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l. Introduction

Sexual determination was last discussed at Internal Medicine Grand
Rounds four years ago. At that time, Jean Wilson reviewed recent data about
the SRY gene, which had just been identified as the critical mediator of male
sex determination. In today's Grand Rounds, | will provide an update on the
role of SRY, and then will discuss several new genes that have been linked to
sexual development. These studies provide a new level of understanding of the
pathogenesis of human disorders of sexual determination/differentiation, and
also provide a paradigm for complex developmental pathways that involve
hierarchical interactions among different genes.

Sex, the biological differences between males and females, is
genetically determined and results from an ordered series of developmental
processes that culminate in the anatomic, reproductive, and behavioral
differences that distinguish males from females. Because sexual differentiation
is not essential for survival, patients with abnormalities in sexual development
have provided an invaluable source of mutations that affect critical steps in
these pathways. Conceptually, sexual development can be viewed as
operating at two different levels. The first step, sex determination, directs the
bipotential gonad to differentiate into a testis or an ovary; this event is
determined by the presence or absence of the Y chromosome. Once this
choice is made, subsequent developmental changes, termed sexual
differentiation, lead to the sexually dimorphic characteristics of the male and
female. The basic principle of sexual differentiation was defined by the classic
studies of Jost and colleagues: genetic sex, determined at the time of
fertilization by the presence or absence of the Y chromosome, leads to the
development of testes or ovaries. Thereafter, male sexual differentiation takes
place under the control of the testicular hormones testosterone and anti-
Mullerian hormone, whereas female sexual differentiation takes place in their
absence.

Genetic Sex =p- Gonadal Sex==pPhenotypic Sex

Figure 1. Basic principle of mammalian sexual development

Much of our understanding of the genetics of sex determination has
evolved from cytogenetic studies correlating genetic abnormalities of sexual
phenotype with specific chromosomal defects. More recently, these studies
have been extended by the identification of specific transcription factors that
mediate key events in sex determination/differentiation.

Il. Anatomy and Cell Biology of Sex Determination/Differentiation

Prior to sex determination, the gonads cannot be distinguished as testes
or ovaries, and therefore are termed bipotential or indifferent. They appear as a



gonadal ridge consisting of a condensation of cells adjacent to the
mesonephros. The somatic cells of these gonads originate from a region called
the urogenital ridge; the primordial germ cells originate outside this region and
migrate into the gonad from the stalk of the allantois. Following sexual
determination, the testes and ovaries can be distinguished histologically. The
testes form two distinct compartments: 1) the testicular cords, which are the
precursors of the seminiferous tubuies and contain the fetal Sertoli celis and the
primordial germ cells; 2) the interstitial region, which surrounds the testicular
cords and contains the Leydig cells and peritubular myoid cells. Analyses of
chimeric mice derived from both XX and XY lineages showed that Sertoli cells
are the critical site at which gonadal sex is determined (3). Following sex
determination, Sertoli cells synthesize anti-Muillerian hormone (AMH, also
called Mullerian-inhibiting substance), whereas Leydig cells synthesize the
androgen hormone, testosterone. The presence or absence of the testes
determines whether the embryo will differentiate along the male or female
pathway. The ovaries, on the other hand, exhibit little evidence of structural
differentiation until late in gestation, and do not actively participate in the early
processes of sexual differentiation.
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Figure 2. Origins of female and male internal genitalia from Wolffian and Mllerian ducts.

The internal genitalia derive from two sets of paired ducts--the Wolffian
(mesonephric) and Miillerian ducts--which are present in the embryo at the
indifferent stage. The development of the testes--and the consequent
production of testosterone--causes the Wolffian ducts to differentiate into the
seminal vesicles, epididymis, and vas deferens. The testes also produce AMH,
which causes the Miuillerian ducts to degenerate. In the absence of the testes
and their products, the Wolffian ducts regress and the Mullerian ducts form the
oviducts, uterus, and upper vagina in the female developmental pathway. The



external genitalia likewise derive from structures that initially are common to
both sexes, including the genital tubercle, urethral folds, the urethral groove--

through which the urogenital sinus empties--and the genital swellings. The 5a-
dihydro derivative of testosterone promotes differentiation of the external

genitalia along the male pathway, whereas no active hormonal mediators are
needed for feminization of the external genitalia.

