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known to be downstream from Sry in this cascade isAbstract. Sry is the Y-chromosomal gene that acts as
a trigger for male development in mammalian em- Sox9, which encodes a transcription factor related to

Sry by the HMG box. Like Sry, mutations in Sox9bryos. This gene encodes a high mobility group
(HMG) box transcription factor that is known to disrupt male development, but unlike Sry, the role of

Sox9 is not limited to mammals. This review focusesbind to specific target sequences in DNA and to cause
a bend in the chromatin. DNA bending appears to be on what is known about the two genes and their

likely modes of action, and draws together recent datapart of the mechanism by which Sry influences tran-
scription of genes downstream in a cascade of gene relating to how they might interconnect with the net-

work of gene activity implicated in testis determina-regulation leading to maleness, but the direct targets
of Sry remain to be positively identified. One gene tion in mammals.
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Discovery of Sry, the Y-linked testis determinant

It has been known for some decades that in mammals,
maleness is determined by the Y chromosome. Cytoge-
netic analyses in mice and humans showed conclusively
that the Y chromosome carries a genetically dominant
locus that normally induces male development in XY
individuals [1–3]. This locus was given the acronym
TDF (testis-determining factor) in humans and Tdy
(testis-determining gene on the Y) in mice, and is now
known to harbour the gene Sry (denoted SRY in
humans).
The molecular strategy used to narrow down the region
of search and eventually isolate the gene SRY is now
regarded as a classic success story of positional cloning.
Most positional-cloning projects involve identification
of a candidate gene by analysis of translocations and
deletions that result in an abnormal phenotype. In the
case of sex determination, this was most readily ap-
proached by studying sex reversal in humans. The ma-
jority of human XX males possess Y-derived DNA
sequences, transferred to the paternal X chromosome
by aberrant X-Y interchange during meiosis [4, 5].
When DNA from four such XX males was analyzed, all
were positive for Y-specific markers located in the 35 kb

immediately adjacent to the pseudoautosomal boundary
[6]. This 35-kb region was searched for conserved Y-
linked sequences, an open reading frame found, and the
corresponding gene dubbed SRY (sex-determining re-
gion Y gene). A homologous gene was found on the
mouse Y [7].
This gene had all the properties expected of TDF, as
elaborated in the following sections. Importantly, muta-
tions in SRY were identified in XY females, showing
that SRY function is normally required for testis devel-
opment [8, 9]. The role of Sry in testis development was
confirmed in transgenic mouse experiments, in which
XX mice bearing Sry were able to develop as males [10].
These experiments demonstrated that only one gene
from the Y chromosome is necessary and sufficient to
initiate the cascade of male development, and that Sry
encodes the testis-determining factor.

Structure and function of SRY

The role of the HMG box: DNA binding and bending

Sequence analysis of Sry revealed a region encoding a
79-amino acid motif that has come to be known as an
HMG box, due to its presence in some of the high-mo-
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bility-group class of nonhistone proteins that associate
with DNA [11]. This observation placed SRY among a
set of sequence-specific DNA-binding transcription fac-
tors that include TCF1 and LEF1 [12–14]. Human
SRY protein was shown to bind specifically to the
sequences AACAAAG and, preferentially, AACAAT,
the concensus binding sites of TCF1 and LEF1, respec-
tively [15–18]. Mutations associated with XY sex rever-
sal in humans were found to impair the binding of SRY
protein to these target sites in electrophoretic mobility
shift assays [16], indicating that the ability to bind to
DNA is an integral part of the biochemical mechanism
by which SRY directs male development. These obser-
vations sat well with expectations that the testis-deter-
mining factor was a cell-autonomous regulatory
molecule at the top of a cascade of gene regulation
leading to testis formation.
Further study revealed that SRY protein from humans
and mice is able to induce bending of DNA by angles of
60–85° [19–21]. Similar properties were reported for
LEF1 [20], leading to the suggestion that these proteins
may act as ‘architectural’ transcription factors, which
are thought to act by influencing chromatin structure in
the regulatory regions of target genes, allowing the
assembly of regulatory complexes [22, 23]. Elegant in
vitro studies showed that the activity of LEF1 in regu-
lating the TCR� enhancer depended critically on the
relative placement of its binding site and those of two
cofactors, Ets-1 and PEBP2�, within the enhancer [24],
as would be expected if the above model is correct. Sry
was able to partially replace LEF1 in stimulating en-
hancer function in transfection assays. Mutant SRY
proteins produced by some human XY females have

been found to be defective not in DNA binding, but in
their ability to bend DNA [25], in support of an archi-
tectural model of transcriptional regulation by SRY.
What does the remainder of the SRY protein tell us
about its likely mode of action in sex determination? In
short, very little. The non-HMG box sequence of SRY
is remarkably poorly conserved between species (fig. 1).
This is partly explicable by the location of Sry on the Y
chromosome, conducive to a greater degree of sequence
drift than that seen in autosomal or X-linked genes.
Even so, the frequency of nonconservative substitutions
in SRY is far greater than expected, to the extent that
some workers have postulated positive selection for
sequence change in Sry during evolution [26, 27]. Not
only the primary structure but also the general topology
of SRY can vary dramatically between species, in terms
of the sizes of the regions N- and C-terminal to the
HMG domain (fig. 1). Further, mutations in human
SRY that result in XY sex reversal are almost exclu-
sively found in the HMG box (fig. 2). Taken together,
these observations point to a reliance of SRY largely if
not solely on the HMG box for function, and an
architectural mode of action seems most likely.

Transcriptional activator or repressor?

