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Summary

Sox genes encode proteins related to each other, and to the sex determining gene Sry, by the presence
of a DNA binding motif known as the HMG domain. Although HMG domains can bind to related
DNA sequences, Sox gene products may achieve target gene specificity by binding to preferred target
sequences or by interacting with specific partner proteins. To assess their functional similarities, we
replaced the HMG box of Sry with the HMG box of Sox3 or Sox9 and tested whether these constructs
caused sex reversal in XX mice. Our results indicate that such chimeric transgenes can functionally
replace Sry and elicit development of testis cords, male patterns of gene expression, and elaboration
of male secondary sexual characteristics. This implies that chimeric SRY proteins with SOX HMG
domains can bind to and regulate SRY target genes and that potential SRY partner factor interactions
are not disrupted by HMG domain substitutions.
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INTRODUCTION

The Sox (Sry-box) gene family consists of genes that encode proteins with at least 50% amino
acid identity to the 79 amino acid HMG-type DNA-binding motif found in the mammalian sex
determining gene, Sry (sex determining region, Y chromosome) (Gubbay et al., 1990; Laudet
et al., 1993; Pevny and Lovell-Badge, 1997; Wegner, 1999). Sox genes are involved in a wide
range of developmental processes, including chondrogenesis (Ng et al., 1997), hematopoiesis
(Oosterwegel et al., 1993; Schilham and Clevers, 1998), neurogenesis (Hargrave et al., 1997;
Rex et al., 1997; Uwanogho et al., 1995), lens development (Kamachi et al., 1995, 1998), and
sex determination (Wegner, 1999). At least 30 family members have been identified ina diverse
group of multicellular organisms, including 15 genes in mammals (Soullier et al., 1999;
Wegner, 1999). Accumulating evidence from mutations in humans, mice, and Drosophila
suggests Sox genes influence cell fate decisions during development (Pevny and Lovell-Badge,
1997).

The sequence-specific DNA binding, DNA bending, and transactivation properties of SOX
proteins suggest they act as transcription factors with characteristics of both classical
transcription factors and architectural chromatin factors. Studies in vitro demonstrate that the
HMG domains of all SOX proteins tested to date bind with high affinity to a consensus DNA
sequence (A/T A/IT CAA A/T G) (Denny et al., 1992; Kanai et al., 1996; Mertin et al.,
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1999). Several investigators have suggested that SOX proteins bind to this core motif with
different affinities and that selectivity is determined by sequences adjacent to the core motif
(Collignon et al., 1996; Kamachi et al., 1999; Mertin et al., 1999). It is currently unclear if the
affinity differences measured in vitro are sufficient to provide functional specificity in vivo.
Further DNA binding selectivity and functional specificity may arise from interactions between
SOX proteins and other cofactors (Kamachi et al., 2000). For example, some SOX proteins
require specific protein partners for high affinity, specific DNA binding (Yuan et al., 1995;
Ng et al., 1997; De Santa Barbara et al., 1998; Johnson et al., 1998; Kamachi et al., 1999). In
some instances the protein-protein interaction domain within each SOX protein overlaps with
its HMG domain, while in other cases the interaction and HMG domain map to distinct protein
regions.

To investigate the functional relatedness and target specificity of HMG domains, we designed
chimeric transgene constructs in which the HMG box of mouse Sox3 or Sox9 replaced the
HMG box of mouse Sry. The Sry clone used for these experiments was a 14.6 kb genomic
clone (Hacker et al., 1995) that causes sex reversal in XX mice when present as a transgene
(Koopman et al., 1991; Eicher et al., 1995).

The HMG boxes of Sox3 and Sox9 were chosen for study for several reasons. Sox3 is the

Sox gene most closely related to Sry (67% nucleotide identity within the HMG box; Fig. 1)
and, like Sry, lacks introns. The strong sequence similarity and the fact that Sox3/SOX3 is X-
linked in humans, mice and marsupials (Foster and Graves, 1994;Mumm et al.,
1997;Stevanovic et al., 1993;Wright et al., 1993) has prompted some investigators to propose
that Sox3 is the evolutionary precursor of Sry. The role of Sox3/SOX3, if any, in sex
determination is unclear (Stevanovic et al., 1993) although it is expressed in both XX and XY
mouse gonads during the critical period of sex determination (Collignon et al., 1996).

