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Human testis determination is initiated by SRY (sex determining
region on Y chromosome). Mutations in SRY cause gonadal dys-
genesis with female somatic phenotype. Two subtle variants (V60L
and 190M in the high-mobility group box) define inherited alleles
shared by an XY sterile daughter and fertile father. Whereas spe-
cific DNA binding and bending are unaffected in a rat embryonic
pre-Sertoli cell line, the variants exhibited selective defects in
nucleocytoplasmic shuttling due to impaired nuclear import
(V60L; mediated by Exportin-4) or export (I90M; mediated by chro-
mosome region maintenance 1). Decreased shuttling limits nuclear
accumulation of phosphorylated (activated) SRY, in turn reducing
occupancy of DNA sites regulating Sertoli-cell differentiation [the
testis-specific SRY-box 9 (Sox9) enhancer]. Despite distinct pat-
terns of biochemical and cell-biological perturbations, V60L and
190M each attenuated Sox9 expression in transient transfection
assays by twofold. Such attenuation was also observed in studies
of V60A, a clinical variant associated with ovotestes and hence
ambiguity between divergent cell fates. This shared twofold
threshold is reminiscent of autosomal syndromes of transcrip-
tion-factor haploinsufficiency, including XY sex reversal associated
with mutations in SOX9. Our results demonstrate that nucleocyto-
plasmic shuttling of SRY is necessary for robust initiation of tes-
ticular development. Although also characteristic of ungulate
orthologs, such shuttling is not conserved among rodents wherein
impaired nuclear export of the high-mobility group box and import-
dependent phosphorylation are compensated by a microsatel-
lite-associated transcriptional activation domain. Human sex re-
versal due to subtle defects in the nucleocytoplasmic shuttling of
SRY suggests that its transcriptional activity lies near the edge of
developmental ambiguity.

organogenesis | sex determination \ gonadogenesis | gene-regulatory
network | protein-DNA interaction

