAB-only protein (a novel protein containing 

only a Kruppel-associated box (KRAB) domain) (Poulat et al., 1997; Thevenet et 

al., 2005; Oh et al., 2005). This region is the only part outside the HMG box that 

shows reasonable homology between different species and human SRY interacts 

with SIP-1/ NHERF2 via its COOH terminus. Mutations in this region can lead to 

sex reversai in humans (Shahid et al., 2004; 2005). lnterestingly, KRAB-only 

protein interacts with a corepressor complex leading to gene silencing, which 

would support the long-standing hypothesis that SRY acts as a represser 

(McEireavey et al., 1993). Another protein, poly (ADP-ribose) polymerase-1 

(PARP-1 ), is expressed in mouse fetal gonads at the time of sex determination 

and co-localized with SRY in the nuclei of pre-Sertoli cells. The interactive 

demains have been mapped to the HMG box of SRY and the zinc fingers of the 

PARP-1 protein, respectively. ln the presence of its substrate, PARP-1 poly(ADP

ribosyl)ates minimizes severely the DNA-binding activities of SRY. PARP-1 

represses Sry-mediated transactivation of a reporter gene in cultured cells. Hence, 

PARP-1 could modulate the regulatory function(s) of SRY on its target genes (Li et 

al., 2006). ln addition to the direct transcriptional regulation, SRY has been 

implicated to play a role in splicing and thereby posttranscriptional control of gene 

expression, but the significance in vivo and genes that might be regulated are yet 

to be determined. 

Sry is expressed within the pre-Sertoli cells; it was first demonstrated by analysis 

of chimeric mouse gonads made of aggregation of the XY and XX embryos. Prior 

to the identification of Sry analysis of XX/XY chimeric testes indicated that Sertoli 

cells show a strong bias for the presence of a Y chromosome, whereas ali other 

lineages in the testis could be XX or XY with equal probability (Burgoyne, 1988; 

Palmer & Burgoyne, 1991 a). ln the mou se embryo, Sry exhibits a tightly controlled 

and limited spatiotemporal profile of expression in the pre-Sertoli cells of the XY 

gonad (Aibrecht and Eicher, 2001; Sekido et al., 2004; Wilhelm et al., 2005; 

Taketo et al., 2005). Early studies revealed that Sry is first expressed around 10.5 
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,~ days post coitum (dpc), shortly after the emergence of the genital ridges, reaches 

peak levels of expression at 11.5 dpc, and is extinguished shortly after 12.5 dpc in 

mou se (Koopman et al., 1990; Hacker et al., 1995; Jeske et al., 1995 ). Deeper 

analyses using in situ hybridization, transgenic reporter expression and 

immunofluorescence revealed that Sry mRNA and SRY protein display a dynamic 

expression pattern similar to a wave that emanates from the central longitudinal 

region of the genital ridges, then extends to rostral and caudal poles, and 

extinguishes in the order central-rostral-caudal (Al brecht and Eicher, 2001; 

Bullejos and Koopman, 2001; Sekido et al., 2004; Wilhelm et al., 2005). Mouse 

SRY protein is robustly expressed at 11.5 dpc (Wilhelm et al., 2005; Taketo et al., 

2005), despite the low level of mRNA expression. lndividual cells are exposed to 

SRY activity for a period estimated at 8 hours or less (Sekido et al., 2004; Wilhelm 

et al., 2005). The correct timing of Sry expression is crucial for its function. Sry 

clearly throws a molecular switch to engage a male- specifie cascade of molecular 

events, but continued expression of Sry is not required for these events to unfold. 

/~ 

1.3.2. Other genes involved in gonadal sex differentiation 

a. Bipotential stage 

Severa! genes are crucial for early gonadal development in both sexes, such as 

Lim1 (LIM homeobox gene 1 ), Lhx9 (LIM homeobox gene 9), Emx2 (empty

spiracles homeobox gene 2), Wt1 (Wilms' tu mor suppressor 1 ), and Sf1 

(steroidogenic factor 1 ). Mice homozygous for a null mutation of these genes lack 

genital ridges or have a blockage in genital ridge development (Shawlot & 

Behringer, 1995; Birk et al., 2000; Miyamoto et al., 1997; Kreidberg et al., 1993; 

Luo et al., 1994; Ottolenghi et al., 2001). Kidneys and gonads are missing in the 

Um1, Wt1, and Emx2 nu li mutants. Emx2 is essential for the formation of genital 

tracts. Lhx9 can bind directly to the Sf1 promoter and has an additive effect to the 

WT1-induced activation in vitro. ln mice lacking Lhx9 function somatic cells of the 

genital ridge fail to proliferate and a discrete gonad fails to form. Unlike mice 
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.~ lacking other genes that mediate early stages of gonadogenesis, Lhx9 mutants do 

not exhibit additional major developmental defects. Thus, LHX9 mutations may 

underlie certain forms of isolated gonadal agenesis in humans (Cotinot et al., 

2002). Another gene, M33, homologous to Po/ycomb genes in Drosophi/a, has 

been shawn to play a role in testis differentiation, probably by interfering with 

steps upstream of Sry. M33 null mice underwent a significant delay in 

gonadogenesis in bath sexes. This retardation of gonad formation leads to the 

development of small avaries in XX null mice and to partial or complete male to 

female sex reversai in XY null mice (Katoh-Fukui et al., 1998). 

~~. 

ln addition to the mentioned genes, sorne of the genes involved in establishing 

sexual dimorphism are initially expressed in similar patterns in XX and XY gonads, 

including Dax1 (dosage-sensitive sex reversai-congenital adrenal hypoplasia 

critical region on the X chromosome protein 1 ), Sox9 (Sry-like HMG box 9), Fgf9 

(fibroblast growth factor 9), and Wnt4 (wingless-related MMTV integration site 4), 

which is consistent with the idea that cells in the gonadal primordia are poised 

between two developmental pathways (Kim et al., 2006). On the other hand, 

genes su ch as Ir, /rr, and /gf1 r, together with Wt1 and Sf1 are thought to promote 

the expression of Sry in the XY gonads at the end of this developmental stage. 

Triple mutants of three insu lin growth factor receptors (Ir, /gf1 r, lrr), show male to 

female sex reversai; Sry levels are reduced and male development is not 

established. However, the primary role of insulin growth factor signalling in testis 

development is yet to be clarified (Nef et al., 2003). Special mention must be 

made of Wtl and Sf1 because these two genes arise at severa! levels in sexual 

differentiation. Their roles in gonadal formation have been mainly demonstrated by 

targeted disruption in the mouse (Cotinot et al., 2002). 

SF1 

SF1 is a nuclear receptor found predominantly in the endocrine tissues that 

control reproduction: the ventromedial hypothalamus, pituitary gonadotropes, 
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adrenal gland and gonad (Ikeda et al., 1996). Sf1 is expressed in the urogenital 

ridge at E9.5 (Ikeda et al., 1994; Ikeda et al., 2001 ). ln the male gonad, SF1-

positive cells can be found in a population of coelomic epithelial cells that give rise 

to both Sertoli and interstitial cell precursors (Schmahl et al., 2000). ln the Sertoli 

cell-lineage, one target of SF1 is the anti-Müllerian hormone (Amh/Mis) gene 

(Shen et al., 1994). Later in testis development, Sf1 expression intensity increases 

in the interstitial Leydig population where it regulates the expression of multiple 

steroidogenic enzyme genes necessary for testosterone production (Ikeda et al., 

1996; Morohashi et al., 1993). Sf1 is considered to be a master regulator of the 

reproductive system because it regulates the expression of a large array of genes 

required for gland development and hormone synthesis (Parker et al., 2002). SF1 

protein acts by binding to a cognate DNA-response element (Rice et al., 1991) in 

the promoter regions of these genes. Unlike most nuclear receptors, SF1 binds 

DNA as a monomer (Wilson et al., 1993). SF1 interacts with a number of 

transcriptional co-activators (Val et al., 2003), and phosphatidyl inositol lipids may 

serve as ligands to regulate transcriptional activity (Krylova et al., 2005). ln Sf1 

null mutants adrenal glands and gonads are absent, due to increased 

programmed cell death in the cell populations that normally give rise to these 

tissues (Luo et al., 1994), causing the death of mice very early in postnatallife. ln 

the XY gonad, the failure of testis differentiation results in persistence of Müllerian 

structures at birth. Prior to regression of the gonad rudiment in the Sf1 

homozygous knockout, primordial germ cells are detectable in the gonadal ridge 

(Luo et al., 1994 ). Th us, the primary role of Sf1 in gonad development in volves the 

somatic cell lineages. Even heterozygous mutation of the SF1 gene has been 

associated with 46,XY sex reversai and adrenal failure in humans (Achermann et 

al., 1999). 

WT1 

WT1 is a zinc finger gene which is mutated in a proportion of nephroblastomas, an 

embryonic kidney tu mor fou nd in 1 of 10,000 newborn. Du ring development, the 
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~ WT1 gene is expressed in the bipotential gonad and then becomes localized in 

the Sertoli cells of the testis and granulosa and epithelial cells of the ovary 

(Pritchard et al., 1990; Pelletier et al., 1991). ln vitro and in vivo studies suggest 

that WT1 can act as both a transcriptional represser (Menke et al., 1998) and 

activator (Lee et al., 1999). lt has at least 24 different isoforms; of particular 

interest are the two KTS isoforms, +KTS and -KTS, depending on alternative 

splice donor sites at the end of exon 9, leading to the insertion or omission of 

three amino acids (KTS) between zinc fingers 3 and 4. The alternative splice site 

is highly conserved during evolution and can be found in ali vertebrates (Kent et 

al., 1995; Miles et al., 1998). lncreasing evidence indicates th at +KTS and -KTS 

isoforms serve distinct functions within the nucleus. -KTS isoforms are generally 

more active in transcriptional regulation; to date, a number of genes including Sf1 

have been shown to be activated by -KTS in vitro. On the other hand +KTS 

products have been shown to colocalize with splicing factors and associate with 

spliceosomes (Larsson et al., 1995; Ladomery et al., 1999; Englert et al., 1995). 