lll. SRY: The Critical Determinant of Male Sex Determination

Prior to 1959, sex determination was thought to depend on the ratio of X
chromosomes to autosomes. This view changed when studies of patients with
abnormal numbers of sex chromosomes (XO females and XXY males)
demonstrated that the Y chromosome contains a dominant developmental
switch that determines sex (Ford et al. 1959; Jacobs et al. 1959; Welshons et al.
1959). These observations led to the proposal that the Y chromosome encodes
a specific product, designated the testis-determining factor, that causes male
sex determination. Further insights into the molecular basis for sex
determination and the contribution of the Y chromosome came from studies of
patients with primary sex reversal--genetic disorders in which the type of
gonads present and the resulting sexual phenotype do not correlate with
chromosomal sex. This phenomenon sometimes results from unequal crossing
over between the X and Y chromosomes during male meiosis, as diagrammed
below.
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Figure 3. Mechanism of crossover between X and Y chromosomes outside of the homologous
pseudoautosomal region, leading to aberrant translocation of SRY and sex-reversal. The
abnormal X and Y chromosomes resulting from this translocation are designated X* and Y*.



The presence of a specific region of the Y chromosome in many XX sex-
reversed males and the deletion of this region in XY sex-reversed females
mapped the putative testis-determining gene to a small part of the Y
chromosome proximal to the pseudoautosomal region on Yp. Subsequently,
positional cloning strategies led to the isolation of a candidate gene from the Y
chromosome, designated SRY (Sex-determining Region-Y chromosome;
Sinclair et al. 1990), that met all criteria predicted for the testis-determining
factor (reviewed by Goodfellow and Lovell-Badge 1993; Capel 1994). First, the
presence or absence of this gene correlated highly with the sex-reversal
phenotype, i.e., it was abnormally present in most XX patients with male
phenotype and absent in a subset of XY patients with the female phenotype.
More definitively, a number of sex-reversed XY patients were shown to have
mutations in their SRY gene that precluded the expression of SRY protein
(Berta et al. 1990; Jager et al. 1990). Finally, transgenic experiments in mice
showed that introduction of the mouse Sry gene into XX mice was sufficient for
testes formation and consequent male sexual differentiation (Koopman et al.
1991).
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Figure 4. SRY mutations causing sex reversal. Note that almost all known mutations lie within the
conserved HMG box, which mediates DNA binding.

Inspection of the SRY sequence identified one region that resembled a
DNA-binding motif found in a number of other proteins called the high mobility
group (HMG) box. SRY belongs to a subset of HMG box proteins that are
expressed in a tissue-specific or developmentally regulated manner and that
bind to specific DNA sequences. Interestingly, almost all of the known SRY
mutations lie within the HMG box--the only region that is tightly conserved
through evolution--supporting an essential role for DNA binding in SRY action.
Based on recent multidimensional NMR spectroscopy analysis, which defined
the molecular mechanism by which SRY interacts with DNA in its minor groove
and induces a bend in the DNA double helix, SRY mutations causing sex
reversal do not always impair DNA binding, but rather can impair DNA bending
by disordering the packing of the HMG box or by impairing direct contacts with
DNA (Pontiggia et al. 1994; Werner et al. 1995). Thus, SRY, like other HMG
box proteins, may regulate gene expression through "architectural" effects that
bend the DNA within the promoter regions, thereby facilitating the action of
other transcriptional regulators.

The proven role of SRY in activating the male developmental cascade
suggested that SRY activates downstream genes, which in turn mediate the
conversion of the bipotential gonad into a testis; however, direct target genes of
SRY have not been isolated, and its role as a regulator of gene transcription
thus remains to be proven. These difficulties in demonstrating transcriptional
activation by SRY, as well as analyses of phenotypically male XX patients



lacking SRY, have led to the propdsal that SRY, rather than directly activating a
developmental cascade, represses a negative regulator that normally inhibits
the testicular pathway of development (McElreavey et al. 1993).