In contrast to Sox3, Sox9 is more distantly related to Sry (59% nucleotide identity within the
HMG box; Fig. 1). Sox9 contains introns, is autosomal, and clearly plays an important role in
testis development. In the human syndrome campomelic dysplasia, SOX9 mutations cause
skeletal dysmorphology and often lead to XY sex reversal (Foster, 1996;Foster et al.,
1994;Wagner et al., 1994). In mice, SOX9 protein expression within the developing gonad is
sexually dimorphic, being initially equal in male and female fetal gonads, while later increasing
in XY gonads and decreasing in XX gonads (Kent et al., 1996;Morais da Silva et al.,
1996;Wright et al., 1995).

We used sexual development of XX mice carrying a chimeric Sry/Sox construct as a transgene
to assay functional gene activity in vivo. Our results demonstrated that XX mice carrying
correctly expressed chimeric transgenes with either the Sox3 or Sox9 HMG box develop testes
and are phenotypically male. Furthermore, XX transgenic fetal gonads from these mice display
testis-specific patterns of gene expression and develop normal-appearing testis cords. These
results indicate that the Sox3 and Sox9 HMG boxes can functionally substitute for the Sry HMG
box to initiate normal male sex determination.

Identification and Analysis of Founder Mice

To functionally test the biochemical similarity of the HMG domains of SOX3, SOX9, and
SRY, we prepared DNA constructs (Fig. 2) in which the HMG box of Sry was replaced with
the HMG box of Sox3 or Sox9. We then used these constructs to create transgenic mice and
analyzed these mice for presence of the transgene, presence of the Y Chromosome, sexual
phenotype, and expression of male-specific molecular markers (Table 1). (The nomenclature
used to designate each transgene is given in the Methods section.)
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Initially, six founder mice (#31, a C57BL/6J female; and #32-36, five FVB/NJ males) were
identified carrying the SrySox3 construct, and 12 founder mice (#49 - 60, four females and
eight FVB/NJ males) were identified carrying the SrySox9 construct (Table 2). Two SrySox9
founder males lacked a Y Chromosome and contained small testes, presumably because they
contained two X chromosomes and no Y Chromosome. These two founders were not studied
further. XX transgenic male offspring were obtained from two SrySox3 founders (#32 and 36)
and five SrySox9 founders (#52, 56, 57, 58, and 59) (Table 2). Of these seven, four (#32, 36,
52, and 56) produced both XX transgenic females and XX transgenic males and three of these
four (#32, 36, and 52) exhibited greater than 50% transmittance of the transgene, suggesting
the occurrence of multiple integration events. Further phenotypic and genotypic analysis (of
N2 and N3 backcross offspring) allowed us to establish two phenotypically distinct lines from
founders 32, 33, 36, 52, and 56. A single line was established from the remaining founders
with the exception of founder 54, who did not transmit the transgene.

Identification of Dominant and Partially Sex Reversing Transgenes

After establishing independent lines carrying single integrations, we analyzed each transgene
for the ability to cause sex reversal in XX mice (Fig. 3A, B). Our analysis demonstrated that
in several lines [Tg32 (SrySox3), and Tg52, Tg56, Tg57, Tg58, and Tg59 (SrySox9)] XX Tg/-
offspring were externally invariably male and thus contained a dominant sex reversing
transgene.

Sex reversal was not always complete in XX Tg/-offspring from lines Tg33, Tg36, Tg87
(SrySox3), and Tg79 (SrySox9) in that hermaphrodites and females were observed in some XX
Tg/- mice.

Identification of Recessive Sex Reversing Transgenes

Twelve transgenes did not cause sex reversal of XX mice when present in the hemizygous
state. Of these, line Tg78 was not further analyzed. For the remaining 11, intercrosses were
established between Tg/- mice to determine if sex reversal occurred in XX Tg/Tg mice (Fig.
3C, D). Transgenic progeny were examined for external sexual appearance and presence of
the Y Chromosome. At least 14 XX Tg females (in the absence of XX Tg males) were examined
before concluding that homozygosity for the transgene did not cause sex reversal (P < 0.005).
For eight lines, no indication of homozygous sex reversal was evident. But in three lines, Tg77,
Tg33 (SrySox3), and Tg55 (SrySox9), approximately one-third of XX Tg offspring were male.
This observation is consistent with the notion that sex reversal was caused by homozygosity
of the transgene.

An examination of the internal reproductive organs of adult mice from line Tg33 suggests that
all XX Tg33/Tg33 mice develop as males and approximately half of XX Tg/-mice develop as
hermaphrodites. No internal examination was performed on adult mice from lines Tg55 or
Tg77.