Biochemical studies show different properties of WT1 isoforms in their interaction 

with other proteins: e.g., the splicing factor U2AF65 has a stronger affinity to +KTS 

variants (Davies et al., 1998), whereas steroidogenic factor 1 SF1 binds 

preferentially to -KTS isoforms (Nachtigal et al., 1998). The two isoforms also 

differ in their binding affinity to nucleic acids. lndeed, in vitro studies (Caricasole et 

al., 1996) and computer modeling (Kennedy et al., 1996) suggest that +KTS 

proteins can bind to RNA and it has been speculated that they may play a role in 

posttranscriptional modification. Finally, NMR relaxation experiments demonstrate 

that the insertion of the KTS sequence leads to an increased linker flexibility and 

loss of DNA binding of zinc finger 4, hence providing a molecular basis for the 

differentiai affinity of + and -KTS variants to DNA (Laity et al., 2000). Wt1 plays 

important roles in differentiation of bipotential gonad in both sexes; it is required 

for the survival and differentiation of gonadal cells. WT1 regulates Dax-1 via Ge

rich binding sites upstream of the Dax-1 TATA box (Kim et al., 1999). Wt1 appears 

to turn on Sry expression and subsequently be turned off by Sry expression. ln 

addition to its roles at the bipotential stage, Wt1 is essential at multiple steps in 
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t' testicular development: for instance, it is essential for the maintenance of Sertoli 

cells and seminiferous tubules in the developing testes. Conditional knockout mice 

in which Wt1 function was ablated specifically in Sertoli cells at 14.5 dpc resulted 

in disruption of developing seminiferous tubules and subsequent progressive loss 

of Sertoli cells and germ cells. Particularly, expression of Sox9 in these Sertoli 

cells was turned off, suggesting that WT1 regulates Sox9, either directly or 

indirectly, after Sry expression cornes to an end (Gao et al, 2006). Recently it has 

been demonstrated that Wt1 and Amhr2 (AMH receptor 2) are coexpressed during 

urogenital development and that the WT1-KTS protein binds to specifie sites in the 

promoter region of the Amhr2 gene. AMHR2 is an essential factor for the 

regression of the Müllerian duct in males, indicating a novel function for Wt1 in 

Müllerian duct regression (Kiattig et al., 2007). 

~-

b. Genes involved in testicular differentiation downstream of SRY 

SOX9 

SOX9, located on the human chromosome 17, encodes a SRY related HMG box

containing factor which is both necessary and sufficient for the differentiation of 

Sertoli cells (Kent et al., 1996; Morais da Silva et al., 1996). SOX9 was discovered 

by high-resolution mapping of the breakpoint in one patient with both sex reversai 

and a severe skeletal malformation syndrome known as campomelic dysplasia 

(CD) (Wagner et al., 1994; Tommerup et al., 1993; Foster et al., 1994). From an 

evolutionary point of view, SOX9 appears to be highly conserved among 

mammals as weil as in other vertebrate species, such as birds and reptiles (Kent 

et al., 1996; Morais da Silva et al., 1996; Western et al., 1999). SOX9 mutations 

occur throughout the Open Reading Frame (ORF), unlike those in SRY that 

generally cluster within the HMG box. Mutations in the SOX9 ORF outside the 

HMG box are nonsense and frameshift mutations that disrupt the C-terminal 

domain of the protein and alter the ability of SOX9 to efficiently activate 

transcription of target genes (Sud beek et al., 1996; Ng et al., 1997; McDowall et 
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(' al., 1999). SOX9 mutations include splice acceptor/donor changes and missense, 

nonsense, translocation, and frameshift mutations (Wagner et al., 1994; Foster et 

al., 1994; McDowall et al., 1999; Meyer et al., 1997; Kwok et al., 1995; Hageman 

et al., 1998). There is no correlation between severity of the disease or associated 

sex reversai and mutation type with many of the same mutations causing varying 

degrees of gonadal dysgenesis and bone malformations (Kwok et al., 1995). Sox9 

is expressed first at low levels in the indifferent gonad of both sexes, but becomes 

dramatically upregulated in Sertoli cells after the onset of Sry expression in a very 

similar spatio-temporal pattern to Sry (Harley et al., 2003). However, in contrast to 

Sry, Sox9 expression is maintained in Sertoli cells until after birth. SOX9 contains 

two weil defined transactivation domains and has been implicated in the up

regulation of several genes such as MIS and Vanin-1. As weil, SOX9 binds to the 

Prostaglandin D Synthase (Pgds} gene promoter and regulates its transcription in 

vivo to ensure testis development (Wilhelm et al., 2007a). On the contrary, 

another study showed that Prostaglandin 02 induces nuclear import of the SOX9 

via its cAMP-PKA phosphorylation (Malki et al., 2005). Sox9 is responsible for the 

maintenance, but not initiation of Sf1 expression in Sertoli cells. Consequently 

Sox9 with Sf1 regulate Amh (MIS) and Vanin-1 activation in Sertoli cells. Another 

putative target of SOX9 could be fibroblast growth factor 9 (Fgf9), recently shawn 

to have a crucial role in testis differentiation (Calvin et al., 2001 ). 

PGD2 

Prostaglandin 02 (PGD2), produced by Prostaglandin D synthase (Pgds), is 

synthesized in many organs and has been implicated as a signalling molecule in 

the mediation or the regulation of various biological processes including platelet 

aggregation, bronchoconstriction and allergie diseases (Matsuoka et al, 2000; 

Breyer & Breyer, 2001 ). PGD2 interacts with two receptors, the specifie 

membrane-bound DP receptor associated with adenylcyclase and intracellular 

cAMP production (or DP1) (Soie et al, 1995; Breyer & Breyer, 2001 ), and a novel 
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receptor, CRTH2 (chemo attractant receptor T helper type 2 (Th2) cells) (or DP2), 

which is cou pied to Ca2+ signalling (Hirai et al, 2001; Mon neret et al, 2001 ). Pgds 

is expressed in Sertoli cells immediately after the onset of Sox9 expression. 

Subsequently, PGD2 acts as a paracrine signal by recruiting the supporting cell 

lineage to the Sertoli cell tate in arder to ensure that Sertoli cell differentiation 

reaches a certain threshold to induce normal testis development (Wilhelm et al., 

2007). lt masculinises 11.5 dpc XX gonads and induced MIS expression, a Sertoli 

cell marker in culture (Adams and Mclaren, 2002). However, PGD2 is considered 

as an autocrine factor for SOX9; it induces SOX9 nuclear translocation via its 

protein kinase A (PKA) phosphorylation in NT2/D1 cells, which is modulated via 

DP1 receptor of PGD2 and the subsequent stimulation of the cAMP pathway 

(Malki et al., 2005). 

MIS 

The existence of MIS was first suggested by Alfred Jost in the 1940s. MIS is 

synthesised as a 575 (bovine) or 560 (human) amino acid precursor with a 24-25 

amino acid leader containing a 16-18 amino acid signal sequence and a putative 

7-8 residue pro-sequence. The carboxyl-terminal region of MIS shares homology 

with that of members of the transforming growth factor p (TGF-P) superfamily. The 

human MIS gene was mapped on chromosome 19 p13.3 (Cohen-Haguenauer et 

al., 1987); it encompasses five exons characterised by a high GC content. The 

mouse Mis promoter contains an al most perfect TATA box, wh ile the hu man one 

lacks consensus TATA or CCAAT box elements. Human MIS transcript has been 

shawn to contain a functional initiator (lnr) element that is specifically recognised 

by transcription factor TFII-1 (Morikawa et al., 2000). More recently a 

housekeeping gene, named, was found which encodes for one spliceosome 

protein, at -789 from the human MIS ATG codon (and -434 in the mouse). The 

finding of SAP62/SF3A2 has led to the identification of binding elements for 

SOX/SRY proteins (Haqq et al., 1993, 1994; de Santa Barbara et al., 1998), SF-1 

(Shen et al., 1994; Watanabe et al., 2000) and GATA factors (Tremblay and Viger, 
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~ 1999; Watanabe et al., 2000; Beau et al., 2000). MIS is the first factor secreted by 

differentiated Sertoli cells in the testis, and causes the Müllerian duct regression in 

males (Behringer et al., 1990) by triggering a BMP-Iike signalling pathway through 

MIS type Il receptor (MISIIR) and probably the type 1 receptor ALK2 (Roberts et 

al., 2002). The MISIIR is expressed in the mesenchyme surrounding the Müllerian 

duct in XY and XX animais, and in Sertoli and granulosa cells in embryonic and 

adult testes and ovaries, respectively. This regression can be an indirect effect 

because these receptors are expressed in the mesenchymal cells surrounding the 

Müllerian duct, but apoptosis is induced in cells of the Müllerian duct epithelium. 

Recently, MMP2, a member of the extracellular matrix metalloproteinase family, 

has been identified as a candidate target of MISIIR signalling. lt seems to function 

as a paracrine death factor causing apoptosis in the epithelial cells (Roberts et al., 

2002). lnterestingly, male mice carrying null alleles for Mis retain their Müllerian 

ducts but develop normal testes. Therefore, Mis does not seem to have an 

essential role du ring male gonad development (Behringer et al., 1994 ). lt has been 

reported that MIS can induce migration from the mesonephros into XX gonads in 

;---

vitro, yet in gonads from Mis null mutant mice, migration occurs normally. 

Therefore, if MIS has a role in mesonephric cell migration in vivo, it is redundant 

with other TGF-P family members (Ross et al., 2003). 

FGF9 

FGF9 encodes a signaling molecule involved in gonadal proliferation. There 

seems to be a positive interaction between Sox9 and Fgf9. Besides, Fgf9 is 

thought to antagonize the up-regulation of Wnt4 in XY gonads (Kim et al., 2006). 

lndeed, its invalidation in mice leads to male to female sex reversai with 

phenotypes ranging from testicular hypoplasia to complete sex reversai. The main 

role of Fgf9 in testis differentiation is to control mesonephric cell migration into the 

XY gonad. More than 80% of the Fgf9 null mutant XY mice do not express Sertoli 

cell markers, such as Sox9 and Amh and fail to form testis cord structures so that 

they develop as sex-reversed females (Colvin et al., 2001 ). Fgf9 is essential for 
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~ two events in early testis development at about 11.5 dpc; to increase the 

proliferation of pre-Sertoli cells, and to localize an FGF receptor (FGFR2) in the 

nucleus of differentiating Sertoli cells. ln fact, the nuclear localization of FGFR2 

overlaps with the expression of Sry in Sertoli cells and colocalizes with SOX9, 

although growth factor receptors have been seen in the nuclei of cultured cells 

(Goldfarb, 2001; Wells and Marti, 2002). 

c. Other important genes 

Other members of three signalling pathways that play a role in early testis 

formation include platelet derived growth factor receptor alpha (Pdgfr-a) (Brennan 

et al., 2003), Desert hedgehog (Dhh) (Yao et al., 2002) and the insulin growth 

factor receptors (Nef et al., 2003). XY mice homozygous for deJetions of Pdgfr-a 

or Dhh exhibit abnormalities in the structural development of the testis and in the 

differentiation of the Leydig cells, but they do not show primary defects in Sertoli 

cell differentiation, and they are not sex reversed. Thus, although Pdgfr-a and 

Dhh are necessary for testis development, they are not crucial for Sertoli cell 

differentiation and the primary commitment to the testis fate. lt has been shown 

that Pdgfr-a expression in gonadal cells is important for the mesonephric cell 

migration. More recently expression profiling of genital ridges and pre-Sertoli cells 

at the time of sex determination and early sexual differentiation by microarray 

have revealed novel candidate genes (Nef et al., 2005, Beverdam & koopman, 

2006; Bouma et al., 2007; Clement et al., 2007; Cory et al., 2007) 

d. Genes involved in ovarian pathway 

Though Jess studied, indeed, ovarian development must involve the coordinated 

activity of a large number of genes. Of particular note are the possible roles of four 

genes likely to be involved in early development of the ovary; Wnt4, Dax1, Fst, 

and Fox/2. 
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WNT4 

WNT4 is conserved throughout vertebrates and was originally studied in non

mammalian vertebrates such as zebrafish, chicken and Xenopus (Hollyday et al., 

1995; Ungar et al., 1995). ln these species, WNT4 is expressed in the developing 

brain and appears to play a crucial role in inhibiting cell movement during 

embryogenesis (Hollyday et al., 1995; Ungar et al., 1995). ln mammals, WNT4 

function was initially studied during nephrogenesis in the metanephric kidney as 

mice lacking Wnt4 die shortly after birth due to kidney failure (Stark et al., 1994). 