Based on the above discussion, it is clear that considerable gaps remain
in our understanding of how SRY initiates testicular development, and hence
male sexual differentiation. The possibility has been raised that the timing and
levels of SRY expression are important for testes formation (Eicher and
Washburn 1986). As described below, recent data with the transcription factor
DAX-1 strongly support this model. Clinically, most patients with XY sex
reversal do not have identifiable mutations in SRY coding sequences (Cameron
and Sinclair 1997). These findings strongly suggest that other genes, in
addition to SRY, are required for male sexual differentiation. As discussed
below, recent studies are beginning to identify some of these genes.

IV. Other Genes Involved in Sex Determination/Differentiation
A. Steroidogenic Factor 1 (SF-1)

From the principles discussed above, it is apparent that mutations in
genes that abrogate early gonadal development will cause gonadal agenesis
with impaired testes formation in males and ovary formation in females, leading
in either case to female sexual differentiation. One gene recently shown to play
critical roles in gonadal development is that encoding SF-1 (reviewed by Parker
and Schimmer 1997). SF-1, a member of the nuclear hormone receptor family
of transcription factors, was first identified as an important regulator of the
cytochrome P450 steroid hydroxylases. Subsequently, SF-1 was shown to
regulate adrenal and gonadal expression of a number of genes required for
steroidogenesis, including the cytochrome P450 steroid hydroxylases, 383-
hydroxysteroid dehydrogenase, the ACTH receptor, and the steroidogenic
acute regulatory protein. Promoter analyses demonstrated that SF-1 also
activates expression of the AMH gene (Shen et al. 1994). Thus, SF-1 is directly
involved in the production of both essential mediators of male sexual
differentiation. In addition to the steroidogenic organs, SF-1 transcripts also are
expressed in the ventromedial hypothalamic nucleus (VMH), a brain region
implicated in reproductive behavior and appetite control, and in pituitary
gonadotropes, where promoter studies again have identified SF-1 target genes
that play critical roles in reproductive function (Table I).

TABLE |. Target Genes for SF-1

Gonadotropes o-subunit of glycoprotein hormones
Luteinizing Hormone B
GnRH Receptor

Adrenal cortex Cytochrome P450 steroid hydroxylases
3B-hydroxysteroid dehydrogenase Type |l
Steroidogenic Acute Regulatory Protein
ACTH receptor



Séavenger Receptor-B1

Gonads:
Leydig cells Cytochrome P450 steroid hydroxylases
Steroidogenic Acute Regulatory Protein
Sertoli cells Miillerian-inhibiting Substance
Aromatase
Theca and

granulosa celis Cytochrome P450 steroid hydroxylases
Steroidogenic Acute Regulatory Protein
Oxytocin

To define possible additional roles of SF-1 in vivo, targeted gene
disruption was used to make SF-1 knockout mice. Analyses of these SF-1
knockout mice revealed essential roles of SF-1 at all three levels of the
hypothalamic-pituitary-steroidogenic organ axis. Most strikingly, SF-1 knockout
mice failed to develop adrenal glands and gonads, undergoing loss of the
primordial organs via apoptosis at very early stages of their development (Luo
et al. 1994). As a result of this, SF-1 knockout mice died shortly after birth
secondary to adrenocortical insufficiency. They also exhibited male-to-female
sex reversal of the internal and external genitalia, as might be expected from
the degeneration of testes at developmental stages before androgens and AMH
are normally produced. Finally, these SF-1-deficient mice displayed impaired
function of gonadotropes (Ingraham et al. 1994; Shinoda et al. 1994), the
pituitary cell type that regulates gonadal steroidogenesis, and ablation of the
ventromedial hypothalamic nucleus (lkeda et al. 1994; Shinoda et al. 1994).




