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Abstract
In most mammals, sex is determined by the presence or absence of the SRY gene. SRY encodes a
DNA binding HMG-box transcription factor which, during embryogenesis, is the initial trigger of
testis differentiation from the bipotential gonad, yet its precise mode of function remains unclear. In
ovarian development, R-spondin1 and Wnt4 act through the Wnt/β-catenin signaling pathway to
regulate TCF-dependent expression of unknown target genes and repress testis development.
Conversely, SRY may be necessary to prevent the development of ovaries by inhibiting the action
of ovarian-determining genes. We hypothesize that SRY prevents Wnt/β-catenin signaling, thereby
inhibiting ovarian development. In HEK293T cells, SRY repressed β-catenin-mediated TCF-
dependent gene activation in the presence of a specific GSK3β inhibitor or an activated β-catenin
mutant, suggesting that SRY inhibits Wnt signaling at the level of β-catenin. Three SRY mutant
proteins with nuclear localization defects, encoded by XY male-to-female patients, failed to inhibit
β-catenin; surprisingly four SRY sex reversed mutants with defective DNA binding activity showed
near wild-type SRY inhibitory activity. Moreover the potent transactivator SRY-VP16 fusion protein
also showed wild-type SRY inhibitory activity. Thus SRY inhibition of β-catenin involves neither
DNA binding nor transactivation functions of SRY. β-catenin and SRY interact in-vitro and SRY
expression triggered β-catenin localization into specific nuclear bodies in NT2/D1 and Hela cells.
We conclude that SRY inhibits β-catenin-mediated Wnt signaling by a novel nuclear function of
SRY that could be important in sex determination.
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Introduction
Sex is chromosomally controlled in most mammals. In the presence of the Y chromosome,
testes form and the male phenotype develops. Testes are required for male development,
whereas ovaries are not required for female development. The pathways of development
leading to either testis or ovary formation have been considered as either male-specific or
female-specific cascade of gene regulation beginning with SRY acting as a genetic switch to
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divert gonadal development from the default ovarian determination pathway (Berta et al.,
1990, Sinclair et al., 1990). However, the recent demonstration that Fgf9 and Wnt4 act as
antagonistic signals to regulate mammalian sex determination, provided evidence for a
crosstalk between male and female gonadal development (Kim et al., 2006b). In XY mice,
testis determination is triggered by the transient expression of a single Y-chromosome gene,
Sry (sex-determining region on the Y chromosome) whereas in XX females (in the absence of
Sry), ovarian development proceeds (Berta et al., 1990). The role of SRY as a genetic switch
for testis development is exemplified in humans by the identification of 46, XY females
carrying mutations in the SRY gene and by 46, XX male patients with a translocation of Y
chromosome material including the SRY gene (Andersson et al., 1986). In transgenic mice,
overexpression of Sry during embryogenesis in an XX gonad leads to female-to-male sex
reversal, confirming the requirement of Sry for testis determination (Koopman et al., 1991).
These studies clearly identify SRY as a master gene in testis formation, yet the molecular
mechanisms of SRY action remain poorly understood.

SRY is a member of the SOX family of proteins characterized by the presence of a DNA binding
domain, the High Mobility Group (HMG) (Harley et al., 1992, Harley et al., 1994). The ability
of SRY to bind and bend DNA in vitro was established more than fifteen years ago, however
its direct target genes are yet to be identified. Unlike other SOX proteins, SRY lacks classic
transcriptional activation and repression domains. One of the candidate target genes of SRY
is another member of the SOX family of protein, SOX9 (Sry box-9). In XY mice Sox9 is
upregulated shortly after the onset of Sry expression in Sertoli cells and ectopic expression of
Sry in both XX and XY transgenic mice induces the expression of Sox9 (Kidokoro et al.,
2005, Sekido et al., 2004). In cases of human XX males carrying a duplication of the SOX9
gene and in transgenic XX mice overexpressing Sox9, SOX9 itself is sufficient to drive testis
determination suggesting that SRY and SOX9 act closely in a testis-forming developmental
pathway (Huang et al., 1999, Qin and Bishop, 2005). SOX9 may be able to take over SRY
function when SRY is absent or no longer expressed. Unlike SRY, gonadal target genes of
SOX9 have been identified in vitro and in vivo, including Amh, Pgds and Vanin1 (De Santa
Barbara et al., 1998, Wilhelm et al., 2007, Wilson et al., 2005).

Given that both SRY and SOX9 are sufficient to initiate a testis development pathway in an
XX individual and because the majority of cases of XX male patients are due to Y material
translocation resulting in the presence of a functional SRY gene, many have thought ovarian
development to be the default pathway occurring only in the absence of specification of the
male pathway. However, the recent discovery of mutations in the RSPO1 (R-spondin homolog
1) gene in female-to-male XX patients has challenged this view (Parma et al., 2006). Analysis
of the testis structure in these patients revealed fully differentiated Sertoli and Leydig cells
indicating that, in the absence of SRY, the male sex determination pathway was activated. This
observation also indicates that RSPO1 may have two complementary functions, a “pro-ovary”
function in initiating female gonadal development and an “anti-testis” function in inhibiting
the male gonadal development pathway (Chassot et al., 2008). Several years ago, the analysis
of a number of XX male patients led McElreavey et al. to propose that an unidentified female
“Z” gene was involved in repressing male gonadal development and that SRY was actively
involved in the repression of the “Z” gene in the XY gonad, allowing testis development to
proceed (McElreavey et al., 1993). Therefore, it is possible that RSPO1 or downstream
effectors of the RSPO1 signaling pathway could assume the function of the “Z” repressor gene
(Bernard and Harley, 2007).