In the Tg77 line, we also observed a dwarfism in all (nine) XX Tg males and in seven of 32
XY Tg males, that was strikingly similar to that observed in mice homozygous for the mutation
achondroplasia (cn) (Lane, 1973; Lane and Dickie, 1968). Dwarfism was never observed in
XX Tgl-, XY Tg/-, XX -/-, or XY -/- mice. We concluded that Tg77 homozygosity causes XX
male sex reversal and a cn-like dwarfism. On rare occasion (0.5% of all progeny),
hermaphroditism was evident among known or presumed Tg77 hemizygotes suggesting that
some testicular tissue can develop in XX Tg77/- mice.
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Copy Number

The copy humber at each transgenic integration site was determined by quantitative PCR (Table
2). Integration sites contained from one (Tg78 and Tg88) to 40 (Tg58) transgene copies. All
integration events with a copy number greater than 15 caused complete dominant sex reversal
and, with one exception (Tg 52), all integration events with a copy number less than 15 caused
incomplete or no sex reversal as hemizygotes. To the extent analyzed, a modest correlation
(data not shown) was observed between increasing copy number, sex reversal, and transgene
expression levels (see RT-PCR below).

Fetal Gonad Morphology

RT-PCR

Gonad development was analyzed in fetal mice at 14.0 to 14.5 dpc, a time when both ovarian
and testicular tissues are easily discerned within individual gonads (Table 3 and Fig. 4). For
dominant sex reversing lines Tg32 and Tg 52, normal ovaries were present in all XX -/- mice
and normal testes in all XY -/-, XY Tg/- and XX Tg/- mice.

For the recessive sex reversing lines Tg77 and Tg 55, normal ovaries were present in all XX
-/- fetuses and normal testes in all XY -/- and XY Tg fetuses. In line Tg55, testes from XX Tg
mice were normal in both appearance and developmental age. In line Tg77, testes from XX
Tg mice appeared somewhat smaller and had less extensive cord development compared to
testes from their XY fetal sibs (Fig. 4, arrow). For both recessive lines, transgenic XX mice
with ovaries were presumably XX Tg/-and those with testes were presumably XX Tg/Tg. The
frequency of XX Tg fetuses with ovaries or testes was in close accordance with results obtained
from external genital morphology and segregation data (see Fig. 3C, D).

To assess the temporal profile of transgene expression compared to endogenous Sry expression
(Hacker et al., 1995; Koopman et al., 1990), we used RT-PCR to analyze RNA from paired
XX Tg/- urogenital ridges (10.5 and 11.5 dpc) and gonads with attached mesonephroi (12.5
dpc, 14.5 dpc, and newborn) (Table 4). For comparison, Sry expression was determined in
similarly staged XY -/- gonads. In control FVB/NJ XY fetal gonads, endogenous Sry
expression was undetectable at 10.5 dpc, present at 11.5 and 12.5 dpc, and undetectable again
at 14.5.

For lines Tg32, Tg52, and Tg55, no transgene expression was observed in XX Tg/- fetal gonads
at 10.5 dpc; whereas, expression of Tg77 was observed at 10.5 dpc, just prior to the onset of
endogenous Sry expression. At 11.5 dpc and 12.5 dpc, expression of each of the four transgenes
in XX Tg/- fetal gonads was observed in parallel with expression of Sry in XY fetal gonads.
At 14.5 dpc, continued expression of each transgene was observed in XX Tg/- fetal gonads,
whereas expression of Sry in control XY fetal gonads was absent. To determine whether
expression of a transgene persisted until birth, gonads from XX Tg/- newborn mice were
analyzed. In contrast to Sry expression, which was absent, expression of the four transgenes
was observed. Transgene expression in XX Tg77/Tg77 and XX Tg55/Tg55 homozygotes
paralleled the expression patterns observed in gonads from their hemizygous counterparts.

We used quantitative RT-PCR to determine the expression level of each transgene relative to
endogenous Sry transcripts in XY fetal gonads (Fig. 5A). In general, determinations were made
at 11.5 dpc, the point at which Sry transcript accumulation is at its maximum (Hacker, et al.,

1995). Transgene transcript levels for Tg55/- and Tg77/- XY gonads were increased 1.15 and
1.75 fold, respectively, compared to Sry transcript levels. Not surprisingly, transgene transcript
levels in Tg55/Tg55 and Tg77/Tg77 XY gonads were nearly double this level (2.40 and 3.60
fold, respectively). The dominant transgene Tg52 was expressed in hemizygotes at 2.77 fold

increase over that of Sry. Expression of the dominant transgene Tg32 was only determined at
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12.5 dpc, a point in time when Sry transcript levels are subsiding. At this time, Tg32 was
expressed at a 10.13 fold increase compared to Sry.