he male phenotype in therian mammals is determined by Sry
(1), a Y-chromosomal gene encoding an architectural tran-
scription factor (TF) (2). SRY contains a central high-mobility
group (HMG) box, a conserved motif of specific DNA binding and
bending (Fig. 14) (3, 4). Assignment of Sry as the testis-determining
factor is supported by transgenic mouse models (5) and human
mutations leading to gonadal dysgenesis with female somatic
phenotype (Swyer syndrome) (6). Expressed in the pre-Sertoli cells
of the differentiating gonadal ridge, Sry activates Sox9, an auto-
somal gene broadly conserved among vertebrate sex-determining
pathways (7). Direct binding of Sry to specific DNA sites within the
testis-specific core enhancer of Sox9 (TESCO) activates a male-
specific gene-regulatory network in the fetal gonadal ridge (7).
Sustained Sox9 expression orchestrates programs of cell-cell
communication, migration, and differentiation leading to gonado-
genesis (8), regression of the female primordia (following Sertoli-
cell secretion of anti-Miillerian Hormone/Miillerian Inhibiting
Substance; AMH/MIS) (9), and somatic virilization (through fetal
Leydig-cell secretion of testosterone) (10). Mutations in this
pathway are associated with disorders of sexual development (11).
Structure—function relationships in human SRY (hSRY) have
been investigated through comparative biochemical and biophysical
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studies of Swyer variants (6). Most often arising de novo in
spermatogenesis and clustering in the HMG box (Fig. 14),
such mutations typically impair specific DNA binding by direct
or indirect perturbation of an angular protein—-DNA interface
(6, 12). The present study focuses on inherited mutations
(V60L and I90M; asterisks in Fig. 14) that by contrast allow
near-native DNA binding and bending (13, 14). Such mutations are
compatible with alternative developmental outcomes: testicular
differentiation leading to virilization (fertile 46,XY father) or na-
scent ovarian differentiation leading to gonadal dysgenesis (sterile
46,XY daughter) (13). In the structure of the wild-type (WT) SRY-
DNA complex (12), V60 and 190 pack within the minor and major
wings (Fig. 1B) of the HMG box (consensus positions 5 and 35,
respectively; Fig. 1C). The clinical substitutions each represent a
subtle interchange of nonpolar side chains. Known inherited
mutations in SRY are summarized in SI Appendix, Table S1.*
Inherited mutations in hSRY provide experiments of nature
probing the threshold molecular properties of a developmental
switch beyond DNA binding and bending. To this end, our
studies exploited a model of the central SRY-Sox9 regulatory
axis (Fig. 1D) in a rodent fetal pre-Sertoli cell line (14-16). Our
findings demonstrate that hSRY undergoes nucleocytoplasmic
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Mutations in human SRY (sex determining region on Y chro-
mosome) associated with somatic sex reversal provide a model
for the perturbation of a genetic switch in organogenesis.
Inherited alleles, associated with either testicular or ovarian
differentiation, provide unique probes of threshold biochemical
properties, defining mechanistic borders between functional
and nonfunctional transcription factors. This study exploited
two such alleles to demonstrate that bidirectional nucleocy-
toplasmic trafficking (import-export shuttling) enables robust
operation of this switch via phosphorylation at a site external to
the DNA-binding motif of the transcription factor. In accordance
with studies of intersexual mice, our results suggest that human
SRY functions at the edge of ambiguity.
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*Seven inherited Swyer alleles of SRY have been reported (S/ Appendix, Table S1). Anal-
ysis of specific DNA binding of one variant (V60L) by a gel mobility-shift assay provided
apparent evidence for a severe impairment (>50-fold as estimated by absence of
a shifted band) (53). Although this finding would imply a high transcriptional threshold
(as so-marked a perturbation would seem required to render gonadogenesis ambigu-
ous), these data are not in accordance with equilibrium-based measurement of the near-
native properties of the variant HMG box (Table 1 and Ref. 14) and so presumably
reflected accelerated dissociation of the variant complex during electrophoresis. Tran-
scriptional activities of four other inherited variants were probed by reporter-gene
cotransfection assays on overexpression in Chinese hamster ovarian cells but yielded
a range of results (13), precluding assessment of an SRY transcriptional threshold.
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Fig. 1. Structure and function of human SRY. (A) Domain organization and
Swyer mutations. Residues 56-141 comprise HMG box (black) and basic tail
(bt; light green). Other domains: PKA phosphorylation sites (dark green),
bridge domain (purple, Br), and PDZ-binding motif (gray). De novo, un-
classified mutations (amber and gray triangles, respectively), inherited
mutations (filled red triangles), and mosaic fathers (open red triangles) are
shown. Asterisks indicate V60L (red), V60A (gray), and 190M (red). (B-D)
Structure of hSRY and outline of SRY-Sox9 regulatory axis. (B) Ribbon model
of hSRY HMG box (front and side views; color code at right). V60 and 190
(balls and sticks) are highlighted in red and green. (C) hSRY (ribbon)-DNA
(CPK model) complex. HMG color code is as in A; DNA atoms are light blue
(bases), medium blue (deoxyribose), or dark blue (phosphodiester linkages).
The minor wing comprises N-terminal p-strand and C-terminal segment of
a-helix o3; the major wing contains a1, a2, and N-terminal portion of o3.
Asterisk indicates minor wing minicore containing V60 (red balls and sticks).
(D) SRY—S0OX9 regulatory axis (red box) with genetic inputs (box at left) and
outputs to a male-specific gene-regulatory network (—) leading to inhibition
of granulosa-cell fate (solid 1), and Mullerian regression (dashed 1). Red
curved arrow indicates SOX8/9-mediating feedback maintaining SOX9 ex-
pression. FGF9, fibroblast growth factor 9; GATA4, GATA binding protein 4;
LHX9, LIM homeobox 9; LIM1, homeobox protein Lhx 1; MIS (AMH), Mul-
lerian Inhibiting Substance (Anti-Mullerian Hormone); PTGDS, Prostaglandin
D2 synthase; SF1, steroidogenic factor 1; WT1, Wilms’ tumor 1; Wnt, wing-
less-type. Boxes at Lower indicate sex-independent SOX family genes (Left)
and housekeeping genes (Right).

shuttling (NCS) and that such NCS is coupled to an activating
N-terminal serine phosphorylation (17, 18). Respective V60L
and I90M variants exhibit selective impairment of nuclear import
(as mediated by Exportin-4) or nuclear export (mediated by
CRM1) but otherwise retain substantial gene-regulatory activity
in accordance with the phenotypes of the fathers. Mutational
impairment of NCS in either direction reduces nuclear accu-
mulation of phosphorylated hSRY, in turn attenuating SRY-
dependent transcriptional activation of Sox9 in accordance with
the phenotypes of the XY daughters. Although NCS-dependent
transcriptional regulation is likely to be broadly conserved
among Sox genes (SI Appendix, Table S2) (19, 20), its importance
to the function of SRY has been obscure in studies of mouse
models (21). In a recent study (22) we demonstrated that murine
Sry fails to undergo NCS as a consequence of an inactive nuclear
export signal (NES) motif. Whereas the HMG box of hSRY con-
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tains an active NES (IxxxLxxxxxML), microsatellite-associated
rodent variants contain the variant sequence IxxxLxxxxxSL (22).
Such variation is associated with clade-specific insertion of a
DNA microsatellite in the divergent evolution of the Y chro-
mosome in superfamily Muroidea (order Rodentia) (23).