While the conventional view is that SRY is likely to set
in train a pathway of gene regulation leading to testis
determination and differentiation by activating one or
more downstream genes, an alternative suggestion is
that SRY may act as a transcriptional repressor. In this
latter model, SRY may act to repress genes that activate
the female pathway of development, or to repress a

Figure 1. Sequence and topological comparisons of SRY proteins from various mammalian species. Linear schematic diagrams of
predicted proteins are shown, with the HMG box in black. Numbers show amino acid identity to human SRY in the N-terminal, HMG
box and C-terminal regions of the proteins, respectively. Sequences were sourced from GenBank, accession numbers L08063 (human),
X86380 (Pan troglodytes, chimp), AB 004572 (Equus caballus, horse), U70655 (Mus musculus musculus, mouse), and S46279 (Sminthopsis
macroura, stripe-faced dunnart). Identities were calculated using the University of Wisconson Genetics Computer Group program GAP,
accessed through the Australian National Genome Information Service. The mouse protein contains a large, glutamine-rich repetitive
region shown as a cross-hatched box. Mouse SRY in the subspecies M. m. domesticus has a premature stop codon that truncates this
domain at the position indicated by an asterisk.
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Figure 2. Sex-reversing mutations in human SRY leading to gonadal dysgenesis or hermaphroditism. A linear schematic diagram of the
human SRY protein is shown, with the HMG box in black. The 79-amino acid HMG box sequence is shown above in single letter code.
Missense mutations are denoted by the substituted amino acid above or below the normal sequence, nonsense mutations by ‘*’ and
frameshifts by ‘%’. Note that the vast majority of these mutations affect the HMG box. The effects of many of these on the structure
and function of the HMG box have been described [16, 25, 69, 166]. Amino acids involved in DNA contact are indicated with a dot
[166]. The bipartite and basic cluster nuclear localization signals [33, 34] are underlined. Mutation data are from literature current to
December 1998 [8, 9, 38, 69, 71, 167–184].

repressor of the male pathway. The repressor model is
supported by genetic studies of XX maleness. The fre-
quency of XX males in the human population is about
1 in 20,000 [28], and it is estimated that 10% of these
cases are SRY-negative [29, 30], implying that the fre-
quency of SRY-negative XX maleness is around 1 in
200,000. This frequency is generally agreed to be too
high to be explained by sporadic gain-of-function muta-
tions in male-determining genes downstream from SRY,
and is perhaps more likely to result from loss-of-func-
tion of a repressor of maleness downstream from SRY
[31]. As yet no transcriptional repressor has been iden-
tified in the male sex-determining pathway, nor is there
any a priori reason why such a repressor needs to be a
direct target of SRY. However, the postulated repressive
mode of action of SRY is compatible with the implica-
tion that it acts by virtue of the HMG box alone; SRY
protein could compete with or otherwise block the
binding of another regulatory factor, or may impede
rather than facilitate the assembly of a transcriptional
complex through its bending properties. In vitro evi-
dence that SRY can act as a conventional repressor of
transcription has also been presented [32].

Nuclear localization and phosphorylation

Assuming for the moment that SRY exerts its effects
through the HMG domain alone, can other essential
features of a transcription factor be ascribed to the
HMG box? One of these features is the ability of the
protein to be transported to the nucleus after assembly
in the cell cytoplasm. Recently, two independent nuclear

localization signals have been identified at opposite ends
of the HMG box of SRY [33, 34]. Some human XY
females carry mutations in these nuclear localization
signals (fig. 2). In one case (R62G), transfection of a
mutant protein expression construct into COS-7 cells
revealed no differences in nuclear localization compared
with wild-type constructs [34]. It remains to be seen
whether other mutations do impede nuclear transport,
implicating a mode of sex reversal additional to reduced
DNA binding or bending by the HMG box.
Phosphorylation is one of the major mechanisms by
which the activity of transcription factors can be modu-
lated in the cell. Recently, the cyclic AMP-dependent
protein kinase (PKA) has been found to phosphorylate
human SRY protein on serine residues located in
the N-terminal part of the protein [32]. This phosphory-
lation event was shown to positively regulate SRY
DNA-binding activity, providing evidence for posttrans-
lational modulation of SRY activity during sex determi-
nation. Curiously, the PKA phosphorylation site
(RRSSS) is conserved among primates but not other
mammalian orders.

Interaction of SRY with other proteins

A further essential requirement is that SRY possess a
mechanism by which it can specifically act on its target
genes. SRY is a member of a large family of transcrip-
tion factors, known as SOX proteins, related by similar
HMG box sequences. One of these, SOX9, will be
discussed in some detail below. All SOX proteins char-
acterized to date can bind to similar target sequences,
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and functional specificity is presumably achieved
through interaction with distinct cofactors in different
regulatory contexts [35, 36]. Two interacting factors
have so far been described for SRY. One of these is a
nuclear factor, SIP1, containing PDZ protein interac-
tion domains [37]. SIP1 was found to interact not with
the HMG box, but instead with the C-terminal seven
amino acids of human SRY. These amino acids are
conserved in chimpanzee and gorilla SRY, but not in
gibbon, orangutan or any of the other mammalian SRY
proteins characterized to date. A base substitution gen-
erating a premature stop codon C-terminal to the HMG
box in human SRY and resulting in XY gonadal dysge-
nesis has been described [38]. Such a mutation would
affect the putative SIP1 interaction motif, providing a
possible explanation for the phenotype, but may also
affect other motifs or alter protein stability. In a sepa-
rate study, Harley and colleagues found that the HMG
box of SRY is a calmodulin binding domain [39].
Calmodulin interacts with a nuclear localization signal,
and may therefore modulate nuclear import of SRY
([39] and V. Harley, personal communication).
Despite the overwhelming evidence regarding the im-
portance of the HMG box for SRY function, a second,
highly conspicuous domain is found in mouse SRY (fig.
1). This domain in the Mus musculus molossinus-derived
Y chromosomes, found in common laboratory strains
such as 129, occupies over half the SRY protein (223 of
395 amino acids) at its C-terminus, is encoded mainly
by a CAG trinucleotide repeat and is rich in glutamine
and histidine residues [40]. This sequence is arranged as
19 blocks of 2–13 glutamine residues interspersed by a
conserved highly polar spacer of sequence FHDHH or
similar. This domain is able to function as a transcrip-
tional activator in a GAL4 assay in cultured cells [41].
Balanced against this observation is the absence of this
domain in all other genera, and the finding that no
substitute trans-activation domain exists in human SRY
[41], suggesting that the glutamine-rich region does not
play an activation role, nor indeed any role, in vivo.
Even within the species M. musculus, this domain is
variable: a stop codon truncates the glutamine-rich re-
peat region less than halfway through in domesticus
subspecies [42] (fig. 1). This truncated domain is unable
to activate transcription in vitro [43]. We have tested
directly whether the glutamine-rich repeat domain of
mouse SRY is functionally relevant, using a transgenic
mouse assay (J. Bowles and P. Koopman, unpublished
analysis). Constructs lacking this domain were unable
to induce sex reversal, suggesting that the glutamine-
rich repeat domain is essential for mouse SRY function,
and that mouse SRY protein differs in its biochemical
mode of action from SRY in other species. In support
of this conclusion, a protein that specifically interacts
with the glutamine-rich repeat region of mouse SRY