The sex-specific expression patterns of anti-Mdllerian hormone (Amh) and desert hedgehog
homolog (Dhh), two molecular markers of Sertoli cell differentiation, were assayed by RT-
PCR using RNA from gonad/mesonephros complexes from individual 14.5 dpc fetuses (Fig.
5B). In the dominant sex reversing lines Tg32 (SrySox3) and Tg52 (SrySox9), Amh and Dhh
were expressed in XY -/-, XY Tg/-, and XX Tg/- gonads, but not in XX -/- gonads. In the
recessive sex reversing lines Tg77 (SrySox3) and Tg55 (SrySox9), Amh and Dhh were not
expressed in XX -/- or XX Tg/- fetal gonads; whereas, both were expressed in XX Tg/Tg,
XY-/-, and XY Tg gonads. That is, Amh and Dhh expression was only observed if testicular
tissue had developed despite the fact that transcription of Tg77 and Tg55 was detected in XX
Tg/- fetal gonads.

Expression of two markers specific for Leydig cells were examined: cytochrome P450
cholesterol side-chain cleavage (Cyplla); and cytochrome P450 17 alpha-hydroxylase/17,20
lyase (Cypl7) (Fig. 5C, D). Because these markers are sometimes detectable in XX fetal
gonadal tissues (Greco and Payne, 1994), we used semiquantitative PCR to assay expression
levels relative to Hprt. Cyplla was strongly detected in XY -/- gonadal tissues (7.6 fold higher
than Hprt) but only weakly detected in XX -/- gonadal tissues (0.02 fold as high as Hprt).
Likewise, Cyp17 was strongly detected in XY -/- gonadal tissues (11.4 fold higher than
Hprt) but only weakly detected in XX -/- gonadal tissues (0.11 fold as high as Hprt). For the
dominant lines Tg32 (SrySox3) and Tg52 (SrySox9), we observed high levels of Cyplla and
Cypl7 expression (typical of XY controls) in XY Tg/-and XX Tg/- fetal gonads. For the
recessive lines Tg77 (SrySox3) and Tg55 (SrySox9), weak expression of these genes (typical
of XX controls) was observed in XX Tg/-fetal gonads, but strong expression of both (typical
of XY controls) was observed in XY Tg and XX Tg/Tg fetal gonads. In these cases the
upregulation of Cyplla and Cypl7 expression (typical of XY controls) was not activated by
the lower levels of transgene expression present in hemizygotes but required the higher level
of transgene expression present in XX Tg/Tg homozygous.

DISCUSSION

Functional Substitution of HMG Boxes

Sox genes encode proteins related to each other and to Sry by the presence of a DNA binding
motif, known as the HMG domain (Gubbay et al., 1990), that recognizes a short consensus
DNA sequence containing significant degeneracy. Data obtained in vitro suggests that the DNA
binding specificity of Sox proteins results from preferential binding to more specific expanded
consensus sequences (Mertin et al., 1999) or from interaction with specific partner proteins
(Kamachi et al., 2000), or perhaps both. The problem of DNA binding specificity among SOX
proteins is especially interesting in the differentiating mammalian gonad where Sry and other
Sox genes (including Sox3 and Sox9) are expressed.

Our results demonstrate that Sox3 and Sox9 HMG boxes can functionally substitute for the
Sry HMG box because both SrySox3 and SrySox9 transgenes caused sex reversal in XX
transgenic individuals. Such sex reversal was apparent at the levels of primary gonadal
development (formation of testicular cords), expression of testis specific markers (in fetal
gonads), and secondary sexual differentiation (elaboration of adult male sexual characteristics).

Regardless of construct, we identified some lines in which all XXTg/- mice were male. In other
cases, we identified lines in which XXTg/- mice were female but all XXTg/Tg mice were male.
Not surprisingly, we also identified lines exhibiting incomplete sex reversal (XXTg/-

hermaphrodites) or no sex reversal (XXTg/Tg females). This range of phenotypes is consistent
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with the hypothesis that the degree of expression from a transgene depends on copy number
and integration site.

It is possible that the transgenic constructs analyzed did not substitute for SRY but instead
activated the male sex determination pathway at a point downstream of SRY, perhaps at the
level of SOX9. This possibility seems unlikely given the differences in structure between the
SRY and SOX9 proteins outside of the HMG domain. For example, the SOX9 protein contains
a C-terminal transcriptional activation domain (Ng et al., 1997) that may not have a functional
equivalent in SRY. Although mechanisms can be invoked whereby the SrySox3 and SrySox9
transgene activate the male sex determination pathway downstream of SRY, the simplest
explanation is that SrySox3 and SrySox9 transgenes act as functional replacements of SRY.