Mammalian TFs regulating tissue- and stage-specific gene
expression are ordinarily present at low abundance (1-100 nM
representing 10> to 10* molecules per nucleus) (24). Studies in
cell culture, however, often use strong viral promoters (such as
that derived from the cytomegalic virus) (25), which typically
confer high-level TF expression (1-10 uM representing 10° to
10° molecules per nucleus). Because such overexpression can
alter quantitative patterns of gene expression and qualitative
biological responses (26), the contribution of NCS-linked phos-
phorylation to the transcriptional activity of hSRY was estimated
at progressively lower levels of protein expression within the
physiological range. In each case, the limiting extent of attenua-
tion was twofold, a quantitative threshold reminiscent of disorders
of sexual development-associated syndromes of autosomal tran-
scription-factor haploinsufficiency (11). An analogous Sry-related
threshold in XY mice has been inferred based on studies of in-
tersexual phenotypes due to the strain-specific phenomenon of
Y chromosome/autosome incompatibility (27-29). This seeming
paradox of mice and men highlights the tenuous beginning of the
male program (11). Defining a critical boundary between testic-
ular self-organization and gonadal dysgenesis, inherited human
sex reversal associated with subtle perturbation of hSRY thus
violates the principle of Waddington canalization (30). Whereas
the latter emphasizes the importance of robustness in de-
velopmental pathways (31), we speculate that SRY has evolved to
the edge of ambiguity as a developmental mechanism to ensure
male phenotypic variation in social mammals.

Results

Our studies primarily used rat embryonic pre-Sertoli XY cell line
CH34 (16). We previously described a transient-transfection
assay of hSRY-directed transcriptional activation of endogenous
Sox9 (14). Using quantitative PCR [real-time-Q-rtPCR (qPCR)],
this assay measures the time-dependent accumulation of mRNAs in
a downstream gene-regulatory network (32). Sox9 expression was
measured following transient transfection of WT or mutant SRY
constructs. Although use of a cytomegalovirus (CMV) promoter
under standard transfection conditions yielded ~10° to 10
molecules per transfected cell, such overexpression could be
attenuated by dilution of the plasmid with an empty vector to
achieve an appropriate TF concentration (10? to 10* molecules
per cell).” A subset of key findings was replicated in a human
male cell line.

Inherited mutations of sexual development in hSRY (V60L
and I90M; first and second red asterisks in Fig. 14, respectively)
were chosen based on their compatibility with native-like struc-
ture and DNA binding (Table 1) (14). Structural environments
are shown in Fig. 1 (12). Conserved as Val among mammalian
SRY/Sry domains, V60 (consensus position 5 in the minor wing)
adjoins a bipartite nuclear localization signal (NLS). A second
mutation at this site (V60A; father uncharacterized) was asso-
ciated with ovotestes (33). V60L and V60A do not affect box
stability and permit DNA-dependent folding of the minor wing
with near-native DNA bending (14). 190 projects from the sec-
ond a-helix («2) into the major-wing core as part of an aliphatic
motif (190, L94, M100, and L101; consensus positions 35, 39, 45,
and 46) proposed to function as a Sox nuclear export signal
(NES) (19, 20). Although I90M destabilizes the free box (AT, 4
°C and AAG, 0.5 kcal/mole) (Table 1 and SI Appendix, Fig. S1),
near-native specific DNA affinity (K3) and DNA bending are
nonetheless maintained (Table 1 and SI Appendix, Figs. S2 and
S3). Like V60L and V60A box-DNA complexes (14), the I90M

Level of hSRY expression was estimated by anti-HA Western blot in relation to Western
analysis of control proteins o-tubulin (S/ Appendix, Fig. S14).
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Table 1. Properties of SRY Variants
Relative Sox9 mRNA
accumulation®

SRY AAG,

variant* Kq, x 107° M 0" T, °C* kcal/mol® Assay A Assay B Assay C
Wild type 14+3 74° 40 — 100 + 4 100 + 4 100 = 6
V60A 27 +£5 72° 40 01+0.1 42+9 93+8 98+6
V6oL 32+2 71° 40 01+01 47+9 89+7 92+5
190M 15+1 74° 36 05+01 43+8 42+9 46+5

*Biophysical studies used the isolated HMG box; qPCR studies used full-
length HA-tagged SRY. FRET-based estimates of dissociation constants (Ky)
revealed a small decrease in affinity of V60A and V60L domains relative to
wild type whereas that of 190M was unchanged. Stopped-flow FRET studies
of protein—-DNA dissociation demonstrated that respective dissociation-rate
constants (kof) of V60L, V60A, and 190M domains are increased [kof 0.24(+
0.008) s~', 0.17(+0.005) s™'; and 0.14(+0.001) s~', respectively] relative to
wild type [0.033(+0.001) s~ see ref. 14 and SI Appendix, Fig. S2].