Figure 5. Newborn SF-1 knockout mice lack adrenal glands and gonads and have female internal
genitalia. SF-1 knockout mice (left) and wild-type littermates (right) were sacrificed and the
genitourinary tracts were dissected. A. SF-1 knockout female. B. Wild-type female. C. SF-1
knockout male. D. Wild-type male. The scale bar =1 mm. Reprinted with permission from Luo et
al. 1994. Kk, kidney; a, adrenal; o, ovary; t, testis; e, epididymis; od, oviduct.

These findings demonstrated unequivocally that SF-1 plays pivotal roles
in the early development of the adrenal and gonadal precursors. The early
embryonic expression of SF-1 and its established role as a transcription factor
make it likely that SF-1 is part of the hierarchical regulatory pathway that
determines the expression of downstream genes required for gonadogenesis.
Although mutations in SF-1 have not yet been demonstrated in human patients,
the human gene encoding SF-1 shares extensive homology with its mouse
counterpart (Oba et al. 1995; Wong et al. 1995) and is expressed in many of the
same sites (Ramayya et al. 1997), suggesting that SF-1 functions in humans as
it does in mice. Inasmuch as the human SF-1 gene is on chromosome 9933
(Taketo et al. 1995), it seems likely that patients will be found with abnormalities
of gonadal development or sexual differentiation that map to this locus.

B. Wilms Tumor 1 (WT1)

Another gene that plays essential roles in early events in gonadogenesis
is WT1, which was originally identified as a potential tumor suppressor gene in
kindreds with familial Wilms tumors of the kidney (Call et al. 1990; Gessler et al.
1990; Haber et al. 1990). WTT1 , via alternative splicing, generates at least four
different isoforms of a zinc finger, DNA binding protein that is thought to regulate
gene transcription by interacting with specific DNA recognition sequences
upstream of target genes. Besides differing somewhat in their preferences for
DNA binding (Bickmore et al. 1992), these isoforms of WT1 also associate
differentially at spliceosomes within the nucleus, suggesting that some isoforms
may participate in RNA processing (Larsson et al. 1995). Analyses of sites of
expression showed that WT1 is expressed in both the embryonic kidney and
gonads from very early stages of development, suggesting important roles in
embryogenesis.

Like SF-1, an essential role for WT1 in early gonadal development was
established in studies using targeted gene disruption to make WT1 knockout
mice. (Kreidberg et al. 1993). In addition to renal agenesis, these WT1
knockout mice lacked gonads, and had impaired adrenal development. As a
result of their gonadal dysgenesis at early developmental stages, the internal
and external genitalia developed along the female program. Although the
underlying mechanisms remain to be defined, these results strongly suggest
that WT1 regulates the expression of target genes in both males and females
that are essential for gonadogenesis.
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Figure 6. Functional domains of WT1. The four zinc finger DNA binding domains are indicated, as
are the locations of two alternative splice sites that lead to the production of four different isoforms
of WT1. Note that the +KTS splice variant disrupts the spacing between zinc fingers 3 and 4.

Mutations in WT1 have been associated with four distinct clinical
syndromes.

1. Familial Wilms tumor

Although generally presenting sporadically, approximately 1% of cases
of Wilms tumors occur in patients with a positive family history for this disorder.
This finding led to the proposal that a tumor suppressor gene was mutated in
these families in a manner akin to retinoblastoma. Efforts to map the gene(s)
associated with familial Wilms tumor ultimately culminated with the isolation of
the WT1 gene. These familial Wilms tumors most frequently have inherited
mutations or deletions of one WT1 allele associated with somatic loss of the
second allele due to gross chromosomal events. It is apparent that mutations at
other chromosomal regions also are associated with familial Wilms tumor,
including 11p15 (the region associated with the Beckwith-Wiedemann
syndrome) and chromosome 17. These other Wilms tumor genes have not yet
been identified, and remain an ongoing area of investigation.

2. WAGR Syndrome

A more encompassing phenotype associated with deletions of WT1 is the
WAGR syndrome (Miller et al. 1964). This disorder, which includes Wilms
tumors, Aniridia, Genitourinary abnormalities, and Mental Retardation, is
associated with deletions of the region of chromosome 11 that includes the WT1
gene and other surrounding genes. The genitourinary abnormalities are
relatively mild, involving cryptorchidism and hypospadias in males and
horseshoe kidneys in males and females. The full phenotype reflects deletions
of several genes, including WT1 and the transcription factor PAX6, mutations in
which are also associated with aniridia in humans. Other genes likely lie within
the chromosomal region that is deleted in WAGR, including a gene whose
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expression in the embryonic brain suggests that it may contribute to the mental
retardation (Schwartz et al. 1995).