Besides, Wnt4 is required for mesenchymal to epithelial transformation, an 

essential step in kidney tubule formation (Kispert et al., 1998). More recently, it 

was observed that Wnt4 is also expressed in the mesonephros and the gonad and 

its expression is in close association with the Müllerian duct. This observation 

indicated that Wnt4 may be important for the development of the reproductive 

system (Bernard & Harley, 2007). Wnt4 is expressed in the embryonic gonad of 

both sexes at early stages of development and after the action of Sry in the XY 

gonad its expression becomes ovary specifie (Vainio et al., 1999). Expression of 

Wnt4 is first observed in the mesonephric mesenchyme and coelomic epithelium 

from 9.5 dpc onwards. At 11 dpc, Wnt4 is expressed in the mesenchyme of the 

indifferent gonad and the mesonephroi of bath sexes, but is downregulated in the 

male gonad 12h later. The Wnt4 expression persists in the mesonephroi as weil 

as in the female gonad and the mesenchyme surrounding the Müllerian ducts 

(Stark et al., 1994; Vainio et al., 1999). Wnt4 seems to have several roles in 

sexual differentiation; Wnt4 inhibits the migration of adrenal precursors and 

endothelial cells into the developing XX gonad, preventing bath the formation of a 

male-specifie coelomic blood vessel and ectopie steroid production (Jeays-Ward 

et al., 2003; Vainio et al., 1999), suggesting that Wnt4 acts to positively regulate 

ovary differentiation. Wnt4 null mutant XX mice show partial sex reversai; 

masculinisation, a massive loss of germ cells by apoptosis (that at 16.5 dpc 

depletes the entire pool of oocytes) and ectopie expression of enzymes involved in 

steroid hormone biosynthesis. ln these animais the gonad has the appearance of 
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~ a testis: round, unencapsulated, and associated with a fat body; the Müllerian 

ducts are missing and the Wolffian ducts further differentiate. However, the 

gonads do not form testis cords or express Sertoli cell-specific markers (Vainio et 

al., 1999). ln male mice which ectopically express Wnt4 proper testicular vascular 

development and androgen production is absent. However, in these mice Leydig 

cells differentiate and the gonad still forms a coelomic vessel, but the structure 

and the branching of coelomic vessel are abnormal (Jeays-Ward et al., 2003; 

Jordan et al., 2003). This suggests that either WNT4 is not the only factor 

responsible for repressing male-specifie vascularization in the ovary, or testes 

express a factor that can overcome, at least in part, WNT4 mediated repression. 

WNT4 seems to exert these functions via the upregulation of follistatin, as 

suggested by expression and null mutation analysis (Yao et al., 2004). 

DAX1 

DAX1 (DSS AHC critical region on the X chromosome, gene 1) (Muscatelli et al., 

1994) also known as NROB1 (nuclear receptor subfamily 0, group B, member 1), 

an orphan receptor belonging to the superfamily of nuclear receptor transcription 

factors, is composed of two exons that encode a 470 amino acid protein. DAX1 is 

unusual among nuclear receptors because it lacks the highly conserved zinc

finger DNA-binding domain (Zanaria et al., 1994 ). lnstead, the ami no terminus of 

DAX1 contains a repeated peptide sequence comprising variations of a 

hydrophobie LXXLL-Iike motif (Zhang et al., 2000) that mediates protein-protein 

interactions (Suzuki et al., 2003). DAX1 may bind to certain DNA hairpin 

structures and to RNA (Lalli et al., 2000), but its major transcriptional regulatory 

action involves direct interactions with other nuclear receptors, including SF1 

(Holter et al., 2002; lto et al., 1997; Zhang et al., 2000). The carboxyl terminus of 

DAX1 contains a transcriptional repressor domain (lto et al., 1997; Zazopoulos et 

al., 1997) that interacts with several different co-repressors (Aitincicek et al., 2000; 

Crawford et al., 1998). The N-terminal region of DAX1 is thought to serve as a 

DNA-binding domain and the C-terminal region contains a putative ligand-binding 
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~ domain (Bae et al., 1996). ln humans and mice, DAX1/Dax1 is expressed 

throughout the hypothalamic-pituitary-adrenal/gonadal axis (Ikeda et al., 1996; 

Hanley et al., 2000; Ikeda et al., 2001 ). Although DAX1 represses the 

transcriptional activating potential of a number of proteins through protein-protein 

interaction (Ciipsham & McCabe, 2003), it is possible that DAX1 has additional 

functions, such as directly mediating gene expression by binding to DNA or RNA 

(Ludbrook and Harley, 2004). XY humans with a duplication of DAX1, a 160 kb 

region on chromosome Xp21 exhibit gonadal dysgenesis and develop ambiguous 

or female external genitalia (Bardoni et al., 1994), a condition known as dose

sensitive sex-reversal (DSS). Alternatively, a mutation within or a complete 

deletion of this chromosomal region causes X-linked ad renal hypoplasia congenita 

(AHC) in which XY individuals develop adrenal insufficiency and 

hypogonadotropic hypogonadism (HH), leading to delayed puberty (McCabe, 

2001 ). lt was originally thought that DAX1 was an ovarian determining gene, 

based on sex reversai data in humans (Bardoni et al., 1994; Swain et al., 1996). 

More recent studies, however, have challenged this view and suggested that Dax1 

,~ 

is involved in testicular development. One model of SF1 and DAX1 action 

proposes that the N terminus of DAX1 interacts with SF1, and recruits repressors 

to the SF1 transcription complex, thereby inhibiting the expression of SF1-

regulated genes such as Star, Dax1, Lhb, 3{3HSD (Hsd3b - Mouse Genome 

lnformatics), Cyp19, Cyp11a1 and Mis (Lalli et al., 1998; Nachtigal et al., 1998; 

Salvi et al., 2002; Suzuki et al., 2003; Tabarin et al., 2000; Wang et al., 2001; 

Zazopoulos et al., 1997). Another model suggests that although SF1 and DAX1 

function as transcriptional antagonists for many target genes in vitro, they act 

independently or cooperatively in vivo to enhance the expression of the Sertoli

derived factors Dhh and Amh, mediating somatic cell differentiation during testis 

development (Park et al., 2005). Three studies have dealt with loss of Dax1 

function. The first report investigated gonad development in 129Sv/J mice 

containing a Dax1 exon 2 (ligand-binding domain) deletion (Dax1-). Heterozygote 

adult males for this Dax1 mutation had smaller than normal testes with impaired 

testicular germinal epithelial development and eventual germ cell loss (Yu et al., 
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1998). By contrast, homozygous Dax1- mice were fertile females. A second study 

examined testicular development in fetal 129Sv/J Dax1-N mice (Meeks et al., 

2003a). Testis development appeared to progress normally until E13.5, when 

sorne testis cards appeared disorganized and incomplete. The third study 

examined the effects of the Dax1- allele in mice containing a mixed genetic 

background and a Mus domesticus poschiavinus Y chromosome (YP08
) (Meeks et 

al., 2003b). Combining a 'weaker' Sry (sex-determining region of chromosome Y) 

allele on yPos (Eicher et al., 1995) and Dax1- caused sex reversai in Dax1-/YPos 

mice (Bouma et al., 2005). 

FST 

FST (Follistatin) encodes an activin binding protein known to regulate the 

hypothalamic-pituitary- gonadal axis (Phillips and de Kretser, 1998). Fst acts 

downstream of Wnt4 to inhibit the formation of the coelomic vessel and to 

maintain germ cell survival in the cortical domain of the ovary. The same as Wnt4 

null mutant mice, Fst null mutants form coelomic vessels and lose germ cells (Yao 

et al., 2004). Without Wnt4 or follistatin, female germ cells enter meiosis normally 

but undergo massive apoptosis at E16.5, leading to loss of the entire population at 

birth. lntriguingly, germ cell apoptosis normally occurs in the medullary region of 

the ovary, whereas in the affected avaries, apoptotic germ cells appear in both 

medullary and cortical regions (Vainio et al., 1999; Yao et al., 2004). The 

WNT4/follistatin signaling cascade is unique in that it has both anti-testis 

(inhibition of the coelomic vessel) and pro-ovary properties (survival of meiotic 

germ cells). WNT4 and follistatin produced by somatic cells seem to create a 

protective niche in the ovarian cortex to maintain survival of female germ cells, 

which may explain why under normal circumstances, follicle formation occurs 

primarily in the cortex of the ovary. These two molecules represent the first 

organized signalling cascade in early ovarian development (Cederroth et al., 

2007). 
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FOXL2 

FOXL2 is a single-exon gene encoding a transcription factor with a "forkhead" 

DNA binding domain. As weil the protein has a polyalanine tract (n = 14) with a 

currently unknown function. Noteworthy, 30% of mutations consist in the 

expansion of this poly-ALA tract. The FOXL2 gene is highly conserved among ali 

studied vertebrates; however its conservation is more distinct in the C-terminal 

domain rather than in the N-terminal part of the protein. ln humans, the FOLX2 

protein is expressed in the nucleus of fetal eyelid muscular cells and in 

mesenchymal pregranulosa cells and later in granulosa cells before its expression 

ceases postnatally (Schmidt et al. 2004). On the contrary, FOXL2 could be 

detected neither in the oocyte nor in the fetal or adult testes in the human, mouse, 

goat, chicken and fish (Govoroun et al., 2004; Baron et al., 2004). Heterozygous 

Fox/2+1- mice have a normal phenotype. However, Fox/2 null mutant mice present 

eyelid malformation and the females develop sterility while males remain fertile. 