RSPO1 is a small secreted factor that is able to stimulate the canonical Wnt/β-catenin signaling
pathway by increasing the levels of a Wnt co-receptor, LRP6 (low density lipoprotein receptor-
related protein 6) at the membrane of the cell (Binnerts et al., 2007, Kazanskaya et al., 2004,
Kim et al., 2005, Kim et al., 2006a, Nam et al., 2006). Importantly, the Wnt/β-catenin pathway
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is active in the early developing ovary and inactive in the early developing testis (Chassot et
al., 2008). Furthermore, a number of SOX proteins, such as SOX1, SOX2, SOX3, SOX7, SOX9
and SOX17 inhibit the canonical Wnt/β-catenin signaling in different models of chondrocyte,
neuronal and intestinal differentiation; however the mechanism of their action is still unclear
(Akiyama et al., 2004, Bastide et al., 2007, Kan et al., 2004, Mansukhani et al., 2005, Sinner
et al., 2007, Takash et al., 2001, Zorn et al., 1999). Here we investigated whether SRY could
inhibit the canonical Wnt/β-catenin pathway. We report that SRY can physically interact with
β-catenin and inhibit β-catenin-mediated transcription in HEK293T cells. We also show that
SRY is able to function at non-transcriptional levels. Our data provides the first evidence for
a repressive function of SRY, and support a model whereby SRY inhibits an ovary-determining
pathway to prevent female development in an XY gonad.

Material and methods
DNA constructs

All mammalian expression plasmids were of pcDNA3 origin (Clontech) unless otherwise
stated. DNA encoding wild-type FLAG-tagged human SRY and clinical mutants R75N, R76P
and R133W were previously described (Harley et al., 2003). SRY clinical mutants S18N, R30I,
I90M and L163X were produced using the Site-directed Quick change mutagenesis kit
(Qiagen) according to the manufacturer’s instructions. pSlax-VP16 and -Engrailed shuttle
vectors were a kind gift from Dr. Jonas Muhr as previously described (Sandberg et al., 2005)
and were used to produce SRY fusion proteins. Briefly, the SRY open-reading frame was
amplified by PCR from pcDNA3-FLAG-SRY using a forward oligonucleotide (containing
BamHI, FLAG and KOZAK sequences) and a reverse oligonucleotide that replaces the stop
codon with an EcoRI restriction site. The PCR product was then ligated to an EcoRI restriction
site that was the beginning of the open-reading frame of either VP16 or Engrailed domains.
The fusion proteins were subsequently subcloned into pcDNA3. A similar strategy was used
to generate N+HMG, C+HMG and HMG deletion constructs of SRY. HA-tagged human SOX9
expression plasmid was previously described (Preiss et al., 2001). V5-tagged mouse SOX17,
V5-tagged mouse SOX17ΔC and GST-β-catenin plasmids were a kind gift of Dr. Aaron Zorn
(Zorn et al., 1999). Construct of HA-tagged S37A-β-catenin was previously described (Bernard
et al., 2008). The TCF reporter plasmid kit with TOPFLASH and FOPFLASH plasmids was
purchased from Millipore. E1b-Luc and S10-E1b-Luc were generated by replacing the CAT
gene from E1b-CAT and S10-E1b-CAT previously described (Dubin and Ostrer, 1994).

Antibodies
Rabbit polyclonal antibody against HA-tag (Y-11, sc-805), mouse monoclonal antibody
against PML (PG-M3, sc-966) and fluorochrome-coupled secondary antibodies were
purchased from Santa Cruz Biotechnology. Mouse monoclonal antibody against stabilized β-
catenin (αABC, 8E7, 05–665) was purchased from Upstate Biotechnology. Mouse monoclonal
antibody against V5 and goat anti-rabbit Alexa fluor 700 secondary antibody were obtained
from Invitrogen. Mouse monoclonal antibody against β-tubulin was purchased from
Chemicon. IR rabbit anti-mouse secondary antibody Dye800 was purchased from Rockland
Immunochemicals.

Cell Culture and transfections
HEK293T cells (ATCC, CRL-11268) were grown in Dulbecco’s medium. Medium was
supplemented with 10% fetal bovine serum and L-glutamine in an atmosphere of 5% CO2.
Transient transfections were conducted using Fugene6 (Roche) in accordance with the
manufacturer’s instructions. HEK293T cells were seeded at a density of 2×05 cells per well in
6-well plates 24 hours prior to transfection. 48 hours post-transfection the culture media was
removed, cell lysate collected and luciferase reporter activity was measured according to the
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manufacturer’s instructions (Promega). Reporter activity was normalized to β-galactosidase
as an internal control (Promega).

Western blots
HEK293T cells were seeded on to 6-well plates at 2×105 cells per well and co-transfected with
the indicated plasmids by using the Fugene6 (Roche). At 36 h after transfection, proteins were
solubilized, and protein concentration was determined by Bradford assay (Bio-Rad Protein
Assay kit; Bio-Rad). Cell lysates were incubated for 5 min at 95°C and resolved by SDS/PAGE.
Proteins were transferred to a PVDF membrane (Immun-Blot PVDF membrane; Bio-Rad),
incubated with primary antibodies, washed and incubated with either rabbit anti-mouse Dye800
secondary antibody or goat anti-rabbit Alexa fluor 700 secondary antibody. Membranes were
scanned on the Odyssey Infrared Imaging System (LiCor). Densitometric analysis was
performed by using the ImageJ software package (http://rsb.info.nih.gov/ij/).