WT1 RCN PAX6 FSHB

e le—————

Wilms Tumor

WAGR

Aniridia

Figure 7. Contiguous genes located within the region of chromosome 11p13 that is deleted in
the WAGR Syndrome. The regions that are deleted in patients have familial Wilms tumors, WAGR
syndrome, and familial aniridia are indicated. FSH#3, the B-subunit of follicle-stimulating hormone;
RCN, reticulocalbin.

3. Denys-Drash syndrome

Denys-Drash syndrome is an autosomal dominant disorder
characterized by gonadal and urogenital abnormalities in conjunction with
diffuse mesangial sclerosis, with the renal disease usually presenting in the first
year of life and causing end-stage renal disease by age 3. The gonadal
phenotypes of these patients vary, but are generally more severe than those
associated with the WAGR syndrome, with streak gonads and sex-reversal of
external and internal genitalia at one extreme and varying degrees of
pseudohermaphroditism in less-severely affected XY males. Wilm's tumors are
often seen in families that carry Denys-Drash mutations. Almost all WT1
mutations associated with Denys-Drash syndrome are point mutations in the
zinc finger DNA binding domains that abrogate DNA binding; these mutated
proteins are predicted to act in a dominant negative fashion to inhibit normal
function of protein encoded by the wild-type allele (Pelletier et al. 1992; Hasty
et al. 1993). Based on the knockout mouse studies described above, it is very
likely the inhibition of WT1 action impairs genitourinary development, with the
most severe mutations leading to early gonadal dysgenesis and consequent
sex reversal of external and internal genitalia.

4. Frasier syndrome
WT1 mutations also have been identified in patients with Frasier

syndrome (Barbaux et al. 1997). Unlike patients with Denys-Drash syndrome,
these patients do not develop Wilms tumors, but present with gonadal



dysgenesis, male pseudohermaphroditism, and focal glomerular sclerosis.
Their glomerulopathy is less severe than that associated with Denys-Drash
mutations, with no evidence of renal insufficiency until after age 4 and
preservation of some renal function until adolescence or young adulthood.

WT1 mutations that cause Frasier syndrome mutations cluster within intron 9 of
the WTT gene, and are proposed to interfere selectively with the synthesis of the
splice variant of WT1 that includes the amino acids Lysine-Threonine-Serine
(+KTS) between the third and fourth zinc fingers. Although the significance of
the various splice variants of WT1 is not fully understood, this finding suggests
that the +KTS isoform is essential for gonadal development, but is not required
to suppress the development of Wilms tumors. This finding further suggests that
the same WT1 mutations that cause Frasier syndrome in boys may also cause
some cases of focal glomerular sclerosis in girls, who escape diagnosis
because they lack abnormalities of the external genitalia. If so, recognition of
these mutations may facilitate considerably genetic counseling for family
members.

EXO:Q +123456 Exon 10
CATACAGGTAAAACAAgtgcgtaaactt...... caacagGTGAAAAGCCC. ..
HisThrGlyLysThrS erGluLysPro...

Mutation Phenotype

+2 t-c (1) 46 XY female, proteinuria (6 y),
nephrotic syndrome (23 y)

+4 c-t (5) 46 XY female, proteinuria (2-5 y),
nephrotic syndrome (9-18 y)

+5 g-a (4) 46 XY female, proteinuria (2-3 y),
nephrotic syndrome (14 y)

+6 t-a (1) 46 XY female, nephrotic syndrome (14 y),
ESRD (35y)

Figure 8. Molecular basis for Frasier syndrome. The sequence of the WT1 gene in the region
affected by the variable +KTS splice is shown. Arrows above the sequence indicate the positions
of the alternative splicing events. Intronic bases are numbered relative to the KTS exon. Specific
intronic mutations associated with Frasier syndrome are shown, with the number of patients with
each mutation shown in parentheses.