Fox/2 null mutant XX mice display a normal ovarian differentiation at birth, but 

later they develop premature ovarian failure. This failure is due to altered 

differentiation of granulosa cells which are not able to form follicles (Uda et al., 

2004; Schmidt et al., 2004). FOXL2 also has been implicated in a human 

congenital disease, blepharophimosis-ptosis-epicanthus inversus syndrome 

(BPES) (Crisponi et al., 2001 ), which is characterized by eyelid abnormalities and 

is often associated with premature ovarian failure, implying a functional role in 

ovarian development or maintenance (Wilhelm et al., 2007). Furthermore, FoxL2 

plays a role in the autosomal XX sex reversai phenotype of the polled intersex 

syndrome in goats (Pailhoux et al., 2002). FOXL2 represses male sex 

determination; goats with FOXL2 deletion showed both a lack of horns (thought to 

be homologous to the eyelid anomalies in BPES) and XX maleness (polled

intersex, PIS) (Pailhoux et al., 2001 ). lnterestingly, a male differentiation program 

is indeed initiated in Fox/2 null mutant female mice, indicating that Fox/2 may 

function as a conserved represser of the genetic program for somatic testis 

determination in mammals (Ottolenghi et al., 2005). 
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1.4. TAT technology 

Protein transduction with cell penetrating peptides over the past several years has 

been shown to be an effective way of delivering proteins in vitro and now several 

reports have also shown valuable in vivo applications in correcting disease states. 

An impressive bioinspired phenomenon of crossing biological barriers came from 

HIV transactivator TAT protein. ln 1988, Green and Frankel independently 

discovered HIV TAT protein is able to cross cell membranes (Green & 

Loewenstein, 1988; Frankel & Pabo, 1988). ln 1994, Fawell et al. demonstrated 

that chemically cross-linking a 36-amino acid domain of TAT to heterologous 

proteins conferred the ability to transduce into ce lis (Fawell et al., 1944 ). lt was 

also shown that PTD-beta-gal fusion protein applied intraperitoneally entered the 

brain after crossing the blood-brain barrier (BBB) (Schwarze et al., 1999). 

Subsequently, several other studies have also reported effective biodistribution of 

therapeutically important proteins in vivo by using PTD (Dietz et al., 2004; Soane 

& Fiskum, 2005). Other transduction demains were identified that reside in the 

Antennapedia (ANTP} protein from Drosophila and HSV VP22 protein from HSV. 

Specifically, the protein transduction domain of HIV TAT has been shown to be a 

potent pleiotropic peptide in protein delivery. ln the first exon of HIV TAT, a region 

coding for the basic domain from 48 to 56 amino acid residues is responsible for 

nuclear localization and protein transduction ( Vives et al., 1997: Fawell et al., 

1944: Nagahara et al., 1998). 

Several studies have reported strong protein transduction property in vivo and in 

vitro after fusion with various fulllength or truncated proteins (Dietz et al., 2004). lt 

has also been reported that TAT fusion protein can direct the peptides to the 

nucleus of a variety of mammalian cells (Li et al., 2003). 

Various approaches such as molecular modeling, arginine guanidinium head 

group structural strategy, multimerization of PTD sequence and phage display 

system have been applied for ta ming of the PTD. This has resulted in identification 

of PTD variants which are efficient in cell membrane penetration and cytoplasmic 
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~ delivery (Chauhan et al., 2007). ln spite of these state of the art technologies, the 

dilemma of low protein transduction efficiency and target specifie delivery of PTD 

fusion proteins remains unsolved. Moreover, sorne misconceptions about PTD of 

TAT in the literature require considerations. 
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2. Hypothesis 

Based on T AT fusion protein technology and the fa ct th at mo use SRY prote in 

needs to be intact in order to initiate testicular differentiation, we hypothesized that 

TAT-SRY protein, which contains the whole SRY protein, could induce testicular 

differentiation in XX gonads. ln addition, we anticipated the testicular 

differentiation in XY gonads to be impaired by the presence of TAT-HMG, a 

dominant-negative mutant SRY protein, for the following reasons. TAT-HMG 

contains only DNA binding motif of SRY protein, thus, we assumed that it would 

compete with the endogenous SRY in binding to its target site on DNA. Besides, 

TAT-HMG lacks the bridge and glutamine rich regions which are required for the 

proper coordination of SRY lnteracting Proteins (SIPs) and testicular 

differentiation in mouse. 

ln accordance with our results we assumed that the disturbance of differentiation 

was the effect of DMSO and not TAT-HMG and we speculated that TAT-HMG was 

acting at SRY level and DMSO was acting downstream of SRY upstream of SOX9 

to support testicular differentiation. 

We then attempted to rescue testicular differentiation by one of the candidates 

which act at the same level or upstream of DMSO, PDG2. lt has been reported 

that PGD2 is able to induce testicular differentiation in culture, but it is not clear 

whether it acts upstream or downstream of SOX9. Based on our preliminary 

results, we predicted that PGD2 may act upstream of SOX9 and rescue Sertoli 

cell differentiation and cord formation in the XY gonads when treated with DMSO. 
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3. Materials and methods 

3.1. Expression and purification of TAT -fusion proteins 

TAT fusion proteins were made and purified by our collaborators Yunmin Li and 

Y.-F. Chris Lau (Department of Medicine, VA Medical Center, University of 

California, San Francisco, California) according to the following protocol. The 

HMG domain of the 86 mouse Sry gene was amplified by PCR, and inserted into 

the plasmid pTAT-HA at Ncol and Xhol sites. The resultant fusion protein was 

named pTAT-HMG. The entire Sry gene of the CD1 mouse was processed 

likewise to prepare the TAT-SRY fusion protein. The pTAT-[HMG or Sry] was then 

transfected into BL21 (DE3)pLysS cells, a single colony was selected from the 

plate and inoculated in 50 ml LB medium containing 0.1 mg/ml ampicillin in a 250 

ml flask and incubated at 3rC until the OD5oo reached approximately 1. The 

culture was then stored at 4°C overnight. The next morning, the cells were 

collected by centrifugation, resuspended in 500ml fresh LB medium containing 

0.1mg/ml ampicillin, and further cultured until OD5oo reached 0.6. TAT-HMG 

expression was induced by adding 1 mM IPTG, followed by incubation at 37°C for 

4-5 hours. The bacteria cultures were chilled on ice and processed subsequently 

at 4°C. They were harvested by centrifugation and washed with cold PBS. The 

pellets were resuspended in 10 ml of PBS containing a protease inhibitor cocktail 

(Roche Diagnostics, Indianapolis, IN), and lysed by sonication. Inclusion body was 

washed with 1% Triton X-1 00, 50 mM Tris-HCI (pH 8.0), 150 mM NaCI for 3 times, 

then washed with 50 mM Tris-HCI pH8.0, 150mM NaCI to remove the Triton X-

100. TAT-HMG inclusion body was dissolved in 90% dimethyl sulfoxide (DMSO) 

(Fisher Scientific), 50mM Tris-HCI pH 7, and insoluble fraction was removed by 

centrifugation. DMSO served as the solvent of protein and protein concentrations 

were determined by SOS-PAGE and Coomassie Blue staining in comparison with 

known amounts of bovine serume albumin (BSA) (Sigma-Aldrich, St. Louis, MS) 

as a standard. 
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3.2. Organ culture 

Tissue collection 

Ali animal procedures were performed in accordance with the Canadian Council 

on Animal Gare and approved by the McGill University Animal Gare Committee. 

CD1 mice were purchased from Charles River Laboratory (St. Constance, QC, 

Canada). Females were caged with males up to 3 days, and separated from the 

males on the morning when copulation plugs were identified. The gestation age 

was defined as dpc, assuming that the copulation occurred at 1:00AM. As gonad 

development progresses rapidly in a day and the developmental stage may differ 

among litters, the number of ta il sa mites (ts) was counted from the end of the ta il 

to genital tubercle to identify the accurate developmental stage of each fetus. ln 

the CD1 strain, 10-12, 13-23 and 24-28 ts-stages corresponded to 10.5 dpc, 

11.5 and 12.5 dpc, respectively. Gonadal primordia with adjacent mesonephroi 

(=urogenital complexes) were isolated from mouse fetuses at 10.5-13.5 dpc in 

Eagle's MEM (Minimum Essential Medium) with Hank's salts containing 25 mM 

Hepes buffer (bath from lnvitrogen/GIBCO, Long Island, NY). Gonads at 12.5-13.5 

dpc were used as in vivo contrais. 

Organ Culture 

lmmediately after isolation, one gonad of each pair at 10.5-11.5 dpc was cultured 

and submerged in MEM with Earle's salt containing 1 mM L-glutamine, 10% heat

inactivated horse serum and penicillin and streptomycin antibiotics (ali from 

lnvitrogen/GIBCO) for up to three days at 3rC and 5% C02, served as an 

untreated control. The other gonad of the same pair was incubated in the same 

medium and condition plus one of the fusion proteins dissolved in DMSO (Fisher 

Scientific), served as the treated one. Sorne gonads were also treated with the 

basic medium containing DMSO alone or DMSO plus prostaglandin 02 (ptgD2) 

(Sigma-Aldrich, St. Louis, MS). 



55 

3.3. Sexing 

The sex of gonads at 12.5 and 13.5 dpc was identified by morphological 

characteristics. The sex of gonads at 10.5-11.5 dpc was identified by PCR 

amplification of Y -specifie ZFY sequence. A small pie ce of head was collected at 

the time of gonadal dissection and incubated overnight in lysis buffer [0.05 M KCI, 

0.05 M Tris at (pH 8.3), 0.1 mg/ml gelatin, 0.45% Nonident P-40, 0.45% Tween 

and 60 ,ug/ml Proteinase K] at 55°C. The lysates were then incubated at 95°C for 

10 min to inactivate Proteinase K. 5 !JI of 1:1 0 diluted lysa te served as DNA 

template for a 35 cycle repeat PCR (annealing temperature = 60°C), using Taq 

DNA polymerase kit and the following set of Zfy primers (5'- 3') (lnvitrogen): 

F:AAGATAAGCTTAGATAATCACATGGA 

R:CCTATGAAATCCTTTCGTGCACATGT 

The reaction mix was then kept at 4°C until running on 2% agarase gel containing 

ethidium bromide for electrophoresis analysis. The presence of the Y 

chromosome gave a 618 base pair (bp) amplificon; XY male, XY and XX females 

were used as contrais (Nagamine et al., 1989). 