Binding Specificity of SOX3 and SOX9 HMG Domains

Analysis of the human SOX9 protein in vitro has demonstrated a DNA binding preference for
the sequence AGAACAATGG (preferred flanking sequences underlined). The human SRY
protein, however prefers the expanded consensus TAAACAATAG (Mertin et al., 1999).
Although the increased specificity afforded by expanded consensus sites observed in vitro may
play a role in vivo, this remains to be tested. The interchangeable nature of the HMG boxes
demonstrated here suggests that potential binding site specificity does not completely preclude
interactions at presumably noncognate binding sites in mice. Thus, amouse Sry gene containing
a Sox3 or Sox9 HMG box can direct male sexual differentiation presumably by activating the
same target sequences that Sry does.

The dissimilarity of the Sox3 and Sox9 HMG boxes at the level of sequence relatedness may
not indicate functional dissimilarity with regard to DNA binding site preference in vivo. Our
data suggest that the more divergent HMG box of Sox9 functions as well as (if not better than)
the HMG box of Sox3 as a substitute for the HMG box of Sry. It does seem, however, that
some degree of over-expression of SrySox3 and SrySox9 transgenes in vivo is necessary to
cause male sex reversal. For example, TgN-(SrySox3)77 caused sex reversal at an expression
threshold somewhere between 1.75 and 3.60 fold above Sry and TgN(SrySox9)55 caused sex
reversal at a threshold somewhere between 1.15 and 2.40 fold above Sry. Neither the 1.15 fold
overexpression of SrySox9 (observed in Tg 55 hemizygotes) nor the 1.75 fold overexpression
of SrySox3 (observed in Tg 77 hemizygotes) was sufficient to cause sex reversal. Parallel
experiments expressing SrySox3, SrySox9, and Sry (as a control) as single copy transgenes
(Bronson et al., 1996) would be informative.

A substantial body of work indicates that at least some Sox gene products achieve high affinity
DNA binding specificity by interacting with specific partner proteins (Ambrosetti et al.,
1997; De Santa Barbara et al., 1998; Fraidenraich et al., 1998; Kamachi et al., 1999; Kamachi
et al., 1995; Kamachi et al., 1998; Lamb and Rizzino, 1998; Li et al., 1997; Ng et al., 1997;
Nishiguchi et al., 1998; Yuan et al., 1995). These interactions may or may not involve the
HMG domain. In chicken SOX1, the protein-protein interaction domain maps within the
proximal portion of the C-terminal domain but is distinct from the HMG box. In chicken SOX9,
the interaction domain maps to a similar location but involves the HMG box as well. Our
finding that the HMG boxes of mouse Sox3 and Sox9 can replace the HMG box of Sry and
elicit male sexual differentiation in vivo suggests that any potential partner protein interactions
critical for high affinity binding to Sry target genes were unperturbed by the HMG domain
substitutions.

Transcriptional Regulation of the SrySox3 and SrySox9 Transgenes

For the four lines we analyzed in detail, the transcriptional regulation of SrySox3 and
SrySox9 parallels that of Sry with two notable exceptions. First, these four transgenes continued
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to be transcribed after Sry RNA expression was extinguished. We suggest that the transgene
constructs used lack a cis-acting regulatory element necessary for transcriptional silencing.

Second, the SrySox9 transgene is prematurely expressed (at 10.5 dpc) in line Tg77. This
misexpression could be explained if the transgene were responding to the endogenous
regulatory elements of another gene at the site of integration. The cn-like dwarfism exhibited
by Tg77 homozygotes may represent the inactivation of just such a gene. Another intriguing
possibility is that temporal misexpression of Tg77 at 10.5 dpc (or perhaps an ectopic spatial
expression of Tg77) leads to dwarfism by interfering with other SOX proteins.

The Role of Sox3 in the Sex Determination Pathway

METHODS

It has been proposed that Sox3 acts as a repressor of Sox9 expression during sex determination
in females and that Sry expression relieves Sox9 repression by acting as a repressor of Sox3 in
males (Graves, 1998a, 1998b). One means by which Sry could repress Sox3 activity would be
by competing for DNA binding sites. Our results demonstrate that the HMG domain of Sox3
can interact with genes in the sex-determining pathway when expressed appropriately and as
thus our data is compatible with this hypothesis.

Nomenclature

Founders are referred to by number (e.g., founder #32). Individual transgenic lines or transgene
integration sites are referred to by official designation (e.g., TgN[SrySox3]32Ei) or an
abbreviation thereof (e.g., Tg-[Sox3]32 or Tg32). Homozygosity of a transgene is designated
as Tg/Tg (e.g., Tg55/Tg55). Hemizygosity of a transgene is designated as Tg/- (e.g., Tg55/-).
Absence of a transgene is denoted as -/-. Uncharacterized transgene carriers (Tg/Tg or Tg/-)
are designated as Tg (e.g., Tg55). Transgenes that cause complete sex reversal of XX mice
when hemizygous are referred to as “dominant” sex reversing transgenes. Transgenes that
cause complete sex reversal of XX mice when homozygous are referred to as “recessive” sex
reversing transgenes.