C. DAX-1: a potential mediator of ovarian development

1. Adrenal hypoplasia congenita



X-linked adrenal hypoplasia congenita (AHC) is a rare genetic disorder
in which patients present with ACTH-insensitive adrenal insufficiency due to
impaired development of the definitive zone of the adrenal cortex--the postnatal
site of steroidogenesis. Histologically, these patients show varying levels of
loss of normal architecture of the adrenal gland accompanied by cytomegaly
and eosinophillia. If kept alive with corticosteroids, these AHC patients later
frequently exhibit features of hypogonadotrophic hypogonadism, reflecting a
mixed phenotype of hypothalamic and pituitary gonadotropin deficiencies that
impair their ability to stimulate testicular steroidogenesis. Positional cloning
efforts culminated with the isolation of a gene--designated DAX-1 (Dosage-
sensitive sex reversal, Adrenal hypoplasia congenita, X-linked). DAX-1
encodes an atypical member of the nuclear receptor family that retains the
conserved ligand binding domain but lacks the typical zinc finger DNA-binding
motif (Zanaria et al. 1994), suggesting that DAX-1 is a transcription factor that
regulates gene expression through protein-protein interactions. Analyses of
DAX-1 in patients with AHC showed unequivocally that both impaired adrenal
development and hypogonadotropic hypogonadism resulted from mutations in
the same gene (Muscatelli et al. 1994); all of the mutations associated with the
disorder were found in the carboxy-terminus of the protein, suggesting that
residues critical for function were found in this region. Collectively, these
studies strongly suggest that DAX-1, like SF-1, serves multiple roles within the
hypothalamic-pituitary-steroidogenic organ axis.

2. Dosage sensitive sex-reversal

XY sex reversal is seen in some patients with a duplication of the short
arm of the human X chromosome, presumably resulting from two copies of a
critical gene found within a 160 kb Xp locus; this phenomenon is termed
“dosage sensitive sex reversal’ or DSS (Bardoni et al. 1994), and is proposed
to result from a gene that interferes with the pathway of male sex determination.
The identical mapping of the DAX-1 gene and the DSS region suggested that
DAX-1 might antagonize the male developmental pathway in a dosage
dependent manner. In support of this, recent studies have shown that
overexpression of DAX-1 in transgenic mice can impair the normal male
developmental pathway and cause sex reversal (Swain et al. 1998).
Depending on the level of DAX-1 expression achieved, these mice exhibit
gonadal changes that range from gonadal dysgenesis to production of true
hermaphrodites with both testes and ovaries. It is likely, although as yet
unproved, that similar imbalances between levels of expression of SRY and
DAX-1 may account for some human patients with the rare intersex condition of
true hermaphroditism.
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Figure 9. Model for DAX-1 antagonism of the male pathway of sex determination. Over-
expression of DAX-1, as is the case in patients with duplication of the region containing the DAX-1
gene, will prevent testis formation.

The similar compound endocrine phenotypes seen in patients with DAX-
1 mutations and in SF-1 knockout mice--adrenal aplasia’/hypoplasia and
hypogonadotrophic hypogonadism--suggest that these genes act in the same
developmental pathway. Recent studies have shown that both genes are
expressed in many of the same sites, including the gonads, adrenal cortex,
pituitary gonadotropes, and the VMH (Swain et al. 1996; lkeda et al. 1996).
Moreover, recent studies suggest that DAX-1 can heterodimerize with SF-1, and
that DAX-1 can inhibit SF-1-mediated transcriptional activation, presumably
secondary to this heterodimerization (lto et al. 1997). Alternatively, it has been
proposed that DAX-1 inhibits SF-1 action by interfering with the ability of SF-1 to
interact with its promoter elements upstream of SF-1 target genes. In either
case, excess expression of DAX-1 is predicted to interfere with the production of
AMH and androgens, thereby impeding male sexual development.
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Figure 10. Models for DAX-1 antagonism of SF-1 action.

