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SOX9 and the switch hitting genes 
When a carefully posed mouse photograph makes 
it onto the front cover of Nature, there is usually 
a compelling reason. Last month, a quite obviously 
rotund mouse more than twice the weight of its 
normal brethren marked the positional cloning of 
the obese gene. Back in May 1991, the reason for 
featuring an apparently healthy mouse was even 
more remarkable, but only became apparent on 
closer inspection. The presence of just 14 kilo bases 
(kb) of DNA from the mouseY chromosome had 
sufficed to transform a chromosomally XX female 
mouse into a full-blooded male, whose normal 
mating behaviour was thwarted only by the absence 
of spermatogenesis1

• 

The transgene was, of course, Sry (short for 
'sex determining region, Y chromosome'), and 

patently provided 
the key to over
riding the so-called 
'default' pathway 
of female sexual 
differentiation. But 
although this 
memorable exper
iment clinched the 
case for SR Y as the 
testis-determining 
factor, it raised all 
kinds of questions 
about the identity 
of the other ele
ments that would 
be found to lie 

SRY. A quartet of papers in Naturil, CelP, Scienc~ 
and this issue of Nature Genetic§ within the past 
few weeks may have started to fill some of these 
gaps. 

The rise ofSRY culminates in the production of 
two substances vital for testis development. The 
Miillerian inhibitory substance (MIS; also known 
as anti-Miillerian hormone), which is expressed 
about 48 hours after Sry, is secreted by the Sertoli 
cells and causes regression of the MUllerian duct, 
preventing formation of the fallopian tubes and 
uterus in males. The other key hormone is 
testosterone, produced from cholesterol in the 
Leydig cells, which induces formation of the male 
internal genital structures6-S. But until recently, all 
that was known about SRY in this regard was that 
it contained a 79-amino-acid HMG box motif 
that is conserved in many transcription factors, 
and that it could not only bind DNA but actually 
bend it, suggesting that it might switch on its 
downstream target(s) by bringing into physical 
proximity the essential regulatory elements. 

SRY is intriguingly just one member of a large 
family of related sequences (numbering well into 
double figures) known as the SOX (SRY-type 
HMG box) genes9, some of which have already 
been shown to have important roles in neural 
development and spermatogenesis. One of these 
genes from mice, which was first isolated by Peter 
Koopman and colleagues at the University of 
Queensland, is Sox9. As Koopman's group now 
shows in this issue, Sox9 maps in the vicinity of 
the murine Tail-short mutation on distal 

Sox9 expression at the sites of active 
chondrogenesis in a day 13.5 mouse 
embryo (Courtesy P. Koopman). 

downstream (and chromosome 11 and is expressed during 
even upstream) of embryogenesis in mesenchymal cells in a pattern 
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• 
highly suggestive of a role in skeletal formation5• 

Koopman's studies aroused a good deal of 
interest when he first publicly presented some of 
these data last summer. The region of chromosome 
11 containing Sox9 is homologous to part of 
human chromosome 17q, which Tommerup and 
colleagues have shown convincingly, on the basis 
of the mapping of translocation breakpoints in 
three unrelated individuals, is the site of both an 
autosomal sex reversal locus ( SRA 1) and the gene 
for campomelic dysplasia 10• Campomelic dysplasia 
(CD) is a rare but frequently fatal skeletal 
malformation syndrome in which patients exhibit 
bowing of the long bones and other malformations. 
Of the 50 or so reported CD cases that are 
chromosomally male, more than two thirds are 
phenotypically female2. Tommerup et al. 10 also 
suggested that the Tail-short mutation might 
represent a potential mouse model for CD: these 
mice also have a number of skeletal abnormalities, 
although they do not exhibit sex reversal. 

As the race to find the CD gene intensified, 
SOX9became an attractive candidate, and recent 
reports from two groups, led by Peter Goodfellow2 

and Gerd Scherer3, have confirmed everyone's 
suspicions. Their groups have identified 
deleterious SOX9 mutations in a total of ten CD 
patients, seven of whom are sex-reversed XY 
females. Interestingly, these groups have also 
characterized the translocation breakpoints in a 
handful of other CD patients, which seem to 
occur at least SO kb from SOX9. Whether these 
distant rearrangements result in a 'position effect', 
or disrupt a second gene, remains to be revealed. 
For the time being, it is uncertain whether Sox9 is 
the gene underlying the Tail-short mutation: 
Wright et aJ.5 have found no structural gene 
mutations so far, but a regulatory defect remains 
possible. The precise relationship between the 
timing and cell-specific expression of Sox9 and 
Sry is still to be determined, but a variety of 
different scenarios have already been offered for 
their putative interaction2

•
3.s. 

The question of where and how Sox9 relates to 
the actions of Sry is given an added twist by the 
recent studies of Michael Weiss and colleagues4

• 

They have shown that the transient expression of 
SRY in a cell line derived from the differentiating 
gonadal ridge results in the substantial expression 
ofMIS. By contrast, a mutant SRY with an Ile68Thr 
mutation in the HMG motif (as seen in a 46,XY 
sex reversal patient) fails to induce MIS. But 

although this group has shown previously that 
SRY can bind to the MIS promoter, this interaction 
is not necessary for MIS induction. Weiss and 
colleagues therefore invoke one or more SRY
induced factors (SRYIFs) which mitigate the SRY 
signal and switch on MIS expression. 

A formal candidate raised bythe Weiss group4 

for one of these SRYIFs is the SRAl gene, or SOX9. 
But a more likely candidate perhaps is 
steroidogenic factor 1 (SF1), which together with 
WTl plays a key part in gonadal development in 
both males and females, and has in addition been 
implicated in the synthesis of both MIS and 
testosterone7• However, Weiss's group found that 
SF1 not only failed to promote MIS expression 
but even blocked induction by SRY. So to what 
extent SF 1 is directly involved in regulating MIS is 
still unclear, as is the mechanism by which SRY 
regulates SFl, although one possibility is that SRY 
represses a repressor of SFl that is present during 
gonadal differentiation7

• 

As if there were not enough questions to be 
answered about the events that occur immediately 
downstream of SRY, there are many other 
fascinating parts of the story to be filled in. What, 
for example, are the key ingredients in the 
'transcriptional milieu'6 that turns on SRYin the 
first place? And what are the genes required for 
ovarian development, which has only lately begun 
to gain serious attention? This may prove a more 
tractable problem, as a duplication of a small, 160 
kb region on Xp21 containing the DSS (dosage
sensitive sex reversal) locus results in female 
development even in the presence of an intact Y 
chromosome. Together with the new evidence2·3 

that CD is in fact a dominant, haploinsufficiency 
syndrome12 in which the dosage of SOX9 is of 
crucial importance, it is evident that sex 
determination has its more subtle qualities as :tJ 
well-even if they are notyetfullyappreciated. ~ 
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