has recently been reported, but details relating to the
nature of this protein and its mode of action have not
been published [44].
In summary, while it appears that SRY protein acts via
its HMG domain to influence the transcription of other
genes, basic information pertaining to what this influ-
ence is and how it is brought about is still lacking.
Clearly, target genes need to be identified as a priority
in further clarifying the mode of action of SRY as a
transcription factor.

Expression of Sry

Temporal and spatial profile of Sry transcription

In order to bring about male sex determination, Sry
needs to be active in the gonadal primordia, known as
the genital ridges, of the XY embryo. Shortly after the
cloning of Sry, it was established that this gene is indeed
expressed in the somatic cells of the genital ridges in
mouse embryos [45]. This expression begins soon after
the genital ridges first arise, about 10.5 days post coi-
tum (dpc), reaches a peak around 11.5 dpc and is
maintained only until the first morphological signs of
testis differentiation become apparent at about 12.5 dpc
[45–47]. Expression in mice was found to be specific to
the genital ridges [48], although low-level expression in
mouse, bovine and human blastocyst-stage embryos has
been noted [49–51]. This expression profile is compat-
ible with SRY acting specifically in the genital ridges to
trigger a pathway of gene expression leading to testis
development, with no continuing requirement for SRY
expression in the maintenance of that pathway.
Once again, mice may not be truly representative of all
mammals in this regard. A wide variety of expression
profiles have been noted among different mammalian
species. In humans, marsupials and sheep, Sry tran-
scription appears to be much less tissue- and stage-spe-
cific than in mice. For example, the timing of Sry
transcription in sheep and Tammar wallabies encom-
passes that of testis differentiation by a broad window
of several days either side [52, 53]. In humans and
wallabies, expression in several fetal and adult tissues
has been noted [52, 54]. These observations suggest
either that Sry has roles other than in sex determination
in these species, or that expression outside of the genital
ridge or beyond the narrow time window of sex deter-
mination has no functional relevance. If the former
explanation is true, the effects of Sry in nongonadal
tissues must be subtle, as mutation and indeed absence
of Sry appears only to affect the testes and processes
depending on the hormonal output of the testes. It may
well be that the relatively extensive expression of Sry in
nonmurine species is redundant, and that mice have
retained only the minimal expression profile required
for male sex determination.
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Consistent with this view is another curious quirk of
Sry expression in mice. In the course of attempts to
isolate a complementary DNA (cDNA) for Sry, li-
braries were screened from the most abundant source of
Sry expression, the adult testis. cDNA clones were
repeatedly generated in which sequences normally lo-
cated 3� to the HMG box were found in a 5� position,
abutting sequences upstream from the HMG box.
These results were confirmed by RNase protection and
rapid amplification of cDNA ends-polymerase chain
reaction (RACE-PCR). This apparent conundrum was
solved by the demonstration that a circular transcript is
produced in adult testes [55]. Circularization is thought
to result from the unique structure of the Sry locus:
mouse Sry is embedded in a large inverted repeat [40].
The adult testis transcript is believed to initiate within
one arm of this repeat [56], encompass the open reading
frame and terminate in the other arm of repeated se-
quence. This scenario would generate a stem-loop tran-
script, and a splice involving donor and acceptor
sequences present in the loop could generate the final
circle [55, 57]. Why this occurs in mice is not known.
The circular transcript is not translated and therefore
appears to be redundant, in contrast to the functional
transcript produced in the genital ridges, and may be
used as a means of suppressing Sry function in sites of
gene expression other than the fetal gonads. However,
evidence from transgenic studies in my laboratory indi-
cates that loss of tissue specificity of Sry expression is
not detrimental in mice (J. Bowles and P. Koopman,
unpublished analysis).
The primordial gonad is composed of a number of
distinct lineages, each of which has the potential to
differentiate into testicular or ovarian counterparts, de-
pending on signals received. The primordial germ cells
can either mitotically arrest and subsequently develop
into prospermatogonia, or enter meiosis and become
oogonia [58]. This decision is a result rather than an
effector of sex determination, as embryos lacking germ
cells are able to undergo somatically normal sex deter-
mination [59, 60]. Clearly germ cells cannot be the site
of Sry ’s action, and indeed mouse mutant embryos
lacking germ cells retain Sry expression [45]. Somatic
cell lineages in the developing gonads include support-
ing cell precursors that can develop into Sertoli cells in
males or follicle cells in females, steroidogenic precursor
cells that go on to become either Leydig cells or theca
cells, and mesenchymal cells that can either contribute
to the peritubular myoid cells and vasculature of the
testis, or organize into ovarian connective tissue and
vasculature. Genetic studies involving XX�XY
chimeric mice have shown that of these cell types,
TDF/Tdy expression is required in a cell-autonomous
fashion only in the supporting cell lineage [61, 62].
These studies were supported by direct observation of

Sry expression in Sertoli cell precursors [63]. These
results imply that the role of SRY is to act as a switch
that influences the differentiation of Sertoli cells, and
that factors produced by differentiating Sertoli cells
influence the differentiation and organization of the
remaining cell lineages.