3.4. lmmunohistochemistry 

Histology slide preparation 

After culture, ali gonads were fixed with 2% formaldehyde (Electron Micrascopy 

Sciences, Hartford, PA) in a microtubule stabilizing buffer (Messinger and 

Albertini, 1991) for 1 hour at room temperature, and stored in 70% ethanol at 4 oc 
until being embedded in paraffin. Gonads at 12.5 and 13.5 dpc, served as in vivo 

contrais, were fixed immediately after dissection in the same way. Seriai paraffin 

sections of 6 !Jm thickness were placed on Plus-coated histology slides (Fisher 

Scientific) and stored in a box containing silica gel at 4°C. Selected slides were 

deparaffinised in toluene and hydrated thraugh descending concentrations of 
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r-'· ethanol, the antigens retrieval was performed through incubation in TBS (pH 7.6) 

at room temperature for 10 min followed by 50 mM Tris-HCI (pH 1 0) at 95°C for 30 

min (Taketo et al., 2005). Slides were then cooled down and washed with 

deionized water to be processed for immunological staining. 

~. 
( 

a. HA staining 

After antigen retrieval the slides were washed twice in PBS and incubated with a 

mouse anti-HA (HA is a sequence attached to pTAT) antibody (Santa Cruz 

Biotechnology, Santa Cruz, CA) at 1:500 dilution in PBS containing the protein 

concentrate provided in the MOM kit (Vector Laboratories, Burlingame, CA) at 

3rC for 60 min or longer. The slides were then incubated with a goat anti mouse 

lgG antibody (Jackson lmmunoResearch, Baltimore) conjugated with fluorescein 

isothiocyanate (FITC) at 1:1000 dilution and 3rC for 30 min. 

b. MIS-Iaminin double staining 

The slides were washed twice in PBS and incubated with a goat anti-MIS antibody 

(Santa Cruz Biotechnology, Santa Cruz, CA) and a rabbit anti-laminin polyclonal 

antibody (Sigma), both at 1:500 dilutions, in PBS containing the protein 

concentrate (MOM) at 3rC for 60 min or longer. The slides were then incubated 

with a donkey anti-goat lgG antibody conjugated with RRX and a donkey anti

rabbit lgG antibody conjugated with Cy2 (both from Jackson lmmunoResearch, 

West, Grove, PA) at 1:1000 dilution and 3rC for 30 min. 

c. [SOX9 or SRY]-MIS double staining 

The slides were incubated with the mouse lgG blocking reagent provided in the 

MOM kit for 60 min, followed by anti-SRY monoclonal antibodies (Mab) (Taketo et 

al., 2005) or anti-SOX9 mouse Mab (Novus Biologicals, Littleton, CO) and the 

goat anti-MIS antibody, ali at 1:500 dilutions, in PBS containing the protein 
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r----. concentrate at 4 oc overnight. On the next day, ali slides were washed with PBS 

and incubated with the anti-mouse lgG antibody conjugated with biotin provided in 

the MOM kit and the donkey anti-goat lgG antibody conjugated with RRX. Ali 

slides were washed with PBS and incubated with avidin conjugated with FITC 

(Sigma). 

Mounting and lmaging 

Ali slides were dehydrated and mounted in the Pralong Antifade mounting medium 

(lnvitrogen) containing 0.4 tJg/ml 4' ,6-diamidin-2' -phenylindole dihydrochloride 

(DAPI) (Boheringer Mannheim, Germany). Fluorescent signais were examined 

under an epifluorescence microscope (Zeiss, Axiophot, Germany). Ali images 

were captured with a digital camera (Retiga 1300, Qlmaging, Burnaby, BC, 

Canada) and processed with Northern Eclipse digital imaging software, version 

6.0 (Empix lmaging, Mississauga, ON, Canada). 

3.5. TdT-mediated dUTP nick end labeling (TUNEL) assay 

After deparafinization and rehydration, the sections were incubated with 20 tJg/ml 

proteinase K (Roche Diagnostics) in 10mM Tris/HCI (pH 7.4) for 15 min at 37°C. 

The slides were then washed twice in PBS, covered with 50 tJg of TUNEL reaction 

mixture provided in the ln Situ Cell Death Detection kit, flurescein (Roche 

Diagnostics) and incubated for 60 min at 3rC in moisture chamber in the dark. 

The slides were washed twice in PBS and processed for mounting and imaging as 

mentioned before. 

3.6. Quantitative RT -PCR 

Total RNA purification 
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After culture, gonads were snap-frozen in liquid nitrogen and stored at -80°C until 

RNA purification within 2 days. As weil, fetal gonads were dissected at 11.5 and 

12.5 dpc and snap-frozen immediately (to be used for the standard curves). Total 

RNA from each gonad was purified using RNeasy mini kit (QIAGEN, Mississauga, 

ON) according to the manufacturer's protocol and eluted in 60 !JI RNase free 

water. After precipitation of RNA with one-tenth volume of 1 M NaOAc (pH 4.5) and 

2.5 volume of cold 95% ethanol, the total RNA was stored at -20°C overnight and 

then washed with cold 75% ethanol and dried under vacuum to eliminate any 

traces of ethanol. 

eDNA synthesis 

First strand eDNA was synthesized using 5 !JI of total RNA, Superscript™ Il RNase 

H- Reverse Transcriptase kit (lnvitrogen), 40U/1JI RNaseOut ribonuclease inhibitor 

(lnvitrogen) and Hexanucleotides (Roche Diagnostics) in a total volume of 20 !JI. 

To verify the absence of genomic DNA contamination, an aliquot of each RNA 

sample was processed without reverse transcription, as Sry and 18s rRNA are 

intronless genes. 

Real-time RT -PCR 

5 !JI of eDNA was used for PCR analysis employing the iQ™ SYBR Green 

Supermix real-time PCR kit (BioRad, Richmond, CA) in a total volume of 20 or 25 

!JI on a Biorad iCycler in a 96-well plate format (annealing temperature at 55°C). 

Ali samples were measured as duplicates or triplicates. A standard curve was 

generated for each gene using seriai dilutions of a eDNA pool from several male 

and female fetal gonads. Ali samples from one experiment were processed in one 

plate simultaneously and their transcript levels were normalized to the 

corresponding transcript levels of 18s rRNA eDNA. Only the values within the 

linear range of standard curve were used for data analysis. Ali values were 

compared to the XY untreated control for each gene. Primer pairs of genes other 
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than Sry and 18s rRNA covered at least one intron. The following primers were 

selected from the list in the PrimerBank Search: 

(http://pga.mgh.harvard.edu/cgi-bin/primerbank/search.cgi) 

Gene Primers' sequence (5'- 3') Length Location 
Amplicon 

Size 

F:GCTGGGATGCAGGTCGAAAA 20 114-133 
Sry 148 

R:GCCACTCCTCTGTGACACTTTAG 23 261-239 

F:AGTACCCGCATCTGCACAAC 20 377-396 
Sox9 145 

R:TACTTGTAATCGGGGTGGTCT 21 521-501 

F: TGGTGCTAACCGTGGACTTC 20 578-597 
*Mis 123 

R:AGCCAAA TAGAAAGGCTTGCAG 22 700-679 

F:AGGATGCTCGGACAACATCG 20 459-478 
Wnt4 150 

R:CGCATGTGTGTCAAGATGGC 20 608-589 

F:TCTTCCCCAACGGTACTATCC 21 227-247 
Fgf9 124 

R:CCGAGGTAGAGTCCACTGTC 20 350-331 

F: GCCCTGTAATTGGAATGAGTCCA 

*18s CTT 26 
149 

rRNA R: GTCCCCAAGATCCAACTACGAGC 26 

TTT 

Ali primers were synthesized by lnvitrogen. Mis (Amh) primers amplified a non

specifie sequences in addition to the expected one, so a set of Amh Quantitect 

Primer Assay was ordered from QIAGEN, which gave the same result. The 18s 

rRNA primers were chosen according to La Salle et al. (2003). 

Statistical analysis 

Statistical analysis was made on a total number of 3-9 different sets of 11 .5 dpc 

XY gonads together with 3 XX gonads at each time point in culture. A student t

test was used to calculate the significant differences between two groups. 

http://pga.mgh.harvard.edu/cqi-bin/primerbank/search.cqi
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,~ 4. Results 

4.1. Testis cord formation and Sertoli cell differentiation in culture 

We cultured one urogenital complex of each pair, dissected at 11.5 dpc (12-18 ts

stages), in the basic medium (=untreated control) and the other urogenital 

complex of the same pair in the basic medium plus TAT-SRY or TAT-HMG protein 

(=treated) for 3 days, and then assessed testicular differentiation compared to in 

vivo control. Expressions of SOX9, MIS and laminin were selected as indicators of 

testicular differentiation, as expression of SOX9 and MIS proteins is specifie to 

Sertoli cells. Laminin is an extra cellular matrix protein that distinguishes the basal 

lamina of testis cards. 

a. ln vivo control 

XY gonads at 11.5-13.5 dpc were examined for immunolabeling of SOX9, MIS 

and laminin to detect the time course of Sertoli cell differentiation and testis cord 

organization in vivo (Fig. 3). Our results showed that in the XY gonads at early 

11.5 dpc a small number of cells were positive for nucleic SOX9 labeling (Fig. 3a). 

At late 11.5 dpc, sorne cells were positive for cytoplasmic MIS labeling in the 

central region of the gonad (Fig. 3d), while cord formation was not apparent. At 

12.5 dpc, the majority of cells within the gonad were positive for SOX9 but they 

were still unorganized (Fig. 3b). On the other hand, intense MIS labeling in the 

cytoplasm of Sertoli cells marked the early phase of testis cord organization (Fig. 

3e). At 13.5 dpc, numerous testis cards were formed within the gonad; SOX9-

positive Sertoli cells were aligned in a palisade fashion in the peripheral region of 

testis cards while MIS labeling in the cytoplasm of Sertoli cells was more 

prominent in the central region (Fig. 3c & f). Laminin labeling was widely spread 

outside the testis cards and concentrated along the basement membrane of testis 

cards. However, it was not prominent when the two labeling were merged. 
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b. Untreated control 

3 days after culture in the basic medium, a few to several testis cords were seen 

in each histological section from ali of the examined XY gonads, though the shape 

and number of testis cords were not comparable to those of in vivo control; in the 

in vivo controls more testis cords were seen compared to untreated controls in 

vitro. Besides, testis cords in vivo were more elliptical while in the untreated 

controls they took different shapes due to the culture conditions. However, similar 

to in vivo controls, Sertoli cells were lined up in the peripheral region of testis 

cords; positive for nucleic SOX9 labeling and cytoplasmic MIS labeling in the 

gonads after culture (Fig. 4a & e). For comparison, the XX gonads did not form 

any particular structure nor were they positive for SOX9 or MIS labeling (not 

shown). 

c. Treatment with TAT-HMG protein 

After 3 days of culture in the basic medium plus 6 JJg/ml of TAT-HMG protein 

dissolved in DMSO (final concentration 1.8%), XY gonads were positive for SOX9 

and MIS labeling with almost the same intensity as the untreated controls, while 

testis cord organization was severely disrupted in ali of the 18 examined gonads. 