Oligonucleotides

Oligonucleotides used for PCR and sequencing (Table 1) were purchased from Great American
Gene Company (Ramona, CA).

Transgenesis

Plasmid p741ACS (containing the 129 strain-derived 14.6 kb Sry genomic DNA insert from
A741 [Gubbay et al., 1990] in a modified pBluescript | vector) provided the backbone into
which the Sox3 and Sox9 HMG boxes were cloned (Fig 2). A 467 bp EcoRV fragment from
p741ACS, which contains the HMG box of Sry and flanking DNA (nucleotides 8247 to 8714,
GenBank entry X67204 [Gubbay, et al., 1990]), was subcloned into the ECoRV site of
pBluescript 11 SK+ and used as a template for inverse PCR using primers Sry HMG 5'R and
Sry HMG 3'F. The HMG boxes of mouse Sox3 and Sox9 (nucleotides 221 to 457 [Collignon
et al., 1996] and nucleotides 608 to 844 [Wright et al., 1995], respectively) were amplified
from their respective cDNAs using the Sox3 HMG 5'F/Sox3 HMG 3'R or Sox9 HMG 5'F/
Sox9 HMG 3'R primer pairs, and the DNA polymerase Pfu.

Each Sox HMG box PCR product was ligated into the inverse PCR product described above.
EcoRV fragments containing the substituted HMG boxes were then substituted for the
corresponding EcoRV fragment in p741ACS to form the pSrySox3 and pSrySox9 transgene
constructs.
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Purified DNA was injected at a concentration of 10 ng/ul into fertilized FVVB/NJ or C57BL/6J
oocytes using standard methodologies (Hogan et al., 1994). Founders were identified by PCR
using the genotyping protocols described below. To establish independent transgenic lines,
founders were mated to mice of the same inbred strain. In some instances, two independent
lines were established from a single founder.

Animals were genotyped for the presence of a transgene and a Y Chromosome using DNA
prepared from tail-tip biopsies (modified from Higuchi, 1989). All genotyping was performed
by multiplex PCR using primers 1887 and 1888 (designed from the myogenin gene) as a control
to verify that amplification occurred (Capel et al., 1999). Amplification of the SrySox3
transgene utilized primers Sry8045F and Sox3-357R or Sry8041F and Sox3-361R.
Amplification of the SrySox9 transgene utilized primers Sry8045F and Sox9-744R.
Thermocycling parameters were: 94°C for 2 min 30 s; 40 cycles of 95°C for 30 s, 55°C for 30
s,and 72°C for 1 min; 72°C for 9 min; and holding at 4°C. Amplification of the Y Chromosome
used primers 1889 and 1890 (Capel et al., 1999) designed from the Y-specific repeat, pYMT2/
B (Bishop and Hatat, 1987). Thermocycling parameters were: 95°C for 2 min; 35 cycles of
96°C for 10 s, 60°C for 30 s, 72°C for 30 s; 72°C for 5 min; and holding at 4°C.

Determination of Transgene Homozygosity/Hemizygosity in Recessive Sex Reversing Lines

For 11.5 and 12.5 dpc XX Tg fetuses, Tg hemizygosity versus homozygosity was determined
by semiquantitative PCR. Aliquots of tail lysate were amplified for 20 cycles as described
above (see Genotyping) with the addition of a-[32P]-dCTP (0.1-0.2 ul/reaction [10puCi/ul,
3,000 Ci/mmol], 24 uM nonradioactive dNTPs). The amplification products were resolved on
2.5% agarose gels, alkaline blotted onto positively charged nylon membranes, exposed on
phosphoimaging plates (Fuji), and quantitated using ImageGauge software.

For 14.5 dpc XX Tg fetuses and newborn XX Tg mice, hemizygosity versus homozygosity of
a transgene was inferred by observing gonad morphology: Those containing ovaries were
assumed to be Tg/- and those containing testes were assumed to be Tg/Tg.