D. SOX9, a proposed mediator of testicular development
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Another gene recently implicated in gonadal development is SOX9, an
autosomal gene with homology to the DNA-binding motif of SRY. This putative
gene was originally cloned because it contains an HMG box with greater than
60% homology with that of SRY (Gubbay et al. 1990). Subsequently, the SOX9
gene, located at 17q, was shown to be mutated in patients with campomelic
dysplasia (CD), a syndrome characterized by skeletal abnormalities (e.g.
congenital bowing of long bones in association with brachydactyly, clinodactyly,
and micrognathia) and impaired testicular development with male-to-female sex
reversal (Wagner et al. 1994; Foster et al. 1994). Although originally thought to
be autosomal recessive, the identification of SOX9 as the gene responsible for
CD led to the realization that most patients are heterozygotes, suggesting that
haploinsufficiency leads to the clinical disorder (Cameron and Sinclair 1997).
Moreover, there are differences in the degree of penetrance of the skeletal and
gonadal phenotypes: whereas the vast majority of patients with CD exhibit
characteristic skeletal abnormalities, only about 75% have gonadal dysgenesis
and sex reversal. Sometimes, the same mutation can be associated with both
CD alone and CD with sex reversal, suggesting that other genes can affect the
penetrance.
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Figure 11. SOX9 mutations causing campomelic dysplasia alone (open triangles) or campomelic
dysplasia with sex reversal (squares) are shown. Note that the same mutation apparently can be
associated with campomelic dysplasia or campomelic dysplasia with sex reversal.

Mutations associated with CD include those that affect splicing, missense
and frameshift mutations, and deletions (Cameron and Sinclair 1997). The
striking preponderance of mutations in the HMG box associated with SRY is not
found with SOX9, as mutations are distributed throughout the coding region.
Intriguingly, in several patients with CD and sex reversal associated with
balanced translocations involving the long arm of chromosome 17, the
translocation breakpoint is at least 50 kilobase pairs upstream of the SOX9
gene. This finding suggests that regulatory elements considerably removed
from the SOX9 promoter can affect its expression. Unlike SRY, SOX9 has both
the HMG box DNA-binding domain and a transactivation domain, with some
disease states resulting from deletion of a carboxy terminal transactivation
domain (Sudbeck et al. 1996). This finding suggests that SOX9 also
participates in sex determination by activating downstream genes that are
essential for testicular development. Intriguingly, SOX9 expression is much
higher in fetal testes than in the ovaries, further supporting a specific role for
SOX9 in testicular development and male sex determination (Kent et al. 1996;
Morais de Silva et al. 1996).
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V. Conclusions:

As discussed above, sexual determination and differentiation require that
multiple events occur within the appropriate tissues at the appropriate times of
development; defects at any of these steps can impair sexual differentiation.
Although it is apparent that SRY, encoded by the Y chromosome, is the primary
mediator of male sex determination, there remain considerable gaps in our
understanding of just how SRY brings about these critical events in
development. As summarized in Figure 12, it now is appreciated that both X-
linked (e.g. DAX-1) and autosomal (e.g. SOX9, SF-1, WT1) genes also play
critical roles in processes of sex determination and differentiation. Moreover,
XY sex reversal in association with other chromosomal regions have been
identified in humans (e.g. monosomy of chromosome 9g24; McDonald et al.
1997; monosomy of the long arm of chromosome 10, Wilkie et al. 1993), and in
mice (Eicher et al. 1997) , implicating additional, yet-to-be-defined genes at
other loci that are essential for sex determination. Critical goals of future studies
are to identify the various genes that play pivotal roles in sex determination and
subsequent differentiation along male or female pathways and to define the
mechanisms by which these multiple genes interact. Do the genes act in
hierarchical fashion, with one gene activating the expression of another?
Alternatively, do certain of the genes interact directly or indirectly to induce the
expression of common downstream target genes? Through a combination of
additional analyses of human patients with aberrant sex development and
studies in experimental model systems (e.g. knockout mice and transgenic
overexpression studies), an improved understanding of these essential
pathways hopefully soon will emerge.
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