In Vitro Protein Binding Assays
In vitro protein binding assay was carried out as previously described (Zorn et al., 1999) with
minor modifications. Brifely, GST-β-catenin was expressed in BL-21 bacteria and purified on
glutathione coupled agarose resin. 35S-labeled proteins were produced in TNT translation
reactions (Promega). 5 μl of a translation reaction was incubated with 1 μg of GST-β-catenin
protein coupled to agarose resin overnight at 4°C in 400 μl of binding buffer (25 mM HEPES
pH 7.5, 12.5 mM MgCl, 150 mM KCl, 20% glycerol, 0.1% NP-40, 1 mM DTT, 1 mg/ml BSA).
GST-agarose pellets were washed five times in NETN (20 mM Tris pH 8.0, 800 mM NaCl, 1
mM EDTA, 0.5% NP-40). Bound proteins were resolved on SDS-PAGE and visualized by
autoradiaography using the Storm phosphor-imaging system and ImageQuant analysis
software (Amersham).

Electromobility Shift Assay (EMSA)
Proteins were produced using an in vitro coupled transcription and translation process using a
TNT Coupled Reticulocyte Lysate System (Promega) according to the manufacturer’s
guidelines. EMSA analysis was performed using in vitro translated protein combined with 1
μl of 32P-labeled DNA probe (~40,000 cpm) using standard protocol (Harley et al., 1992).
Oligonucleotide sequence of the SRY consensus probe was 5′-
GGGTTAACTAAACAATAGAATCTGGTAGA-3′; core binding sequence is underlined.
Oligonucleotide sequence of the TCF consensus probe was 5′-
AGCTGGTAAGATCAAAGGCTGA-3′; core binding sequence is underlined. The gel was
visualized by autoradiography using the Storm phosphor-imaging system and ImageQuant
analysis software (Amersham).

Immunohistochemistry
Cells used for immunohistochemistry were seeded on coverslips placed into 6-well plates.
Standard protocols were used for immunohistochemistry. The primary antibodies used include
affinity-purified mouse monoclonal anti-FLAG (1:500) (Sigma), mouse Anti-PML
monoclonal antibody (1:1000) (Santa Cruz Biotechnology). Coverslips were mounted onto
slides with DAKO fluorescence mounting medium containing DAPI (final 0.6 mg/ml). Images
were captured using an Olympus FV500 confocal laser scanning microscope. Image analysis
was performed using ImageJ software package (http://rsb.info.nih.gov/ij/).
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Results
SRY represses the Wnt signaling pathway in a cell-specific manner

To investigate the effect of SRY on the Wnt signaling pathway we used the TOPFLASH
reporter assay in three different cell types, HEK293T (Human Embryonic Kidney), NT2/D1
(Human embryonal carcinoma) and Hela (Human cervix adenocarcinoma). TOPFLASH
reporter contains TCF binding sites positioned upstream of a minimal c-fos promoter driving
the the luciferase reporter gene expression. FOPFLASH is an inactive control for
TOPFLASH, in that it contains mutant TCF binding sites unable to bind the TCF protein.
Activation of the Wnt canonical pathway in cells is measured by the transcriptional activation
of TOPFLASH upon binding of TCF/β-Catenin protein complex to the TCF binding sites. To
activate the TOPFLASH reporter we first used the 6-bromoindirubin-3′-oxime (BIO), a
specific inhibitor of GSK3β(Ribas et al., 2006, Sato et al., 2004). Inactivation of GSK3β results
in the nuclear accumulation of β-catenin, which activates the transcription of target genes in
collaboration with TCF. BIO induced a strong activation of the reporter in HEK293T and NT2/
D1 cells (Figure 1A) but was ineffective in Hela cells (data not shown) suggesting that Hela
cells lack important factors necessary for a functional canonical Wnt pathway.

Activation of the reporter by BIO was reduced two-fold by SRY in HEK293T cells (Figure
1A, left panel) suggesting that SRY inhibit the Wnt canonical signaling pathway downstream
of GSK3β in these cells. In NT2/D1 cells, SRY showed a weaker reduction of BIO activation
(Figure 1A, right panel).

To investigate the SRY action downstream of GSK3β, the expression plasmid encoding SRY
was co-transfected with or without the expression plasmid encoding a mutant form of β-catenin
(S37A, Figure 1B). The S37A mutation produces a more transcriptionally active form of β-
catenin than the wild-type protein and strongly activates the TOPFLASH reporter (Bernard et
al., 2008, Liu et al., 2002, Rubinfeld et al., 1997). In both HEK293T and NT2/D1 cells, in the
absence of SRY, β-catenin S37A stimulated TOPFLASH with the stronger response observed
in HEK293T cells (Figure 1B, left panel). In the presence of transfected SRY, activation by
S37A was inhibited in HEK293T cells (Figure 1B, left panel) but not in NT2/D1 cells (Figure
1B, right panel). This indicates that SRY inhibits canonical Wnt signaling upstream of TCF/
β-catenin in HEK293T cells. The weak or lack of repression observed in NT2/D1 could be due
in part to the poor transfection efficiency achieved (20%) when compared to that in HEK293T
cells (80%). To investigate this, we prepared whole cell extracts from cells transfected with
SRY and/or S37A β-catenin and examined protein levels by immunoblotting (Figure 1C).
Levels of stabilized form of β-catenin were visualized using the ABC antibody (Figure 1C)
that recognize β-catenin that is not phosphorylated at residues S37 and T41, two of the sites
that are phosphorylated by GSK3β (van Noort et al., 2002). Reflecting the transfection
efficiency, strong expression of both SRY (Figure 1C, lanes 2 and 4) and the stabilized form
of β-catenin (Figure 1C, lanes 3 and 4) were observed in HEK293T cells transfected with SRY
and/or S37A β-catenin. In addition, HEK293T cells transfected with SRY showed less
stabilized b-catenin than cells lacking SRY (Figure 1C, compare lanes 3 and 4). In NT2/D1
cells, weak expression of SRY (Figure 1C, lanes 6 and 8) was detected and no change in the
levels of stabilized form of β-catenin were detected (Figure 1C, compare lane 5 and 6). The
weak expression of SRY in NT2/D1 cells could explain partially why SRY is unable to
represses TOPFLASH activity induced by either BIO treatment or S37A β-catenin transfection.
Furthermore, it is possible that the Wnt canonical pathway in NT2/D1 cells is not fully
functional as reported previously (Misiuta et al., 2006).