Determination of Transgene Copy Number

The number of copies of construct DNA incorporated into each integration site was determined
by quantitative PCR. Duplicate samples of genomic DNA (25 ng, chromosomally XY,
hemizygous for the transgene) were amplified in the presence of a-[32P]-dCTP using the Sry-
specific primers Sry9431F and Sry9808R. Thermocy-cling parameters were: 95°C for 2 min;
20 cycles of 94°C for 30 s, 57°C for 30 s, and 72°C for 30 s; 72°C for 5 min; and holding at
4°C. Following amplification, reaction products were digested with NlalV (1U/reaction, 2 h
at 37°C). NlalV does not cleave the 378 bp transgene product but digests the FVB/NJ-derived
Sry product into two comigrating bands of approximately 190 bp. Following digestion, the
amplification products were resolved on 1.5% agarose TAE gels, and alkaline blotted onto
positively charged nylon membranes. After a 1 h exposure to imaging plates, a Fuji Phosphor
imaging system equipped with ImageGauge software was used to quantitate the intensity of
each transgene derived band relative to the single copy Sry band. Transgene copy number was
defined by the average of two determinations using DNA from different mice.

Timed Matings

Urogenital ridges or gonads with attached mesonephroi were dissected from fetuses at 10.5,
11.5,12.5,and 14.5 dpc. The developmental age of fetuses was confirmed by analysis of somite
number posterior to the hind limb bud (10.5 dpc = 8 * 3 somites, 11.5 dpc = 18 + 3 somites,
12.5 dpc = 28 £ 3 somites) and/or foot plate morphology (Kaufman, 1995; Rugh, 1968).
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Assessment of Gonad Morphology

RT-PCR

Gonads from at least 75 fetuses (with a minimum of 14 being XX Tg) per line were dissected
in a buffered EDTA solution, observed under brightfield optics, and photographed as
previously described (Eicher and Washburn, 1978). Gonads were scored as testes or ovaries
based on the presence of testicular cords or reticular tissue, respectively. Gonads were scored
as ovotestes if both tissues were present.

RNA was prepared from pairs of urogenital ridges (10.5 and 11.5 dpc) or gonads with attached
mesonephroi (12.5 dpc, 14.5 dpc, and newborn pups) using the RNeasy Miniprep protocol
(Qiagen, Inc., Hercules, CA) and eluted in a volume of 30 pl. Reverse transcription (RT)
reactions (PE Applied Biosystems, Inc, Riverside, CA) were carried out in 15-30 ul volumes
containing 5-10 pl of RNA (as described above), 1 X Buffer I, 5 mM MgCly, 1.0 U/ul of
RNase inhibitor, 2.5 U/ul of MuLV reverse transcriptase, 2.5 uM oligo d(T)1g, and 1 mM
dNTPs (Amersham Pharmacia Biotech, Piscataway, NJ). Incubation was at 25°C for 10 min,
42°C for 60 min, 99°C for 5 min, and holding at 4°C. PCR amplification of RT reactions was
carried out in reactions containing: 1 X Buffer I, 1.5 mM MgCl,, 200 uM dNTPs and 200 nM
primers.

Qualitative analyses of Sry and transgene expression utilized primers Sry10105F and
Sry10279R (specific for Sry and the transgenes) and primers coMJ41 and oMJ42 (internal
positive control primers for ubiquitin-activating enzyme E1, Chr X; Ubelx) (Mitchell et al.,
1991). Cycling parameters for Sry and a transgene were: 95°C for 2 min; 43 cycles 94°C for
305, 58°C for 1 min, 72°C for 90 s; 72°C for 10 min; and holding at 4°C. Qualitatitive analyses
of anti-Millerian hormone (Amh, primers olMR501F and mAmh1262R) and desert hedgehog
homolog (Dhh, primers mDhh-F and mDhh-R) expression were performed identically (in
multiplex reactions with Ubelx) except that the annealing temperature was raised to 62°C and
the number of cycles was reduced to 29. For qualitative analyses, gels were stained with
ethidium bromide and photographed.

Quantitative analysis of transgene expression was performed on urogenital ridge (11.5 dpc)
and gonadal (12.5 dpc, with attached mesonephroi) RNA from XY Tg/+ or XY Tg/Tg embryos,
using RT-PCR and the NlalV assay described above except that the number of cycles was
increased to 27. Semiquantitative analysis of cytochrome P450, 17 (Cypl7) expression was
performed on 14.5 dpc gonadal RNA from XY Tg/+ or XY Tg/Tg embryos using Cypl17-
specific primers mCypl7F and mCypl7R with Hprt-specific primers HprtF and HprtR
(Koopman et al., 1989). Cycling parameters were: 95°C for 2 min; 23 cycles of 94°C for 30
s,62°C for 1 min, 72°C for 1 min; 72°C for 5 min; and holding at 4°C. Semiquantitative analysis
of cytochrome P450, 11a, cholesterol side chain cleavage (Cypl1a) expression was performed
as described for Cypl17 except the gene specific primers mCyplla-F and mCyplla-R were
used and the number of cycles was increased to 25. For quantitative analyses, DNA was alkaline
blotted, UV cross-linked, exposed to phosphoimaging plates, and quantified as described
above.
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FIG. 1.