Importance of expression levels for SRY function

Many lines of evidence combine to indicate that expres-
sion levels of Sry are important for sex determination.
In humans, different degrees of masculinization can be
seen in XX siblings inheriting the same Y chromosome-
derived fragment after aberrent meiotic X-Y inter-
change in their father’s germ line [64]. This variation
must be due either to different degrees of mosaicism for
cells inactivating the X chromosome bearing SRY in the
Sertoli cell lineage, or differences in SRY expression
levels due to differential spreading of X chromosome
inactivation, or both. In mice, XY sex reversal is associ-
ated with two types of mutation that appear to exert
their effects through suppressing Sry expression levels.
Capel and colleagues noted that deletion of repeat se-
quences at some distance proximal to Sry on the mouse
Y short arm result in reduced expression and sex rever-
sal [65]. More recently, the sex reversal seen when
crossing an M. m. musculus strain Poschia�inus Y chro-
mosome (YPOS) onto an M. m. domesticus background
(in particular C57BL6) [66] has been ascribed to re-
duced Sry expression levels from YPOS. In an elegant
study, Nagamine and colleagues showed by quantitative
reverse transcriptase-polymerase chain reaction (RT-
PCR) that levels of Sry expression from different mouse
Y chromosomes correlated with the degree to which
they cause sex reversal on a domesticus background (C.
Nagamine et al., unpublished data). It appears that a
critical threshold must be achieved by a certain stage in
genital ridge development for the supporting cell popu-
lation to be pushed towards Sertoli cell differentiation.

Regulation of Sry transcription

While expression levels of Sry are clearly important, it
is not yet known how Sry is regulated. Experimental
attempts to define the regulatory regions of Sry have
been hampered by poor conservation of upstream se-
quences, low expression levels, lack of suitable cell lines
to use in transfection studies and unsuitability of �-
galactosidase as a reporter molecule for Sry expression
in transgenic mice. Comparison of upstream sequences
from closely related species such as primates has iden-
tified some conserved elements that may be relevant to
Sry regulation [67, 68]. Mutation searches in SRY up-
stream sequences in cases of XY sex reversal have
typically found no sequence changes [69–72]. Poulat
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and coworkers [72] found one point mutation at posi-
tion −75 in an XY female, but the significance of this
mutation is unclear, as the father’s DNA could not be
analyzed. Certainly, deletion of 33–60 kb of upstream
sequence, starting 1.8 kb 5� to SRY, causes XY sex
reversal [73]. Downstream sequences may also be impli-
cated in SRY regulation in humans [71, 74]. Whatever
the eventual outcome of Sry regulatory studies, impor-
tant cis sequences and their trans-acting regulatory fac-
tors identified in one species such as mice may or may
not be broadly relevant, given the differences in Sry
structure and expression between species. Human SRY
is unable to cause male sex determination in transgenic
mice [10], and it is not yet known whether this is due to
structural or regulatory incompatibilities between the
human gene or protein and the host mouse cells.
Clearly, however, investigations relating to how the Sry
gene is regulated pose a formidable challenge.

Evolution of Sry

What is the origin of Sry and how did it come to
control a decision of such fundamental importance for
the individual and for the species? Obviously it is possi-
ble only to speculate on these questions, based on
available evidence. First, Sry is found only in mam-
mals. Extensive searches among other vertebrate classes
for genuine orthologues of Sry (that is, genes contain-
ing an HMG box that are present in one sex but not
the other) have yielded only Sox genes that are not
sex-specific [75, 76]. Many eutherian and a few marsu-
pial and monotreme species have been studied, and Sry
has been found in all of these bar three, namely two
vole species, Ellobius lutescens and E. tancrei [77], and
the spiny rat Tokudaia osimensis [78]. Assuming that
these species have diverged on their own evolutionary
tangents, it seems that the origin of Sry is inextricably
linked to the genesis of the class Mammalia.
The X and Y chromosomes are thought to have arisen
as a pair of autosomes that began to diverge when the
Y took on a male-determining function. Sry may thus
have begun its life as a Sox gene on the ancestral
autosome. The X chromosome of humans, mice and
marsupials carries a gene, Sox3, which may be the gene
from which Sry evolved [79–81]. Sox3 is primarily
expressed in the developing central nervous system,
although transcripts have been reported in the genital
ridges of both sexes in mice and chickens [81–84]. It is
tempting to speculate that Sox3 may once have been,
or may still be, involved in female sex determination,
and that competition between SRY and SOX3 proteins
was or is the basis of a male-female dichotomy. There
is currently no evidence for a role for Sox3 in determi-
nation of either sex [79, 85]. However, it is not neces-

sary for Sox3 to have such a role in order to have been
the ancestor of Sry, as the latter may have taken on an
entirely novel function. Further, given the rate of evo-
lution of Sry, it is impossible to say with certainty
which Sox gene Sry most resembles. It is not yet
known whether other Sox genes reside on the X chro-
mosome and can be considered as possible ancestors of
Sry.

Relationship of Sry to other genes implicated in sex

determination

A number of genes have been identified that have a
critical role in the male or female sex-determining path-
way, and may therefore interact in some way with Sry.
These are described briefly below, and three—DAX1,
SF1 and WT1—are discussed in detail elsewhere in this
volume. A schematic diagram of the cellular and
molecular interactions during sex determination and
gonadal development is shown in figure 3.

Amh
Anti-Müllerian hormone (AMH, otherwise known as
Müllerian-inhibiting substance or MIS) causes regres-
sion of the Müllerian (female) duct system. Because it
is the first identifiable Sertoli cell product and appears
soon after the onset of Sry expression, it was for some
time suspected that the Amh gene is directly regulated
by SRY. However, it now appears that at least interme-
diaries such as SOX9 and SF1 are involved (see below).
In any case, it is known that AMH is not an integral
link in the male-determination pathway, as mice lack-
ing AMH show normal testis development [86].

SF1
The orphan nuclear receptor steroidogenic factor 1
(SF1), otherwise known as Ad4BP, is a key component
of the pathway of gonadal and adrenal development,
and is known to regulate male steroid biosynthesis. Sf1
transcripts are present in the gonads of both sexes in
mice between 9 and 12 dpc, whereafter the gene is
downregulated in ovaries [87, 88]. Mice homozygous
for a null allele in Sf1 show normal early development
of the genital ridges, but a complete block in subse-
quent gonadal development in both sexes, among other
defects [89]. The Amh promoter contains an SF1 bind-
ing site which is critical for expression of the gene in
Sertoli cells in vitro and in transgenic Amh-reporter
mice [90, 91]. These data suggest that SF1 has at least
three important roles in sexual development, one early
in the establishment of the gonad prior to the expres-
sion of Sry, another later in male differentiation, regu-



CMLS, Cell. Mol. Life Sci. Vol. 55, 1999 845Multi-author Review Article

lating Amh, and another in regulating steroid synthesis
in Leydig and theca cells.