14 out of 18 examined gonads showed a single island of MIS-positive cells in 

which SOX9-positive cells were scattered (Fig. 4d & h). After treatment with 2 

JJg/ml of TAT-HMG protein dissolved in DMSO (final concentration 0.6%) testis 

cord organization was disrupted in ali of the 5 examined urogenital complexes (not 

shown), although not as severely as after the treatment with 6 JJg/ml TAT-HMG 

protein. Treatment with 0.6 JJg/ml TAT-HMG did not cause any difference from 

those of untreated contrais in ali 5 examined urogenital complexes (not shawn). 

XX urogenital complexes treated with different concentrations of TAT-HMG 

protein neither formed any particular structure nor were positive for MIS labeling 

(3 gonads examined, not shown). 
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d. Treatment with TAT -SRY protein 

After 3 days of culture in the basic medium plus 2.0 and 0.6 IJg/ml of TAT-SRV 

protein dissolved in DMSO (final concentrations 0.9% and 0.3% respectively), XV 

urogenital complexes were positive for MIS labeling with the same intensity as the 

untreated contrais while testis cords were fragmented in ali of the 12 examined 

gonads. Treatment with 0.2 IJg/ml TAT-SRV did not cause any difference from 

those of untreated controls (4 urogenital complexes examined, not shown). When 

XX urogenital complexes were treated with TAT- SRV protein at 2 IJg/ml, only 1 

out of 10 examined gonads showed a cord like structure with MIS labeling (not 

shown). 

e. Treatment with DMSO alone 

As TAT-fusion proteins were dissolved in DMSO, we examined the effects of 

DMSO alone on testicular differentiation in culture in comparison to untreated 

contrais. Testicular differentiation was completely blocked in ali of the 7 urogenital 

complexes cultured with 1.8% DMSO for 3 days. A few cells were positive for 

SOX9 labeling while there was no sign of MIS expression or testis cord structure. 

lnterestingly, bright and intense laminin labeling was seen along the basement 

membrane of the surface epithelium, which was not so clear in the untreated 

control (Fig. 4c & g). When the dosage of DMSO was decreased to 0.6% testis 

cord organization was affected in ali of the 5 examined gonads, however, the 

gonads were positive for SOX9 and MIS labeling (Fig. 4b & d). 

f. Treatment with PGD2 

After 3 days of culture in the basic medium plus 1 IJg/ml of PtgD2 and 1.8% 

DMSO, in 3 out of 6 examined XV urogenital complexes testis cords were partially 

formed and SOX9-positive Sertoli cells were more aligned in the peripheral region 

than other regions of the gonad while MIS labeling in the cytoplasm of Sertoli cells 
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was scattered ali over the developing gonad (Fig. 5b). Sertoli cells were better 

organized compared ta treatment with TAT-HMG. The remaining 3 gonads failed 

ta differentiate and there was no sign of testis cord formation or SOX9 and MIS 

positive cells (not shawn). Similar ta the treatment with DMSO alone, when 500 

ng/ml of PGD2 plus DMSO was added ta the basic culture medium, few cells were 

positive for SOX9 labeling while there was no sign of MIS expression or testis cord 

structure in bath of the 2 urogenital complexes examined (not shawn). 

4.2. TAT· fusion protein incorporation into gonad 

We tested the TAT- fusion protein integration into urogenital complexes at 

different time points in culture ranging from 30 min ta 1 day. TAT-SRY protein was 

rarely detectable within the gonad but often concentrated in the cells on the 

surface of bath XX and XY gonads, especially on the side of genital ridges (2-4 

gonads were examined at each time point; 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0 and 24.0 

hrs). The incorporation was mainly seen in cytoplasm, although it was 

occasionally seen in the nucleus. Similar results were obtained when TAT-HMG 

protein was tested (Fig. 6 a, b, c) (2-4 gonads were examined at each time point; 

0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 and 24.0 hrs). 

4.3. Ti me course of testicular differentiation in culture 

a. Untreated control 

Intense nucleic SRY labeling was scattered ali over a gonad without any clear 

organization in the 4 examined urogenital complexes cultured for 1 day in the 

basic medium (Fig. ?a). Gonadal cells in which the SRY labeling was weaker were 

more positive for cytoplasmic MIS labeling. As weil, SOX9 positive cells were 

scattered in the gonad with equal intensity ta one another (Fig. 7e). By the second 

day, SRY labeling diminished, while MIS labeling became intense within the 

cytoplasm of Sertoli cells in ali of the 8 examined gonads (Fig. 7b). SOX9 
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expression remained intense in the gonadal cells in the peripheral segment of the 

developing testis cards in 4 gonads examined (Fig. 7f). MIS positive cells were 

negative for SRY expression, when the two immunolabeled images were merged. 

Testis cord formation was not complete, although they organized one island of 

finger-like structures within the developing gonad. 

b. Treatment with 6 pg/ml TAT-HMG 

ln ali of the 4 examined urogenital complexes treated with 6 JJg/ml TAT-HMG for 1 

day, SRY labeling was intense ali over the gonad while MIS labeling was weak or 

absent (Fig. 7c). There was no sign of cord formation or arrangement of pre

Sertoli cells in the developing gonad and SOX9 labeling was weaker compared to 

untreated contrais (Fig. 7g). By the second day, ali of the 8 examined urogenital 

complexes showed a prolonged SRY labeling in the gonad compared to untreated 

control, although weaker compared to the first day. ln addition, weak MIS labeling 

appeared in the central region of gonad (Fig. 7d). SOX9 positive cells, with almost 

the same intensity as the untreated control, were scattered in an unorganized 

pattern ali over the gonad as cord formation was still absent in ali 4 urogenital 

complexes examined (Fig. 7h). 

4.4. Effects of TAT-HMG on gene expression during testicular 

differentiation 

We examined the effects of TAT-HMG treatment for 1 and 3 days on the transcript 

levels of Sry, Sox9 and Mis genes as weil as those of Wnt4 and Fgf9 genes. To 

validate our assays, we included XX urogenital complexes in these studies. Sry is 

the master gene; it initiates the cascade of testicular differentiation in XY gonads. 

Sox9 is one of the first genes known to be upregulated after the expression of Sry 

in XY gonads; it is necessary and sufficient for testis determination. Fgf9 encodes 

a signaling molecule involved in testis cord formation; it is bath necessary for the 

migration of mesenchymal cells from adjacent mesonephros into gonad and the 
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proliferation of pre-Sertoli cells. lt seems that Fgf9 antagonizes the up-regulation 

of Wnt4 in XV gonads. Wnt4 encodes a signaling molecule involved in the ovarian 

pathway. 

The results showed that, neither Sry nor Mis transcripts were detectable in the XX 

urogenital complex after culture with or without treatment with TAT-HMG (Fig. 8). 

Transcript levels of Sox9 in XV urogenital complexes were higher than transcript 

levels of Sox9 in XX gonads, similarly transcript levels of Fgf9 in XV urogenital 

complexes were higher than transcript levels of Fgf9 in XX gonads, in the 3 

examined urogenital complexes (not shawn). Wnt4 transcript levels in the XX 

urogenital complex were higher than Wnt4 transcript levels in the XV in ali of the 3 

examined urogenital complexes particularly 3 days after culture (not shawn). Ali 

examined genes were transcribed at higher levels after culture compared to in 

vivo contrais. More variations were observed in gene transcript levels 3 days after 

culture compared to 1 day. Three concentrations of TAT-HMG- 2.0, 6.0 and 10.0 

IJg/ml- were used, and the results indicated that Sry transcription was significantly 

upregulated in the XV urogenital complexes in a dosage dependent manner 1 day 

after treatment (P<0.01 ). However, 3 days after culture the re was no significant 

difference in the levels of Sry transcript between the treated and untreated groups. 

On the ether hand, Sox9 appeared to be downregulated, again in a dosage 

dependent manner, 1 day after culture (P<0.01 ). Sox9 transcription levels showed 

no major differences between the treated and untreated groups 3 days after 

culture. No significant changes were detected in the transcript levels of the genes 

downstream of Sox9 - Mis, Fgf9 and Wnt4 - in XV gonads. ln XX gonads 3 days 

after culture there was a downregulation in Sox9 transcript levels when treated 

with 2 IJg/ml and Wnt4 expression when treated with 6 IJg/ml TAT-HMG. 

Transcript levels of ether genes did not show significant changes after treatment 

with TAT-HMG protein in XX urogenital complexes (not shawn). 

4.5. Effects of DMSO alone on gene expression during testicular 

differentiation 
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We examined the transcript levels of Sry, Sox9 and Mis in the urogenital 

complexes treated with 1.8% DMSO for 1 day. The results showed that Sry 

transcript levels were comparable to those in the untreated control (Fig. 9). On the 

other hand, the transcript levels of either Sox9 or Mis were reduced to almost 

negligible levels with significant differences (P< 0.05 and 0.001, respectively) 

compared to the untreated controls in ali 3 examined urogenital complexes. 

4.6. Cell death 

We processed the urogenital complexes 1 and 3 days after culture for detection of 

apoptotic cell death by TUNEL. The results showed that in ali of the 12 untreated 

controls examined, 1 and 3 days after culture, severa! TUNEL positive cells were 

scattered over the entire XX and XY urogenital complexes (Fig. 1 Oa). 1 day after 

treatment with 1.8% DMSO or 6 pg/ml TAT-HMG dissolved in 1.8% DMSO, a 

considerably larger number of TUNEL-positive cells were clustered in the 

mesonephros near the gonad (Fig. 1 Ob & c) in ali of the 3 and 6 urogenital 

complexes examined, respectively. After the treatment with either reagents for 3 

days, TUNEL-positive cells decreased in number and were scattered over the 

entire 4 urogenital complexes examined like the untreated control. Similar results 

were obtained in ali of the 3 XX urogenital complexes examined. 
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5. Discussion and Conclusion 

To clarify the molecular mechanism of SRY action during testicular differentiation 

in mouse, we examined the effects of TAT-SRY and TAT-HMG fusion proteins, 

dissolved in DMSO, on gonadal differentiation in culture. Our initial results 

indicated that TAT-SRY was unable to induce testicular differentiation in XX 

gonads and supported the assumption th at TAT -HMG disturbs testicular 

differentiation. We assumed that the differences between treated and untreated 

contrais originate somewhere in the pathway of testicular differentiation due to the 

altered function of Sry or the genes downstream. Protein expression and gene 

transcript levels were tested to identify at which level this impairment happened 

and what was its effect on the upstream and downstream events. However, we 

realized later that the impaired testicular differentiation was the effect of DMSO 

and not TAT-HMG. 