Because excess of β-catenin has been shown to induce P53 levels when co-transfected with
P53 (Damalas et al., 1999), we investigated in our system if β-catenin increased P53 protein
levels and if SRY could repress such effect (Figure 1E). P53 was hardly detected in HEK293T
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cells and not at all in NT2/D1 cells. Levels were unaffected by the overexpression of β-catenin
suggesting that, the levels of β-catenin expression was not sufficient to trigger an anti-apoptotic
response. This observation is consistent with previous report showing that β-catenin
transfection alone is not sufficient to observe an increase in P53 protein levels (Damalas et al.,
1999).

Like other SOX proteins, SRY reduces the levels of intracellular β-catenin
The assay of SRY inhibitory action in HEK293T cells was optimized by varying the
concentration of SRY expression plasmid transfected with or without S37A β-catenin plasmid
(Figure 2A). S37A β-catenin alone stimulated TOPFLASH more than 20-fold (Figure 2A, black
bars). With increasing concentration of SRY, activation by S37A was dose-dependently
inhibited to basal levels of TOPFLASH activity. Remarkably, SRY itself was unable to drive
the expression of TOPFLASH which suggests that, despite a high sequence similarity between
TCF and SRY DNA-binding sites, SRY may not bind TCF sites in the TOPFLASH construct
in vivo (see below).

In HEK293T cells, both SOX9 and SOX17 strongly repressed the β-catenin activation of
TOPFLASH (Figure 2B) consistent with previous reports(Akiyama et al., 2004, Zorn et al.,
1999). A mutant SOX17 plasmid, SOX17ΔC, lacking the C-terminus domain involved in β-
catenin interaction, showed reduced inhibitory activity (Figure 2B). Altogether, these data
indicate that SRY is a potent inhibitor of Wnt signaling at the level of TCF/β-catenin complex
similar to other SOX proteins.

SOX9 inhibits Wnt signaling in chondrocytes by binding to, and inducing the degradation of
β-catenin (Akiyama et al., 2004). Since SRY was able to inhibit β-catenin S37A transcriptional
activity, we investigated the effect of SRY on the levels of β-catenin protein in HEK293T cells.
We co-transfected the S37A β-catenin plasmid together with expression plasmids for SRY,
SOX9, SOX17 or SOX17 ΔC because endogenous levels in these cells are too low to detect.
Exogenous β-catenin protein levels were detected in whole cell extracts using a HA antibody
recognizing the HA-tagged S37A mutant β-catenin (Figure 2C). Upon transfection of the S37A
plasmid alone, β-catenin protein levels were markedly increased, as expected (Figure 2C,
compare lane 1 and lane 6). Overexpression of SOX9 with β-catenin S37A strongly reduced
the levels of exogenous β-catenin by 83% (Figure 2C, compare lane 6 and lane 8) confirming
previous observations (Akiyama et al., 2004). Overexpression of SOX17 also reduced the
levels of β-catenin by 33%, albeit to a lesser extent than SOX9 probably due to the lower level
of SOX17 protein levels (Figure 2C, compare 6 and lane 9) whereas mutant SOX17 ΔC, lacking
the β-catenin interacting domain, did not to reduce the levels of β-catenin (Figure 2C, compare
lane 6 and lane 10). Overexpression of SRY led to a reduction of β-catenin protein levels by
50% (Figure 2C, compare lane 6 and lane 7). Similar to SOX9 action in chondrocytes (Akiyama
et al., 2004), SRY may target β-catenin for degradation in HEK293T cells leading to an
inhibition of β-catenin transcriptional activity.

SRY and β-catenin proteins interact in vitro
Previous reports suggest that a direct interaction between different non-HMG box regions of
SOX9 and SOX17 and the armadillo repeat region of β-catenin is essential for the inhibitory
effect of both SOX9 and SOX17 on β-catenin signaling (Akiyama et al., 2004, Zorn et al.,
1999). To test the possibility that SRY interacts with β-catenin we used the full length β-catenin
as bait and full-length or truncated version of SRY as prey (Figure 3A). We observed that full-
length SRY protein is able to interact withβ-catenin (Figure 3B). The affinity of this interaction
is as strong, if not stronger, than that of the SOX17/β-catenin interaction. When the truncated
SRY constructs were tested, the HMG box alone failed to interact with β-catenin, whereas both
the HMG+C-terminus and N+HMG-terminus constructs were able to interact with β-catenin
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to a similar degree as the full-length protein. This indicates that the SRY interaction with β-
catenin requires either the N- or the C-terminus part of the SRY protein, at least in vitro.

SRY induces β-catenin to localize into nuclear speckles in NT2/D1 and Hela cells but not
HEK293T cells

Since SRY reduced the levels of β-catenin protein, we investigated this phenomenon using
immunohistochemistry assessing endogenous stabilized form of β-catenin (Figure 4). We
anticipated that β-catenin immunoreactivity would be reduced in SRY-transfected cells. We
transfected SRY in HEK293T, NT2/D1 and Hela cell lines and used a specific antibody to
detect endogenous stabilized β-catenin (ABC antibody). In all three cell lines, in the absence
of SRY, the stabilized form of β-catenin is only fainlty detected with the exception of membrane
staining in NT2/D1 cells (Yellow arrows, Figure 4A). In SRY-transfected HEK293T cells,
very weak staining of β-catenin was observed, whereas in NT2/D1 and Hela cellsβ-catenin is
apparent and localized in specific nuclear speckles (Figure 4A). Remarkably, in NT2/D1 and
Hela cells, a specific staining of the stabilized form of β-catenin was detected only in SRY
positive cells, which could indicate that SRY induces specific reorganization of the stabilized
form of β-catenin within the cell.