WT1
Targeted disruption of the Wilms’s tumour-associated
zinc-finger gene WT1 also results in a blockage of
gonad development in mice [92]. As with Sf1 deficiency,
the initial stages of genital ridge formation are unaf-
fected, suggesting that SF1 and WT1 play important
roles in the maturation of the genital ridges, rather than
sex determination per se, perhaps by establishing an
environment in which Sry can act to commit cells to the
male fate. In humans, dominant-negative WT1 muta-
tions are associated with XY pseudo-hermaphroditism
in Denys-Drash syndrome [93]. It has been suggested
that WT1 may act as a regulator of Sry expression [94],
and potential WT1 binding sites are present upstream
of both mouse and human Sry. However, direct evi-
dence for this regulation is lacking.

LIM1

LIM1 is a homeobox gene that regulates production of
an organizing molecule in many experimentally studied
species. Targeted disruption of Lim1 in mice resulted in
complete absence of head structures and early lethality,
but surviving fetusus lack kidneys and gonads [95]. It is
widely assumed that LIM1, like WT1 and SF1, is in-
volved in maturation of the genital ridges, but its pre-
cise role in gonadal induction has not been analyzed in
detail, due in part to the lethality of Lim1 knockout
embryos.

DAX1
Another orphan nuclear receptor gene, DAX1 maps to
a region of the human X chromosome which, when
duplicated, causes male-to-female sex reversal [96–98],
and it has been suggested that Dax1 is an ovarian-deter-
mining gene [96]. Deletions involving DAX1 do not
disrupt testis differentiation, and Dax1 expression in

Figure 3. Cellular and molecular interactions during gonadal induction. Pathways of cellular differentiation and/or migration are
indicated by black arrows, biosynthetic pathways by red arrows, and hormonal or unknown signalling pathways by large dotted arrows.
Effector genes or gene products are shown in brown boxes. DHT, dihydrotestosterone.
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mice is downregulated with testis differentiation, but
persists in the developing ovary [99]. Transgenic mice
overexpressing Dax1 have been shown to undergo male-
to-female sex reversal, suggesting that Dax1 and Sry act
antagonistically [100]. However, targeted inactivation of
Dax1 in mice does not affect ovarian development,
instead blocking spermatogenesis in males [101]. It is
concluded that Dax1 is a spermatogenesis and antimale-
ness gene rather than an ovarian-determining gene [100,
102].

Aromatase

In vitro binding of SRY to the aromatase promoter has
also been reported [103]. Aromatase is a member of the
cytochrome P-450 family and is responsible for the
conversion of testosterone to estradiol. It is considered
essential for male sex determination that the gene en-
coding aromatase be tightly repressed during testis de-
velopment, and Haqq et al. have suggested that SRY is
directly responsible for this repression. This is unlikely
to be the case in vivo; SRY expression occurs in Sertoli
cells, yet aromatase is a product of the steroidogenic
lineage (fig. 3).

Fra1
The Fos-related antigen gene Fra1 has been implicated
as a target of SRY, since transfection of a plasmid
expressing human SRY protein significantly enhanced
transcription of a Fra1 reporter construct [104]. How-
ever, Fra1 is not expressed at any stage at or around the
critical period of sex determination when Sry transcripts
are present in mice, excluding a role for Fra1 in sex
determination and differentiation [47].

Sox9
As mentioned earlier in this review, Sry is just one of a
family of genes related by the HMG box. These genes
have come to be known as Sox (SRY-related HMG
box) genes (for review, see [105, 106]). A rule of thumb
for defining Sox genes, as distinct from other HMG box
genes, is that they are more than 50% identical to SRY
at the amino acid level in the HMG box region [105,
106]. However, this cannot be regarded as strictly accu-
rate, as several exceptions to this rule exist [107] (P.
Koopman, unpublished analysis). Sox genes have been
found in a wide variety of species representing insects,
amphibians, ascidians, reptiles, birds, fishes and mam-
mals. They are best characterized in mice, with some 20
Sox genes identified in whole or part in that species [7,
107–117]. Expression studies [35, 45, 81, 113, 115, 117–
126], knockout mouse experiments [127, 128] and the
identification of mutations in a number of human dis-

eases [8, 9, 129–131] indicate that Sox genes are impor-
tant for the differentiation and/or function of a number
of cell types during embryonic development.
One Sox gene of special relevance for sex determination
is Sox9. Expression of Sox9 was first noted at sites of
chondrogenesis in mouse embryos [132]. In humans,
heterozygous defects in SOX9 have been associated
with the bone dysmorphology syndrome campomelic
dysplasia (CD) [129, 130]. Curiously, a large proportion
of CD patients show XY sex reversal [133, 134], demon-
strating an important role for Sox9 not only in skeletal
development but also in sex determination. Sox9 is one
of only a few genes apart from Sry for which mutations
have been shown to interfere with male sex deter-
mination.