5.1. Sertoli cell differentiation and testis cord formation 

Time course study of gonadal differentiation in vivo (11.5-13.5 dpc) indicated that 

no distinct structure was seen in the XY gonads at 11.5 dpc. At 12.5 dpc testicular 

structures were detectable, although not weil formed and by 13.5 dpc they were 

weil formed. However, nucleic SOX9 labeling appeared at early 11.5 dpc and 

remained in evidence while the SOX9-positive pre-Sertoli cells were organized 

into testis cards. These studies also suggested that MIS protein expression in pre

Sertoli cells preceded testis cord formation in XY gonads; however, it is still 

ambiguous which one completes earlier; Sertoli cell differentiation or testis cord 

formation. Similar results were obtained by time course studies of gonadal 

differentiation in culture (untreated control). Disappearance of SRY labeling in MIS 

positive Sertoli cells suggested that, the expression of MIS protein in the 

developing gonad is complementary to the expression of SRY. Where cells were 

positive for SRY labeling there was no sign of MIS labeling and vice versa. ln 
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.~ contrast to XY gonads, we could not detect nucleic SOX9 labeling in the XX 

gonads in vivo; at 11.5 dpc SOX9 labeling was cytoplasmic and mostly at the 

membrane of gonadal cells. At 12.5 dpc, SOX9 labeling became less intense and 

again became intense at the membrane by 13.5 dpc, however, we were not sure 

about the specificity of staining. 

5.2. DMSO inhibits testicular differentiation. 

Our results demonstrated that the addition of 1.8% DMSO to the culture medium 

completely blocked testicular differentiation in the XY gonads in terms of Sertoli 

cell differentiation and testis cord formation. This inhibition seemed to happen 

immediately downstream of Sry and upstream of Sox9 in the pathway of testis 

differentiation. The results of real-time RT-PCR indicated that 1 day after 

treatment with 1.8% DMSO, there was no significant change in Sry transcript 

levels, while Sox9 transcript levels were reduced severely and Mis transcript 

levels were almost negligible, compared to untreated control XY gonads. 

lmmunolabeling experiments indicated that treatment with 0.6% DMSO only 

disturbed testis cords organization, while treatment with 1.8% DMSO had an 

inhibitory effect on a factor which is either directly involved in the upregulation of 

Sox9 or mediates the SRY action upstream of Sox9. A candidate for such a factor 

is prostaglandin 02 (PGD2). PGD2 is considered to induce testicular 

differentiation through a paracrine signaling pathway; it has been reported that 

addition of exogenous PGD2 to the XX gonads in culture results in upregulation of 

MIS and variable levels of masculinization (Adams & Mclaren, 2002). 

Furthermore, PGD2, via activation of its DP1 receptor and subsequent stimulation 

of the cAMP pathway, induces SOX9 expression and its nuclear translocation in 

the mouse XX gonad (Malki et al., 2005; Wilhelm et al., 2005). Besides, the PGD2 

synthase (Ptgds), an enzyme required for the final step of PGD2 synthesis, is 

upregulated concurrently with Sox9 expression in the mouse XY gonad consistent 

with the role of PGD2 in testicular differentiation. However, the relevance in vivo 

remains unclear since testicular differentiation is not disturbed in the absence of 
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~· genes encoding the Ptgds or two intra cellular receptors for naturally occurring 

metabolites of PGD2 (PPARa and NF- aB) (Sha et al., 1995; Barak et al., 1999; 

Eguchi et al., 1999; Matsuoka et al., 2000). Therefore, we tested the effects of 

PGD2 on the gonads when treated with DMSO. Our results supported the 

previous studies; the addition of 1 ~Jg/ml PGD2 overcame the inhibitory effects of 

DMSO by restoring the expression of SOX9 and MIS. We hypothesized that 

PGD2 at higher concentrations (e.g. 2-3 ~Jg/ml) may rescue testis cord formation, 

though we have not yet examined it. 

5.3. TAT-SRY failed to induce testicular differentiation 

lmmunolabeling of MIS and laminin indicated that addition of 2 ~Jg/ml TAT-SRY 

fusion protein dissolved in 90% DMSO (0.9% final concentration) to the basic 

culture medium rescued the expression of MIS protein to similar levels as in the 

untreated control XY gonads 3 days after culture, although testis cord organization 

was fragmented. However, except for one gonad that formed a cord like structure 

with MIS expression, TAT -SRY did not induce testicular differentiation in XX 

gonads. We assumed that it could be mainly due to the inhibitory effects of DMSO 

on testicular differentiation and TAT-SRY, and at examined concentrations, was 

incapable of counteracting this inhibition. Another possibility could be the low 

efficiency of TAT -SRY in translocation into the nucleus of the gonadal ce lis. 

Higher concentrations of TAT-SRY could be more effective. 

5.4. TAT -HMG rescued Sertoli cell differentiation but not testis cord 

formation 

At first, we expected TAT-HMG to compete with the endogenous SRY in binding 

to the SRY lnteracting Proteins (SIPs) or the SRY target site on DNA. Thus, TAT

HMG was anticipated to inhibit testicular differentiation, due to the failure of mouse 

SRY proteins that lack the glutamine rich region at their C-terminus to act properly 

(Bowels et al. 1999). However, after we noticed the inhibitory effects of DMSO, we 
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~ realized that TAT-HMG did not inhibit the testicular differentiation but rather 

supported and rescued SOX9 and MIS expression to the similar levels as in the 

untreated control XY gonads 3 days after culture. However, testis cord 

organization was completely blocked and SOX9 positive cells were scattered ali 

over a large MIS positive island within the gonad. On the other hand, the effects of 

TAT-HMG on the cultured gonads at lower concentration were the same as those 

of treatment with 0.6% DMSO alone. Thus, surprisingly, TAT-HMG supports testis 

determination in terms of Sertoli cell differentiation, although it is unable to rescue 

testis cord formation coordinately. Based on this finding, TAT-HMG was acting 

downstream of testis cord formation. lt might be also possible that the pathway of 

cord formation separates from gene expression somewhere in the hierarchy of 

testis determination earlier during the gonadal development. Another possibility 

could be altered gene expression during the progress of testicular differentiation. 

The results of real-ti me RT -PCR revealed th at in XY gonads 1 day after treatment 

with TAT-HMG, Sry transcript levels were upregulated about 3 fold compared to 

untreated control or DMSO treatment. Sry upregulation is consistent with and can 

explain the delay in down regulation of SRY protein observed by SRY 

immunolabeling. ln addition, Sox9 transcript levels slightly increased compared to 

the treatment with DMSO alone, but they were still significantly lower than the 

levels in the untreated control. On the other hand, Mis transcript levels reached 

the levels of untreated control 1 day after treatment with TAT -HMG, but this 

upregulation was not consistent with what we observed by immunolabeling of MIS, 

although MIS expression reaches the untreated control levels by the end of 

culture. One possibility is that, expression of genes downstream of Sox9 could be 

repressed temporarily but compensated by Sry up regulation immediately. Another 

possible explanation is that TAT-HMG bound to the Sry promoter and upregulated 

its transcription. However, this model cannet explain why the Sox9 transcript 

levels remained low des pite the high Sry transcript levels. lt might be possible th at 

even very low levels of Sox9 transcript is sufficient for Sertoli cell differentiation in 

XY gonads, as we could see that SOX9 expression levels in treated gonads did 
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~· not differ remarkably from untreated control 1 day and 2 days after culture. An 

alternative explanation is that TAT-HMG competed with SRY in binding to the Sry 

target site and while keeping Sox9 transcription at low levels, promoted Sry 

transcription by a negative feedback mechanism. 

5.5. Prolonged SRY expression and delay in Sertoli cell differentiation 

ln this study we observed that Sry downregulation in XY gonads was delayed after 

treatment with TAT-HMG, which was tightly associated with the delay in MIS 

expression. The delay in Sertoli cell differentiation can be attributed to the low 

levels of Sox9 transcript. Consistently, it has been reported that in mice lacking 

Sox9 activity in fetal gonads, Sry expression persists (Chaboissier et al., 2004; 

Barrionuevo et al., 2006). Before we examined the effect of DMSO on our organ 

culture we had assumed that testis cord disruption might be associated with the 

delay in SRY downregulation and MIS expression, which implies a delay in Sertoli 

cell differentiation. However, this delay cannet explain it any more. 

5.6. Association of Fgf9 and Wnt4 transcript levels with testicular 

differentiation in culture 

The antagonistic relationship between Fgf9 and Wnt4 in gonadal sex 

differentiation has been suggested; Fgf9 is upregulated in Sertoli cells and 

promotes testis cord organization, whereas Wnt4 is upregulated in XX gonads and 

suppresses testicular differentiation (Colvin et al., 2001; Schmahl et al., 2004). 

However, we did not find any significant differences in the transcript levels of 

either Fgf9 or Wnt4 in the XX or XY gonads within 3 days in culture. lt is 

convincible that sexually dimorphic regulations of Fgf9 and Wnt4 are relatively late 

events and did not occur during the three days of culture in the gonads. 

Alternatively, gonadal differentiation in culture may not be parallel to that of in vivo. 

Nevertheless, our results indicated that Sertoli cell differentiation and testis cord 
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r- organization in culture are not associated with transcript levels of either Fgf9 or 

Wnt4. 

5.7. Migration of mesonephric cells into developing gonad 

We consistently observed that the XY urogenital complexes treated with DMSO 

with or without TAT-HMG were smaller in size than untreated controls after culture 

for 3 days. Therefore, we considered the possibility that sorne cells died by 

treatment, preventing the proliferation of pre-Sertoli cells or migration of 

mesenchymal cells from adjacent mesonephros. Both events are known to play 

critical roles in the organization of testis cords. The TUNEL reaction preferentially 

labels DNA single strand breaks (nicks) generated during apoptosis. Apoptosis is 

programmed cell death, which can be identified by labeling free 3'-0H termini of 

DNA with an enzymatic reaction. The results of TUNEL indicated that, indeed, 

there was a massive cell death in the mesonephros of the urogenital complexes 

treated with DMSO. TAT-HMG treatment did not change this selective cell death. 