To identify the nature of the nuclear speckles observed in NT2/D1 and Hela cells, we performed
immunohistochemistry in Hela cells using a specific antibody recognizing the PML protein, a
known marker of specific nuclear speckles (Figure 4B). PML staining was evident in nuclear
bodies of Hela cells, whether these cells were positive or negative for SRY. Both β-catenin
and PML antibodies were raised in mouse precluding a co-immunohistochemistry study. Given
the similarity of the speckle size and number with β-catenin staining in SRY positive cells in
NT2/D1 and Hela cells, and PML staining in Hela cells, we concluded that SRY induces the
localization of β-catenin in nuclear speckles resembling PML bodies in a cell-specific manner.
Interestingly, the localization of β-catenin in nuclear speckles was only observed in NT2/D1
and Hela cells in which SRY does not represses the Wnt canonical signaling.

SRY does not require a strong transcriptional activation fucntion to inhibit the Wnt canonical
signaling

Because the core TCF binding sites on the TOPFLASH reporter (ATCAAAG) are similar to
the core consensus binding site for SRY (AACAATA), we first investigated if SRY protein
was able to bind TCF sites to explore the possibility that the inhibitory effect of SRY was due
to competitive binding between SRY and TCF on TOPFLASH. By electromobility shift assay,
SRY bind with lower affinity to the TCF consensus binding site when compared to its consensus
binding site (Figure 5A, SRY, compare left and right panels). Conversely, TCF4 bind to its
TCF consensus binding site but not to the SRY consensus binding site. These data suggest that
a competitive binding between TCF and SRY on TOPFLASH reporter is not a likely mechanism
of crosstalk between SRY and Wnt signaling.

In vitro assays have reported that SRY can act as a transcriptional activator (Dubin and Ostrer,
1994) or as a transcriptional repressor (Desclozeaux et al., 1998) depending on the promoter
context. Furthermore, SRY acts as a weak transcriptional activator on a specific Sox9 gonad
enhancer (Sekido and Lovell-Badge, 2008), K. K., P. B., and V. H., unpublished observations).
To test if SRY acts as a transcriptional activator when inhibiting Wnt signaling, we generated
a fusion protein of SRY harboring a strong activation domain (VP16) to amplify the signal
(Sandberg et al., 2005). The SRY-VP16 fusion protein was stably translated in vitro, and its
DNA binding activity retained native SRY DNA binding properties (data not shown). Next we
studied the effect of SRY, or SRY-VP16 constructs on S10-E1b-Luc, a reporter containing 10
SOX binding sites in front of a minimal E1b viral promoter (Dubin and Ostrer, 1994). SRY
induced a very modest 1.7-fold activation of the reporter whereas SRY-VP16 activated the
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reporter more than 340-fold (Figure 5B) and did not activate the control reporter indicating
that SRY-VP16 is highly active. We then tested the transcriptional effect of SRY-VP16
constructs on the β-catenin-induced TOPFLASH activity (Figure 5C). Both SRY and SRY-
VP16 were able to repress β-catenin activation of TOPFLASH to the same extent, which
demonstrates that the addition of a strong transcriptional activator to the SRY protein did not
change its wild-type activity. This suggests that SRY does not require a transcriptional
activation function to inhibit Wnt signaling in HEK293T cells.

DNA binding activity of SRY is not required for SRY-mediated inhibition of β-catenin activity
To assess the biological significance of SRY inhibition of β-catenin signaling we studied the
function of seven clinical mutants of SRY known to cause XY male-to-female sex reversal in
human patients (Figure 6A). These mutants were classified into two categories: familial
mutations, carried by non-syndromic fathers and causing milder symptoms in the proband
(partial to complete gonadal dysgenesis), and de novo mutations which are highly penetrant
and cause complete gonadal dysgenesis (Figure 6B). Using the TOPFLASH assay described
above, we compared mutant SRY activities with the wild-type SRY inhibitory effect on β-
catenin-induced activation (Figure 6C). Strikingly, three out of four familial mutants retained
activity comparable to wild-type SRY -that is, all were able to inhibit TOPFLASH activation-
in keeping with the mild phenotypic effect of these mutations. Among these three mutants are
R30I and I90M which have similarly impaired DNA-binding activities (50% of wild-type
DNA-binding activity, Figure 6B), suggesting that the DNA-binding activity of SRY may not
be essential for its inhibition of β-catenin signaling. The fourth familial mutant tested, L163X,
lacks 42 amino acids of the SRY C-terminus (Tajima et al., 1994). Both the HMG domain and
nuclear localization sequences of the SRY protein remain intact in the L163X mutant and it is
expected to display wild-type DNA-binding and nuclear import. In the TOPFLASH assay,
L163X displayed a complete loss of wild-type activity suggesting that the C-terminal 164–203
part of SRY is essential for the inhibitory function.

All three de novo mutants showed impaired inhibitory function when compared to wild-type
SRY. Interestingly, R133W and R76P, which have similar nuclear import defects, 52% and
50% of wild-type activity respectively (Harley et al., 2003, Sim et al., 2005), displayed differing
abilities to inhibit TOPFLASH activity induced by β-catenin. R133W, which retains almost
wild-type DNA binding and bending activities (Harley et al., 2003, Li et al., 2001), was less
potent in inhibiting β-catenin-induced TOPFLASH activity than R76P which retains only 33%
of DNA binding activity (Harley et al., 2003). We conclude that SRY does not seem to require
DNA-binding properties to inhibit β-catenin signaling. Furthermore, the finding that de novo
SRY mutants tested, all of which have known nuclear import defects, do not inhibit β-catenin
function as efficiently as wild-type protein implying that the nuclear localization of SRY is
important for inhibition of β-catenin signaling. The loss of ability of SRY clinical mutants to
inhibit β-catenin signaling implies that this repressive function of SRY is likely to be a requisite
for male sex determination in humans.