Structure and function of SOX9

The HMG box: DNA binding and nuclear localization

The structure of SOX9 is that of a typical transcription
factor with discrete DNA binding and transcriptional
trans-activation domains. The HMG box region of
SOX9 has been shown to bind to the sequences AA-
CAAT and AACAAAG [35, 135], typical of SRY and
other SOX proteins. In addition, SOX9 has been found
to bind to the variant sequences ATGAAT and CA-
CAAT, found in the chondrocyte-specific enhancer in
the first intron of the human type II collagen gene
COL2A1 [135, 136]. Mutation of these binding motifs
abolishes chondrocyte-specific expression of a COL2A1
reporter in transgenic mice [135], demonstrating not
only the importance of SOX9 binding for COL2A1
expression, but also that the canonical SOX binding site
(WWCAAWG, where W=A or T) defined by binding
site selection experiments in vitro is not necessarily used
in vivo.
The importance of DNA binding for SOX9 function is
reflected by the presence of mutations affecting the
SOX9 HMG box in sex-reversed (XY female) CD pa-
tients [129, 130, 137–139] (fig. 4). Impaired DNA bind-
ing affinity has been demonstrated in a number of these
cases [138]. It is likely that SOX9 binding results in
chromatin bending, but bending brought about by nor-
mal SOX9, let alone impaired bending resulting from
sex-reversing mutations in the HMG box, has not been
investigated.
The HMG box of SOX9, like that of SRY, contains two
independent nuclear localization signals [34] (fig. 4). In
mice, SOX9 protein appears predominantly cytoplasmic
in the genital ridges of both sexes prior to 11.5 dpc, but
moves to the nucleus at later stages of testis develop-
ment [120], and it has been suggested that a factor or
factors that interact with the nuclear localization sig-
nal(s) may mediate this change in subcellular localiza-
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Figure 4. Mutations in human SOX9 associated with campomelic dysplasia and XY sex reversal. Linear schematic diagram of the
509-amino acid human SOX9 protein. The HMG box and trans-activation (TA) domain are indicated, with the 79-amino acid HMG
box sequence shown above in single letter code. Missense mutations are denoted by the substituted amino acid, whereas nonsense
mutations are denoted by ‘*’ and frameshifts by ‘%’. Mutations affecting splice donor (� ) and acceptor (� ) sequences have also been
reported. Mutations designated by an upward arrow do not affect sex determination (i.e. they are present in XY males). Those
designated by a downward arrow result in complete or partial XY sex reversal (XY females). The effect on male sex determination of
the mutations designated � is not known (XX females). The bipartite and basic cluster nuclear localization signals [34] are underlined.
Mutation data are from literature current to December 1998 [129, 130, 137–139, 185, 186].

tion [34]. No direct support for this theory has emerged,
and mutations specifically affecting nuclear localization
sequences of SOX9 have not yet been detected among
campomelic dysplasia patients.

Transcriptional trans-activation

Sex-reversing mutations in Sox9 are found throughout
the gene, with no correlation between the type of muta-
tion and the phenotype [138] (fig. 4). Clearly, functional
domains outside of the HMG box are implicated by
these mutations. In vitro GAL4 activation assays have
identified the C-terminal 108 amino acids in human
SOX9 as a trans-activation domain [140]. In mice, the
C-terminal 83 amino acids are capable of trans-activa-
tion [35]. The difference is likely due to the serendipi-
tous choice of gene fragments assayed in the respective
laboratories rather than to any genuine differences be-
tween the mouse and human proteins, and it may be
that the real size of the trans-activation domain is
smaller still. In support of this possibility, the C-termi-
nal 43 amino acids of the SOX9 protein are particularly
well conserved between the human, mouse, chicken and
rainbow trout sequences (fig. 5). Whatever the actual
size of the trans-activation domain, all of the CD muta-
tions C-terminal to the HMG box are termination or
frameshift mutations that would debilitate the trans-ac-
tivation ability of the protein. It would appear then that
SOX9 is able to function as a conventional transcrip-
tion factor, but whether the protein has additional or
alternative architectural roles remains to be seen.

Multiple roles of SOX9

Unlike the situation in SRY, SOX9 shows a very high
degree of sequence conservation throughout the protein
between species. This conservation is typical of Sox
genes other than Sry, and is particularly high for the
HMG box and trans-activation domains (fig. 5), as
might be expected. Sequence comparisons also reveal
several other very highly conserved regions that may
serve as interfaces for interaction with other proteins.
One might predict that SOX9 would interact with a
variety of cofactors in a combinatorial fashion to
achieve its different roles, presumably involving many
different regulatory targets, during development [35].
For example, SOX9 is known to directly activate
COL2A1 and the gene encoding the matrix component
aggrecan during chondrogenesis [135, 136, 141]. Coop-
eration with SOX5 and/or SOX6 synergizes the activa-
tion of COL2A1 [142], and other, as yet unidentified
cofactors may be involved in COL2A1 activation. Co-
factors enhancing the effect of SOX9 on aggrecan tran-
scription are not yet known. In sex determination,
SOX9 would be expected to activate an entirely differ-
ent gene or set of genes; certainly, COL2A1 is not
expressed in developing testes [35]. These data provide
further support that the sex-determining cascade is bet-
ter thought of as a combinatorial network rather than a
linear pathway.
Curiously, only some 75% of XY infants showing the
skeletal abnormalities diagnostic for CD are sex-re-
versed [143]. In other words, some SOX9 mutations
result in CD with XY sex reversal and others in CD
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without XY sex reversal, whereas mutations seen in XX
patients are uninformative with respect to their effects
on male sex determination (fig. 4). This may mean that
the molecular cascade of chondrogenesis is more sensi-

tive than that of sex determination to perturbations in
SOX9 function. Alternatively, the majority of CD fe-
tuses may develop ovotestes, which resolve to either
testes or ovaries after birth, as occurs in mice. No cases

Figure 5. Comparison of SOX9 proteins from human, mouse, chicken and trout. Amino acids identical in all four sequences are
indicated with a bold dot, and those subject to conservative change in some sequences with a smaller dot. The HMG box is underlined,
and the N-terminal 83-amino acid region implicated in transcriptional trans-activation in the mouse is double-underlined. The pattern
of conservation through the SOX9 protein in these diverse vertebrates suggests that regions other than the HMG box and
trans-activation domains may be of functional significance. Data from [36, 129, 132, 187].
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of SOX9 mutations resulting in sex reversal without CD
have been found [138, 144], and the nature and distribu-
tion of the sex-reversing mutations in human SOX9 (fig.
4) do not point to any part of the protein as uniquely
important for a role in sex determination.