By contrast, TUNEL-positive cells were much fewer and not restricted to the 

mesonephric part of the urogenital complex in the untreated control. The selective 

cell death in the mesonephros can be attributed to the vulnerability of the 

mesonephros or resistance of the gonad to DMSO treatment. To distinguish these 

possibilities, we treated kidney and a piece of limb-bud with TAT-HMG dissolved 

in DMSO for 3 days (data not shown). We observed necrosis in the middle of both 

types of tissues but no concentrated TUNEL-positive cells in the periphery region. 

We concluded that DMSO treatment caused cell death preferentially in the 

mesonephros and TAT-HMG was unable to rescue mesonephric cells from death. 

This effect of DMSO is separate from that on the gene expression part of testis 

determining pathway, which could be rescued by the treatment with TAT-HMG or 

its resultant upregulation. Consequently the massive cell death and probably the 

loss of mesenchymal cells in the mesonephros decreased the migration of 

mesonephric cells into the gonad and is likely responsible for the absence of testis 

cord organization after treatment with DMSO. 
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5.8. Conclusions 

We found that 0.6% and 1.8% DMSO disturbed and completely blocked testicular 

differentiation, respectively. Unexpectedly, TAT-HMG did not suppress testicular 

differentiation; after treatment with TAT-HMG Sertoli cells differentiated, although 

testis cord formation was still absent. We concluded that, at least in culture, Sertoli 

cell differentiation is independent of testis cord formation. ln addition, rescue of 

testicular differentiation by PGD2 suggested that Pgd2 could be located upstream 

of Sox9 in the pathway of testis determination. 
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r'-' Figure legends 

Figure 1. Genetic pathways with a characterized functional role in the 

divergent development of XX and XY gonads. (Adapted from Brennan & 

Capel, 2004) 

Severa! factors are required between 10.5-11.5 days post coitum (dpc) for the 

outgrowth of the early bipotential gonad (Sf1, Wt1, Lhx9, M33, Emx2, 

Jgf1 r!lrllrr). 

Between 10.5-12.0 dpc, GATA4/FOG2 and WT1+KTS are implicated in the 

activation of Sry expression in the XY gonad. Sry expression diverts the XY 

gonad towards the testis tate. Sox9, Fgf9 and Dax1 are implicated in the early 

steps of the male pathway after the initiation of Sry expression. Downstream 

signalling pathways promote the rapid structural changes that characterize 

early testis development. 

By contrast, few morphological changes are apparent in the XX gonad until 

near birth (18.5 dpc), when ovarian follicles begin to form in the ovarian cortex. 

Wnt4 and Fst are the only two genes with characterized functions in early 

ovarian development. 
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Figure 2. Structure of the SRY protein. (Adapted from Polanco & 
Koopman, 2006) 

a. Human SRY protein diagram showing the mapping of reported interactions. 

The HMG domain is represented as a solid box flanked by the N-terminal and 

C-terminal domains. Numbers indicate amino acid residues. Nuclear 

localization signais (NLS) interacting with calmodulin or importin p are shawn 

in green. Post-translational modifications regulating SRY activity are shawn in 

red, and reported stable interactions with nuclear proteins in blue. 

b. Comparison of human and mouse SRY proteins. Levet of amino acid 

homology to hu man SRY in the HMG box and C-terminal region of the 

proteins are shawn (98% ). The mo use prote in contains a large glutamine-rich 

repetitive region shawn as a shaded box. SRY in the subspecies M. m. 

domesticus has a premature stop codon (asterisk) that truncates this domain. 

Apart from the HMG domain, the bridge region in mouse is the only region 

homologous to human SRY (47%). 
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Figure 3. Fetal testes at 11.5-13.5 dpc (in vivo). a-c, double labeling of 

SOX9 (green) and MIS (red). d-f, double labeling of a.-laminin (green, 

invisible when two labeled images were merged) and MIS (red). 

Counterstained with DAPI (blue). Bar indicates 0.4 mm. Yellow dots are 

blood. 

a & d. XY urogenital complex at 11.5 dpc (22 ts-stage). a. Severa! SOX9-

positive cells were scattered in the anterior region of the genital ridge. d. MIS 

expression was seen in the central region of the genital ridge near the 

mesonephros. 

b & e. XY urogenital complex at 12.5 dpc (28 ts-stage). Many SOX9-positive 

cells were scattered in the gonad while MIS-positive cells marked the early 

phase of testis co rd formation. 

c & f. XY urogenital complex at 13.5 dpc. Many testis cards were formed with 

nucleic SOX9 labeling in the peripheral region and cytoplasmic MIS labeling in 

the central region. 
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Figure 4. XY urogenital complexes after culture for 3 days. a-d, double 

labeling of SOX9 (green) and MIS (red). e-h, double labeling of a-laminin 

(green, invisible when two labeled images were merged) and MIS (red). 

Counterstained with DAPI (blue). Bar indicates 0.27 mm. 

a & e. Untreated control. Testis cards were weil formed with SOX9 and MIS 

labeling in Sertoli cells. 

b & f. Treatment with 0.6% DMSO. Intense labeling of SOX9 and MIS were 

seen in the gonad, but testis cards were not weil formed or appeared 

fragmented. 

c & g. Treatment with 1.8% DMSO. Several SOX9-positive cells were 

scattered while MIS labeling was absent in the gonad. Testis cards were not 

formed. A distinct laminin layer was seen along the surface epithelium. 

d & h. Treatment with 6 !JQ/ml TAT-HMG dissolved in1.8% DMSO. Intense 

labeling of SOX9 and MIS were seen in the gonad but testis cards were not 

formed. 
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Figure 5. XY urogenital complexes after culture for 3 days. Double 

labeling of SOX9 (green) and MIS (red). Counterstained with DAPI (blue). 

Bar indicates 0.4 mm. 

a. Untreated control. Testis cords were weil formed with SOX9 and MIS 

labeling in Sertoli cells. 

b. Treatment with 1 1-19/ml PGD2 in the presence of DMSO. Intense labeling 

of SOX9 and MIS were seen in the gonad but testis cords were not weil 

formed. 
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Figure 6. Sections of XV urogenital complexes after treatment with TAT

HMG for 2 hrs. lmmunolabeling of HA (green, HA is a sequence attached 

to pTAT). Counterstained with DAPI (blue). Bar indicates 0.4 mm. 

a. TAT-HMG was mostly concentrated in the nuclei (blue dots) of cells on the 

surface and a in the cytoplasm of few cells internally within the genital ridge. 

b & c. 5 times magnified of selected parts of a; incorporation of TAT-HMG was 

seen in the cytoplasm and nucleus of sorne of the cells on the surface layer. 
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Figure 7. The time course of gonadal differentiation in the XY urogenital 

complex with or without 6 J.Lg/ml TAT-HMG treatment in culture. a-d. 

Double labeling of SRY (green) and MIS (red). e-h. Double labeling of 

SOX9 (green) and MIS (red). Counterstained with DAPI (blue). Bar 

indicates 0.4 mm. 

a & e. Untreated control after culture for 1 day. SRY labeling was weaker 

where MIS labeling was visible (arrows). Intensive SOX9 labeling was seen in 

the pre-Sertoli cells scattering in the developing testis cards. 

b & f. Untreated control after culture for 2 days. SRY labeling was barely 

visible while MIS labeling was intense in well-formed testis cards. Intensive 

SOX9 labeling was seen in the peripheral region of testis cards. 

c & g. Treatment with TAT-HMG for 1 day. SRY labeling was intense while 

MIS labeling was absent in the gonad. SOX9 labeling was seen in the pre

Sertoli cells scattering ali over the gonad. 

d & h. Treatment with TAT-HMG for 2 days. Low intensity of SRY labeling was 

visible over the gonad while MIS labeling was limited to the central region of 

the gonad. No testis cards were formed. Intense SOX9 labeling was seen in 

the Sertoli ce lis scattering ali over the gonad. 
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Figure 8. Comparison of Sry, Sox9, and Mis transcript levels in XX and 

XV urogenital complexes with or without treatment with TAT-HMG. The 

number in blankets above each column indicates the total number of 

gonads examined. 

a. Sry transcript levels after culture for 1 day. The levels significantly 

increased (P<0.05) in the XY urogenital complex after treatment with the 

higher dosage of TAT-HMG. Sry transcrips were undetectable in the XX 

urogenital complex. 

b. Sox9 transcript levels after culture for 1 day. The levels significantly 

decreased (P<0.01) in the XY urogenital complex after treatment with the 

higher dosage of TAT-HMG. Low levels of Sox9 transcripts were detectable in 

the XX urogenital complex. 

c. Mis transcript levels after culture for 1 day. No difference was fou nd in the 

XY urogenital complex after treatment with TAT-HMG. Mis transcripts were 

undetectable in the XX urogenital complex. 

d. Sry transcript levels after culture for 3 days. No difference was fou nd in the 

XY urogenital complex after treatment with TAT-HMG. Sry transcripts were 

undetectable in the XX urogenital complex. 

e. Sox9 transcript levels after culture for 3 days. No difference was found in 

the XY urogenital complex after treatment with TAT-HMG. Sox9 transcripts 

were at the detection limit in the XX urogenital complex. 

f. Mis transcript levels after culture for 3 days. No difference was fou nd in the 

XY urogenital complex after treatment with TAT-HMG. Mis transcripts were 

undetectable in the XX urogenital complex. 
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Figure 9. Comparison of Sry, Sox9, and Mis transcript levels in the XV 

urogenital complex with or without treatment with 1.8% DMSO for 1 day. 

Sox9 and Mis transcript levels significantly decreased (P< 0.05 and 

0.001, respectively) wh ile Sry transcript levels did not change after 

treatment (n=3 each). Y axis indicates the amou nt of fold increase when 

normalized to 18srRNA transcript levels and then to XV control 

transcript levels. 



45 XYC 
4 .XYT 

3.5 

3 

2.5 

2 

1.5 

1 

0.5 

0 -4--__; 

Sr y 
* 

Sox9 Mis 



111 

Figure 10. TUNEL detection (green) of cell death in the XY urogenital 

complex after culture for 1 day. Counterstained with DAPI (blue). Bar 

indicates 0.4 mm. 

a. Untreated control. TUNEL-positive cells were scattered over the urogenital 

complex. 

b. Treatment with 1.8% DMSO. An excessive number of TUNEL-positive cells 

were seen in the mesonephros. 

c. Treatment with 6 Jlg/ml TAT-HMG dissolved in 1.8% DMSO. A large 

number of TUNEL-positive cells were seen over the mesonephros. 
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