Discussion
Vertebrate SOX proteins are potent effectors of β-catenin signaling required for essential
functions such as chondrogenesis, intestinal epithelium differentiation and neuronal
differentiation. Here we extend these observations by linking the master sex-determining gene
SRY, the founding member of the SOX family, with the Wnt/β-catenin pathway by showing
that SRY can inhibit β-catenin signaling in HEK293T cells. While the inhibitory effect of
several SOX proteins on Wnt/β-catenin pathway is known in these cells, the molecular
mechanism of inhibition is still unclear. Perhaps this confusion resides in our inability to clearly
discriminate between the transcriptional and non-transcriptional function of SOX proteins.
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A non-transcriptional function of SRY
We have demonstrated that SRY is able to interact directly with β-catenin in vitro and strongly
reduce the β-catenin protein levels within HEK293T cells. These observations are consistent
with activities of SOX17 and SOX9 which can both interact with, and reduce β-catenin levels
(Akiyama et al., 2004, Sinner et al., 2007). Since the reduction of β-catenin levels due to SOX17
or SOX9 was attributed to an increased proteasomal degradation of β-catenin, it is also possible
that SRY acted in a similar fashion and this warrants further investigation. Interestingly, while
both the C-terminus and N-terminus of SRY interact with β-catenin in vitro, only the C-
terminus of the protein was essential in mediating its inhibitory activity as revealed by L163X
sex reversed mutant. This is analogous to the β-catenin interaction domains of SOX17 and
SOX9 proteins which also lie within the C-terminus of each protein, although these domains
share little similarity in amino acid sequence (Akiyama et al., 2004, Zorn et al., 1999). These
data suggest that SRY antagonizes the Wnt/β-catenin pathway at the non-genomic level via a
direct protein-protein interaction between SRY and β-catenin rather than through conventional
DNA binding and transactivation functions. This is supported by the observation that the DNA
binding activity of SRY is not required for inhibition of the Wnt/β-catenin pathway in
HEK293T cells and by the fact that an SRY fusion protein harboring a strong transcriptional
activation domain did not change SRY activity.

While inhibition of the Wnt canonical pathway by SRY was unambiguous in HEK293T cells
(Human Embryonic Kidney cells), it was not evident in NT2/D1 cells (a Human
Neuroblastoma) or Hela cells (derived from Human Müllerian duct cells). NT2/D1 cells are
considered as good model for studying gonadogenesis because they express a number of male
sex determining genes (Knower et al., 2007), however they may not be as informative when
investigating the Wnt canonical pathway. The weak activation of TOPFLASH by S37A β-
catenin we observed is consistent with studies showing that sustained treatment by LiCl is
unable to inhibit GSK3β in NT2/D1 cells (Misiuta et al., 2006). In Hela cells, despite the non-
specific action of SRY on TOPFLASH/FOPFLASH reporters, SRY had no effect on Wnt
canonical signaling. Consistent with these observations, β-catenin localization in nuclear
speckles is observed only in NT2/D1 and Hela cells, in which SRY did not inhibit β-catenin
action. β-catenin post-transcriptional modification changes its subcellular localization
(Brembeck et al., 2004) and the localization of β-catenin in specific nuclear speckles induced
by SRY in NT2/D1 and Hela cells suggests that SRY may be able to modify the β-catenin
protein post-transcriptionally to target it to these nuclear speckles. The presence of β-catenin
in nuclear speckles such as PML bodies has already been observed and has been linked to
active transcription of specific β-catenin target genes involved in growth inhibition and
senescence independently of P53 activation. Canonical Wnt target genes, such as Cylin D1,
were not induced suggesting β-catenin was compartmentalized and inactive (Shtutman et al.,
2002). While, it is unlikely that SRY inhibition of β-catenin in HEK293T cells lead to cell
death, the effect of SRY in NT2/D1 and Hela cells, may lead to β-catenin-mediated growth
inhibition.

SRY and human sex-reversal
Our data on sex reversing clinical mutant implies that inhibition of β-catenin is an essential
function of SRY in sex determination. Penetrant de novo mutants which cause complete sex-
reversal show loss of inhibition of β-catenin which would presumably lead to a failure to repress
the ovarian pathway in these patients. In contrast, patients with familial mutations of SRY
showed residual β-catenin inhibitory activity. The fact that nuclear import defects affect these
activities while DNA binding defects seem to play a lesser role, point to a novel nuclear function
of SRY in β-catenin interaction and inhibition. The localization of β-catenin into nuclear
speckles resembling PML bodies unveils part of the inhibitory mechanism given that PML
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bodies are known to regulate transcription by modulating the availability or the activity of
transcription factors (Bernardi and Pandolfi, 2007).