Expression of Sox9

Much has been written about the expression of Sox9
during chondrogenesis [35, 121, 132, 145], and it is
beyond the scope of this review to reiterate these data.
Accumulated data from several laboratories is consis-
tent with the notion that Sox9 serves as an essential
trigger for the differentiation of chondrocytes from
mesenchymal cells in the embryo, analogous to the
proposed role of Sry in stimulating Sertoli cell differen-
tiation in mammals.
Expression of Sox9 during sex determination suggests a
role downstream from Sry in the Sertoli cell-differentia-
tion pathway. This expression profile has been studied
independently by two laboratories, with slightly differ-
ent outcomes. Lovell-Badge and colleagues reported
expression of Sox9 in mouse genital ridges of both sexes
at 10.5 dpc, whereas Koopman and colleagues did not
detect Sox9 transcripts in either sex at the same stage
[119, 120]. The discrepancy is almost certainly due to
differences in sensitivity in the two separate series of
experiments. Both groups, however, reported a strong
upregulation of Sox9 expression in male genital ridges
at 11.5 dpc. This appears to coincide with a downregu-
lation of Sox9 expression in the female. Sox9 expression
is subsequently maintained in testes during and after
their differentiation. Sox9 RNA expression is associated
with developing testis cords, and is not due to germ
cells, implicating Sertoli cells as the site of Sox9 expres-
sion [119]. Sertoli cell-specific expression of SOX9
protein has been confirmed by immunohistochemistry
[120, 146]. Sox9 expression in Sertoli cells is not tran-
sient, but persists through to adulthood.
As with SRY, levels of functional SOX9 protein appear
to be critical for male sex determination. Sex reversal
associated with CD results from mutation of one copy
of SOX9. As mentioned above, some of these mutations
are likely to impair the ability of the SOX9 protein in
an affected individual to bind to DNA. Other muta-
tions would be expected to have no effect on DNA
binding, but instead impair other biochemical functions
of the protein such as transcriptional transactivation
[140]. A third class of mutations is represented by
translocation breakpoints upstream of SOX9 [134, 147];
these would presumably reduce or abolish transcription
from the mutant SOX9 allele.

Sry, Sox9 and the testis-determining pathway

How do Sry and Sox9 interconnect with each other and
with the other pieces of the sex-determination jigsaw
identified to date? Several reviews have speculated on
the nature of the mammalian sex-determining pathway
[148–151]. The following discussion summarizes the
current issues and pertinent observations relating to
Sry, Sox9 and their interrelationship in the context of
sex determination. These relationships are schematically
represented in figure 3.

What regulates Sry?
WT1, SF1 and LIM1 are implicated in the regulation of
Sry expression by virtue of their early expression in the
genital ridges, but it is also likely that these factors may
be involved in establishing an appropriate tissue or
biochemical environment for the action of Sry, given
their knockout phenotypes. The sex reversal seen when
M. m. musculus Sry alleles are present on an M. m.
domesticus background implicates aberrant interaction
between musculus Sry and domesticus autosomal/X-
linked genes [66], and these genes are likely to be
regulators of Sry transcription [152, 153] (C. Nagamine
et al., unpublished analysis). Some of these loci have
been mapped [154], and await positional cloning.

Does SRY directly regulate Sox9 ?
The timing and male-specific upregulation of Sox9 ex-
pression in mice are compatible with the possibility that
SRY directly regulates Sox9. Indeed, a potential bind-
ing site for SRY is found in the promoter region of
mouse and human Sox9. However, this site is not
within a 113-bp interval found to confer at least some
sex specificity of Sox9 expression upon reporter con-
structs transfected into primary mouse fetal testicular
and ovarian cells (Y. Kanai and P. Koopman, unpub-
lished analysis). Even if Sry were normally involved in
Sox9 regulation in mammals, evidence exists that it is
not absolutely required. In mice, genital ridges of either
sex can undergo testicular differentiation when grafted
to extragonadal sites such as the kidneys, and testicular
tissue induced in this manner expresses Sox9 [120]. In
all, these data do not support direct regulation of Sox9
by SRY in mammals, although as discussed earlier in
this review, caution is required in extrapolating from
the situation in mice to that in other mammals.
The role of Sox9 in sex determination is not limited to
mammals. Male-specific expression of Sox9 has been
reported in chicken and turtle genital ridges, coincident
with testis determination in those species [119, 120, 155].
This suggests that Sox9 is a fundamental component of
the male sex-determining pathway in all vertebrates. Sry
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can obviously not be involved in the male-specific ex-
pression of Sox9 in the gonads of nonmammalian spe-
cies, nor indeed the few mammalian species which lack
Sry. In classes such as birds, reptiles and fish, different
sex-determining switches operate, as described in other
papers in this volume. It is generally postulated that sex
determination in all vertebrates converges to a common
genetic pathway, and that this pathway is activated by
different switch mechanisms that can be genetic or
temperature-dependent. Sox9 may represent the point
at which these pathways converge. If this is true, then it
is possible that this gene is activated by different mech-
anisms in different vertebrate classes. Alternatively, the
pathways may converge at some point upstream from
Sox9, and similar regulatory mechanisms for Sox9
might be found in all vertebrates.
Clearly, Sox9 is a very early-acting gene in the male
sex-determination pathway. Mutation of SOX9 can re-
sult in complete, male-to-female phenotypic sex reversal
in humans. It appears that Sox9 is intimately linked
with Sertoli cell differentiation, even in the absence of
Sry [120]. To further test a proposed causal relationship
between Sox9 expression and Sertoli cell differentiation,
it will be necessary to make transgenic mice expressing
Sox9 in female genital ridges, and assay for sex reversal
in a manner analogous to transgenic studies involving
Sry.

SRY, DAX1 and the repression of Sox9
The expression profiles of Sox9 in male and female
gonads suggests that repression of Sox9 is critical for
ovarian development. It is possible to speculate that a
repressor of Sox9 may be expressed in female genital
ridges, but that this repressor is itself repressed in male
genital ridges, perhaps by Sry. As noted above, trans-
genic mice overexpressing Dax1 have been shown to
undergo male-to-female sex reversal [100]. This situa-
tion is analogous to duplications of the region including
DAX1, resulting in male-to-female sex reversal in hu-
mans [96], although in this latter case the involvement
of alternative or additional genes has not been ruled
out. Unlike the situation in humans, however, sex rever-
sal in mice was seen only in combination with a ‘weak’
allele of Sry such as YPOS, suggesting that dosage sensi-
tivities differ between the two species. These transgenic
experiments suggest that Dax1 antagonizes Sry action
[100]. One might speculate that Dax1 is involved in the
suppression of Sox9, and that Sry ’s role is to antago-
nize Dax1. This scenario is really a more refined version
of the ‘Sry represses a repressor of maleness’ hypothesis
of McElreavey and colleagues [31], and it will be of
interest to clarify the molecular basis of the antagonism
between SRY and DAX1.