The HMG box DNA binding domains of mouse Sry, Sox3, and Sox9. Relatedness of the HMG
domains of SRY, SOX3, and SOX9 as defined by amino acid similarity (A) and nucleic acid
identity (B). (C) Amino acid alignment of the HMG domains of SRY, SOX3, and SOX9. Dark
gray, amino acid identities; light gray, amino acid similarities.
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FIG. 2.

Construction of SrySox3 and SrySox9 transgenes. The HMG boxes of Sox3 and Sox9 were
amplified by PCR and cloned into an inverse PCR product containing sequences immediately
flanking the HMG box of Sry. The replaced HMG boxes and immediate flanking DNA were

then subcloned into the larger genomic clone of Sry to form the SrySox3 and SrySox9

transgenes. White rectangles, open reading frames; green rectangles, Sox HMG boxes; red

rectangles, Sry HMG box; small arrows, PCR primers; solid lines, untranslated DNA; R,
EcoRV sites.
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FIG. 3.

Phenotypic sex distribution among transgenic progeny. Percentages of each sex as scored
externally at weaning are shown. (A,B) Phenotypic sex distribution among XXTg/- progeny
of XX Tg/-3 XY -/- or XX -/- 3 XY Tg/- crosses. Transgene lines 32, 52, 56, 57, 58, and 59
displayed complete sex reversal among XX Tg/- progeny. Sex reversal within transgene lines
36, 77, and 79 was only partially penetrant. (A) TgN(SrySox3) lines. (B) TgN(SrySox9) lines.
(C,D) Phenotypic sex distribution among transgenic XX progeny of XX Tg/- x XY Tg/-
crosses. Transgene lines 33, 55, and 77 displayed complete sex reversal of presumed XX Tg/
Tg progeny. (C) TgN(SrySox3) lines. (D) TgN(SrySox9) lines. Tg, transgene number; N,
number of animals scored.
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FIG. 4.

Morphology of SrySox3 and SrySox9 fetal gonads. Shown are representative fetal gonads from
the dominant line Tg(Sox3)32, the recessive line Tg(Sox3)77, the dominant line Tg(Sox9)52,
the recessive line Tg(Sox9)55, and nontransgenic controls at 14.5 dpc. A minimum of 75 fetuses
per line were analyzed. The less extensive cord development of a XX Tg77/Tg77 fetal testis

is shown by an arrowhead.
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Qualitative and quantitative RT-PCR. (A) Relative transgene/Sry transcription levels as
determined by quantitative RT-PCR. The values of 0 for XX gonads and 1 for XY gonads are
assigned. All other levels are measured relative to endogenous Sry expression. All values are
for gonads at 11.5 dpc except for gonads from Tg32, which were 12.5 dpc. N, number of gonad/
mesonephros pairs assayed. (B) Dhh and Amh expression in SrySox3 and SrySox9 fetal gonads.
Composite figure of representative RT-PCR assays of Dhh and Amh expression in 14.5 dpc
SrySox3, SrySox9, and control fetal gonads. +RT, experimental reactions containing reverse
transcriptase; -RT, control reactions without reverse transcriptase; Ubelx, internal control.
Each assay is representative of duplicate experiments. (C,D) Relative Cyplla and Cypl7/
Hprt expression in SrySox3 and SrySox9 fetal gonads. Shown are the gonadal/mesonephric
expression levels of Cyplla (C) and Cypl7 (D) relative to Hprt as determined by
semiquantitative RT-PCR. All values are for gonads at 14.5 dpc. N, number of gonad pairs

assayed.
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Table 3
Fetal Gonad Morphology Among Mice From Two SrySox3 (Tg32, Tg77) and Two SrySox9 (Tg52, Tg55) Transgenic
Lines

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Fetal gonad morphology (N)

Mating female x male Genotype of offspring Ovary Testis
A. -[- x Tg32/-
XX 16 0
XX Tgl- 0 14
XY 0 28
XY Tg/- 0 26
B. Tg77/- x Tg77/-
XX 14 0
XX Tg 22 6
XY 0 10
XY Tg 0 26
C. -/- x Tg52/-
XX 22 0
XX Tgl- 0 35
XY 0 26
XY Tgl- 0 22
D. Tg55/- x Tg55/-
XX 10 0
XX Tg 21 13
XY 0 11
XY Tg 0 24
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