Is Wnt/β-catenin the proposed “Z” factor?
As demonstrated in vivo using reporter mouse lines, the canonical Wnt/β-catenin pathway is
a female specific event in the developing ovary (Chassot et al., 2008). One of the main activators
of this pathway is RSPO1 which, when mutated, gives rise to 46, XX male individuals with
differentiated testes demonstrating that RSPO1 is a female sex determining gene (Parma et al.,
2006). Furthermore, the lack of Rspo1 in XX mice mutant embryo leads to the loss of nuclear
β-catenin indicating that the transcriptional function of β-catenin was impaired in these animals
(Chassot et al., 2008). A second effector of the Wnt/β-catenin signaling pathway in the ovary
is Wnt4. The lack of Wnt4 in the XX female mouse embryo leads to masculinization, with the
absence of Müllerian duct and the presence of the Wolffian duct (Vainio et al., 1999). In
addition, Wnt4 prevents the migration of endothelial cells into the developing ovary, an event
that is male-specific (Jeays-Ward et al., 2003). We have shown previously that Wnt4 relocates
β-catenin to the cell membrane, inhibiting β-catenin transcriptional activity and strengthening
cell-cell contact (Bernard et al., 2008), which could explain how Wnt4 inhibits endothelial cell
migration in the ovary. Wnt4 is downstream of Rspo1 in mouse ovarian differentiation (Chassot
et al., 2008). Thus we speculate that activation of the nuclear β-catenin function can be triggered
by the expression of Rspo1 gene, while the subsequent expression of Wnt4 leads to relocation
of some cytoplasmic β-catenin to the cell membrane while the nuclear β-catenin will remain
active in the developing ovary. These observations suggest that ovarian differentiation requires
both membrane and nuclear forms of β-catenin whose subcellular localization is controlled by
at least two different mechanisms.

The studies on RSPO1 function demonstrated for the first time that, in human females, the
ovarian developmental pathway is “anti-testis” with the Wnt/β-catenin signaling pathway
antagonizing male gonadal development in a normal XX individual (Parma et al., 2006).
Conversely, one can assume that in the developing testis, regulatory measures are in place to
prevent activation of the ovarian pathway while normal testis development proceeds. One such
measure could be the function of SRY as an “anti-ovary” gene to antagonize Wnt/β-catenin
signaling allowing normal testis differentiation in the XY gonad. A similar but more general
hypothesis was put forward by McElreavey et al. (McElreavey et al., 1993), who suggested
that SRY may repress a negative regulator, termed “Z” of male development. Our data identifies
a repressive “anti-ovary” function of SRY: the inhibition of the female-specific Wnt/β-catenin
signaling pathway, where the Wnt/β-catenin signaling pathway is the negative regulator
“Z” (Figure 7). Another candidate that could be involved in repressing the Wnt/β-catenin
pathway during testis differentiation is SOX9. SOX9 can antagonize β-catenin function in
chondrocytes (Akiyama et al., 2004) and intestinal epithelium (Bastide et al., 2007), however
its action on Wnt/β-catenin pathway in the developing gonad has not been thoroughly
investigated so far. It is interesting to note that, in XY Sox9 -/- mice, in the presence of Sry,
two ovarian genes, Wnt4 and Foxl2 are expressed (Barrionuevo et al., 2006), indicating that
Sox9 alone maybe responsible for the downregulation of Wnt4 or Foxl2 in the XY gonad.

While Wnt/β-catenin signaling is an important pathway in female ovarian determination,
growing evidence suggests that other ovarian genes, such as Foxl2 are also important for
ovarian development (Ottolenghi et al., 2007). Foxl2 has been a candidate gene responsible,
when deleted, for XX sex-reversal in goats (Pailhoux et al., 2001) and it is expressed in ovarian
tissue present in sex-reversed patients (Hersmus et al., 2008). Interestingly, in mice lacking
genes relevant to the Wnt/β-catenin pathway, namely Rspo1 and Wnt4, Foxl2 expression is not
changed which suggests that Foxl2 is acting independently of the Wnt/β-catenin pathway
(Chassot et al., 2008, Ottolenghi et al., 2007). This suggests that multiple independent signals
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are involved in ovarian development as part of an “ovary organizer” (Ottolenghi et al., 2007).
It is possible that SRY inhibition of Wnt/β-catenin pathway will not be sufficient to prevent
ovarian development, and that SRY perhaps via SOX9 also need to repress other ovarian genes
such as Foxl2.
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Figure 1. SRY, antagonize the canonical Wnt pathway in HEK293T cells
(A). Cells were transfected with or without SRY together with the TCF-luciferase reporter
(TOPFLASH, gray bars) or mutant TCF-luciferase reporter (FOPFLASH, black bars) and
treated with 5 μM 6-bromoindirubin-3′-oxime (BIO) for 24h. BIO treatment resulted in a strong
activation of the TOPFLASH reporter in HEK293T cells (left panel) or NT2/D1 cells (right
panel). SRY repressed the BIO-mediated activation of TOPFLASH in HEK293T cells and to
a lesser extent in NT2/D1 cells. Transfection of SRY alone did not affect the basal TOPFLASH
activity. Error bars indicate standard errors of the means for triplicate samples from three
independent experiments. (B). Cells were transfected with or without SRY together with the
TCF-luciferase reporter (TOPFLASH, gray bars) or mutant TCF-luciferase reporter
(FOPFLASH, black bars) and the expression plasmid encoding a stabilized form of β-catenin
(carrying the mutation S37A). Transfection of β-catenin S37A alone resulted in a strong
activation of the TOPFLASH reporter plasmid in HEK293T cells (left panel) and to a lesser
extent in NT2/D1 (right panel). SRY repressed the β-catenin-mediated activation of
TOPFLASH in HEK293T cells but not in NT2/D1 cells. (C) HEK293T cells and NT2/D1 cells
were transfected with pcDNA, SRY alone or together with the β-catenin S37A plasmid.
Immunoblotting was performed on 10 μg of whole cell extract resolved by SDS-page. β-tubulin
was used as loading control.
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Figure 2. SRY, SOX9 and Sox17 antagonize the canonical Wnt pathway
(A). HEK293T cells were transfected with increasing concentrations of SRY together with the
TCF-luciferase reporter (TOPFLASH, gray bars) or mutant TCF-luciferase reporter
(FOPFLASH, black bar) and the expression plasmid encoding a stabilized form of β-catenin
(carrying the mutation S37A). Transfection of β-catenin S37A alone resulted in a significant
activation of the TOPFLASH reporter plasmid (more than 20-fold). SRY repressed the β-
catenin-mediated activation of TOPFLASH in a dose-dependent manner. Transfection of SRY
alone did not affect the basal TOPFLASH activity. SRY or β-catenin S37A did not affect
FOPFLASH activity. Error bars indicate standard errors of the means for triplicate samples
from three independent experiments. (B). HEK293T cells were transfected with either SRY,
SOX9, Sox17 or Sox17 ΔC together with the TCF-luciferase reporter (TOPFLASH, gray bars)
or mutant TCF-luciferase reporter (FOPFLASH, black bar) and the expression plasmid
encoding a stabilized form of β-catenin (carrying the mutation S37A). SRY, SOX9 and Sox17
repressed the β-catenin-mediated activation of TOPFLASH. The mutant Sox17 ΔC, which
lacks the β-catenin interaction domain of Sox17, did not strongly inhibit the β-catenin-mediated
activation of TOPFLASH suggesting that β-catenin/SOX proteins interaction is necessary for
the repression of the Wnt canonical pathway. Error bars indicate standard errors of the means
for triplicate samples from two independent experiments. (C) HEK293T cells were transfected
with pcDNA, SRY, SOX9, Sox17 or Sox17 ΔC alone or together with the β-catenin S37A
plasmid. Immunoblotting was performed on 10 μg of whole cell extract resolved by SDS-page.
β-tubulin was used as loading control
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Figure 3. SRY interact with β-catenin in vitro
(A). Schematic representation of SRY deletion constructs used. The HMG box is in black
(Amino acids 58–136), N-NLS and C-NLS within the HMG domain are indicated by a line.
(B). Interaction of in vitro translated 35S SRY deletions constructs with GST-β-catenin. Input
correspond to 10% of the total reaction used for binding assay.
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Figure 4. SRY induces β-catenin accumulation in nuclear bodies in NT2/D1 and Hela cells but not
in HEK293T cells
Immunofluorescence assay of β-catenin localization in HEK293T, NT2/D1 and Hela cells
transfected with SRY. (A). SRY and β-catenin double immunofluorescence showing SRY in
green and β-catenin in red.β-catenin is undetectable in HEK293T cells (Top panel) and
localized in nuclear bodies in NT2/D1 cells (middle panel) and Hela cells (bottom panel).
(B). SRY and PML double immunofluorescence showing SRY in the nucleus (green) and PML
in PML bodies (red) in Hela cells. DAPI, nuclear stain. White arrows indicate SRY-positive
cells and Yellow arrows indicate SRY-negative cells.