Regulation of Sox9
While many alternative models are possible, further
clarification of the connection between Sry and Sox9
awaits characterization of the Sox9 regulatory se-
quences. As mentioned above, we have made some
progress towards this end in mice, implicating sequences
in the proximal promoter region as contributing, at
least in part, to the sex specificity of Sox9 expression. It
appears that other important elements are scattered for
some distance upstream of SOX9. CD can be caused by
translocations involving breakpoints spread through
more than 800 kb upstream from SOX9 [147, 156, 157].
Wunderle and colleagues [158] have delineated some of
the regulatory regions using human SOX9 YAC-LacZ
reporter constructs in transgenic mice. While their re-
sults indicate that elements required for SOX9 expres-
sion in a variety of tissues are spread through some 350
kb upstream of the gene, they were unable to identify
any fragment which directed LacZ expression to the
gonads. The sex-specific regulatory elements either are
not located in the YAC fragments tested, or do not
function in mouse cells. If the latter is true, this may
once again point to fundamental biochemical differ-
ences in the sex-determining pathway between mice and
humans.

Beyond Sox9
What lies downstream from Sox9 in the testis-determin-
ing pathway? One obvious candidate is Amh. It has
been shown that SF1 is important for the regulation of
the Amh gene: binding sites for SF1 exist in the Amh
critical regulatory region, and mutation of these abol-
ishes AMH expression in transgenic mice [90, 91]. More
recently, SOX9 has been shown to cooperate with SF1
in the regulation of Amh. The two proteins bind to
adjacent sites in the Amh promoter, were shown to
interact in a mammalian two-hybrid assay and syner-
gize in trans-activation of an Amh-CAT reporter when
cotransfected into NT2/D1 human embryonal car-
cinoma cells [159].
Several observations complicate this simple view that
the role of Sox9 in sex determination is to regulate
Amh. Expression of Amh has been found to precede
that of Sox9 in chickens, not vice versa, which would
appear to rule out the possibility of Amh regulation by
SOX9 in that species [160]. Further, other regulators of
Amh have been identified in recent studies. It has been
reported that SF1 associates with two of the four alter-
nately spliced isoforms of WT1, and that this associa-
tion synergizes the upregulation of Amh [161]. WT1
missense mutations associated with male pseudo-
hermaphroditism fail to synergize with SF1 [161]. The
transcription factor GATA-4 has also been identified as
a regulator of Amh expression in vitro [162]. Perhaps
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most important, SOX9 must have other regulatory
targets, since SOX9 mutation results in sex reversal
[129, 130], whereas Amh mutation does not [86].
An obvious possible target of SOX9 is SF1. Potential
SOX9 binding sites are found upstream of the SF1 gene
[163], but no direct evidence of a regulatory relationship
has been put forward.

Perspectives

Sex determination is fundamental to the survival of any
sexually reproducing species. Altering any one of the
genetic steps leading to maleness or femaleness would
seem to call for simultaneously altering the interdepen-
dent steps if that change is to be compatible with
normal sexual development, reproduction and hence
survival. With this in mind it is indeed astonishing that
so many different mechanisms of determining sex can
be found among metazoans. The few model organisms
studied in any detail provide what is probably only a
glimpse of this variability. For example, the pathway
used in Drosophila melanogaster uses a completely dif-
ferent set of genes to those used in Caenorhabditis
elegans [164]. None of the genes used in either of these
species is deployed in vertebrate sex determination, with
the possible exception of DMT1, a human gene related
to Drosophila doublesex and C. elegans mab3 [165]. This
is in stark contrast to many other genetic pathways,
such as the Hox, Wingless/Wnt and hedgehog pathways,
that have been structurally and functionally conserved
throughout the metazoan subkingdom and perhaps
even beyond.
In trying to draw together data relating to the biochem-
ical and genetic roles of Sry and Sox9 in sex determina-
tion, we have seen several examples of differences
between vertebrate classes, mammalian genera, rodent
species and in some cases even mouse strains, to a
degree that far exceeds all other organogenetic systems.
To recount just a few examples, there are differences in
dosage sensitivities and gene expression patterns, rene-
gade rodents that lack Sry altogether, and a panoply of
different structural variations of Sry among mice. These
differences demand that we resist the temptation to put
forward unifying models of the genetic control of sex
determination. A corollary is that any individual organ-
ism will be of only limited value as a ‘model’ of verte-
brate or mammalian sex determination. Further study
of a number of experimental organisms will undoubt-
edly reveal further richness of variety.
While sex determination in vertebrates is often de-
scribed as a pathway, perhaps by analogy with the
linear sequence of events in Drosophila and C. elegans,
it is clear that this concept is hopelessly inadequate.
Several distinct cell lineages need to be coordinately

directed by a series of signalling molecules, receptors,
signal transduction systems and transcription factors. A
number of factors, such as WT1 and SF1, are clearly
used several times in different roles, even within the
developing gonad. Recent work has begun to uncover
the combinatorial transcription factor interactions in-
volved in various aspects of gonadal development.
Clearly, we are dealing with a complex network involv-
ing multiple positive and negative regulatory elements.
Sry and Sox9 play pivotal roles within this network, but
information relating to their modes of action remains
scant. To date, the majority of efforts to understand the
interplay of genes and gene products in sex determina-
tion have revolved around attempts at pairwise mar-
riages—SRY and Amh, SOX9 and SF1, SOX9 and
Amh and so on. Some of these relationships are no
doubt genuine. However, as described above and else-
where in this volume, some of these studies have re-
sulted in alliances that are likely to be artefactual;
others are contradictory or mutually difficult to recon-
cile. Part of the reason for this is the molecular biolo-
gist’s reliance on in vitro systems, which, while useful,
may not always reflect the in vivo situation. Another
factor is our natural tendency to fit together the pieces
of the jigsaw that we have, without regard for the
missing pieces. Since we have little more than a handful
of transcription factors, it is clear that many more
molecules of different classes need to be found. This,
and the interconnection of these pieces, will provide the
challenge for future research.
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