Bernard et al. Page 19

Int J Biochem Cell Biol. Author manuscript; available in PMC 2009 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Transcriptional function SRY
(A). Electrophoretic mobility shift assay of synthesised SRY protein or TCF4 in the presence
of 32P-radiolabelled SRY consensus binding site (left panel) or TCF consensus binding site
(right panel). SRY fusion proteins bind weakly to the TCF consensus binding site, and TCF4
does not bind to SRY consensus binding site. (B). HEK293T cells were transfected with SRY
fusion construct together with the S10-E1b-Luciferase reporter. Transfection of SRY alone
resulted in a modest activation of the S10-E1b-luciferase reporter (1.7-fold) whereas
transfection of SRY-VP16 resulted in a strong activation of the reporter (more than 340-fold).
Error bars indicate standard errors of the means for triplicate samples from three independent
experiments. (C). HEK293T cells were transfected with SRY fusion constructs together with
the TCF-luciferase reporter (TOPFLASH, gray bars) and the expression plasmid encoding a
stabilized form of β-catenin (carrying the mutation S37A). Transfection of β-catenin S37A
alone resulted in a significant activation of the TOPFLASH reporter plasmid. Both SRY and
SRY-VP16 repressed the β-catenin-mediated activation of TOPFLASH to the same extent.
Transfection of SRY fusion constructs alone did not affect the basal TOPFLASH activity. Error
bars indicate standard errors of the means for triplicate samples from two independent
experiments.
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Figure 6. SRY does not need a DNA binding activity but requires normal nuclear import to inhibit
β-catenin-mediated transcription
(A). Schematic representation of the familial and de novo mutants used. (B). Biochemical
defects of the seven clinical mutants of SRY causing XY male-to-female sex reversal. ND,
Not determined. *, percentage of wild-type activity had to be broadly estimated due to the non-
numerical reporting of DNA-binding activity of the R30I SRY variant. Biochemical defect
obtained from respective references (1(Mitchell and Harley, 2002); 2(Assumpcao et al.,
2002); 3(Pontiggia et al., 1994); 4(Harley et al., 2003); 5(Li et al., 2001)). (C). HEK293T cells
were transfected with wild-type or clinical mutant SRY plasmids together with the TCF-
luciferase reporter (TOPFLASH, gray bars) or mutant TCF-luciferase reporter (FOPFLASH,
black bar) and the expression plasmid encoding a stabilized form of β-catenin (carrying the
mutation S37A). S18N, R30I, I90M mutants repressed the β-catenin-mediated activation of
TOPFLASH to the same extend as the wild-type SRY. All other mutants showed various degree
of ineffectiveness in repressing β-catenin-mediated TOPFLASH activation. Error bars indicate
standard errors of the means for triplicate samples from three independent experiments.
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Figure 7. SRY inhibition of Wnt/β-catenin pathway during sex determination
Model depicting proposed mechanism of SRY action on β-catenin function during sex
determination. Broken lines indicate putative link.
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