'DNA bend angles were investigated by permutation gel electrophoresis;
uncertainties were +1° (14). V60A and V60L values are from Phillips et al.
(14); 190M value is from Knower et al. (13).

*Midpoint unfolding temperatures were based on CD (4).

SDifferences in free energies of unfolding (AAG,), with reference to WT (—),
were estimated as described (14); WT AG, is 3.8(+0.1) kcal/mole.

Talues of Sox9 mRNA accumulation were at low plasmid dose (50-fold di-
lution) (Fig. 2) to avoid effects of overexpression. Assay A provides baseline
values in the absence of SV40 NLS or proteosome inhibition. Assay B, effects
of fused SV40 NLS. Assay C, effects of NLS/MG132 double rescue.

complex exhibits a reduced kinetic lifetime with compensating
changes in on-rate constants similar to wild type.

Transcriptional Regulation in a Pre-Sertoli Cell Model. CH34 cells
were used to probe hSRY-dependent activation of Sox9; trans-
fection efficiency was 32.6 (+ 1.2) percent as inferred from
control cotransfection of a plasmid encoding green fluorescent
protein (GFP). Transient transfection of WT hSRY under standard
conditions (1 pg per well) activated expression of Sox9 by eightfold
relative to an empty vector (black bar in Fig. 24). Extent of
transcriptional activation decreased to fivefold on successive
dilution of the hSRY plasmid by the empty vector (maintaining
total transfected DNA constant) to a final dilution of 0.02 pg of
hSRY plasmid and 0.98 pg of empty vector per well (50-fold
dilution; white bar in Fig. 24). Such dilution provided a control
for overexpression artifacts.”

Although Sox9 is the principal target of Sry (7), additional
qPCR assays were undertaken to characterize a downstream
gene-regulatory network in relation to in situ transcriptional
profiling of the murine XY gonadal ridge (28). Whereas tran-
sient expression of hSRY did not affect mRNA accumulation of
non-sex-related Sox genes and housekeeping genes (boxes at
Lower in Fig. 1D), specific up-regulation of Sox8, Sox9, fibroblast
growth factor 9 (Fgf9), and prostaglandin D2 synthetase (Ptgd2)
were observed in accord with their known roles in testicular
differentiation (34). No such changes in mRNA accumulation
were observed on transient transfection of an empty plasmid or
a control plasmid expressing a stable hSRY variant devoid of
specific DNA-binding activity (I68A) (35). Further, following

*Our finding that 190M attenuates SRY function at an appropriate level of TF expression
(10% to 10* protein molecules per nucleus) stands in disagreement with cotransfection
studies using a reporter gene (luciferase) under the control of a human TES element (13).
The latter studies demonstrated enhanced transcriptional activity of 19OM SRY under
conditions of its CMV promoter-driven overexpression in a Chinese hamster ovarian cell
line (presumably due to enhanced nuclear accumulation) in accordance with the present
studies in CH34 and PC-3 cells in the absence of plasmid dilution (Fig. 2 and S/ Appendix,
Fig. S12). We have also replicated the findings of ref. 13 in NT2-D1 cells following
cotransfection of /uciferase under the control of the minimal mouse TESCO element
(SI Appendix, Fig. S15). In this cell line, the protocol of Knower and colleagues (13) leads
in our hands to expression of ~1.5 million epitope-tagged SRY molecules per cell (S/
Appendix, Fig. $16).
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24-h incubation in serum-rich medium, no significant changes
were observed in the expression of rat Sry itself.

Activities and Stabilities of hSRY Variants. Comparative studies of
variant hSRY constructs (V60L, V60A, and I90M) demonstrated
that (i) the two minor-wing substitutions exhibited decreased
transcriptional activity at each dilution tested whereas (i) major-
wing substitution I90M enhanced Sox9 expression when over-
expressed but exhibited progressive loss of function with serial
dilution (at right in Fig. 24). Remarkably, at highest dilution (50-
fold; white bars in Fig. 24), the three substitutions were each
associated with twofold loss of Sox9 activation relative to wild
type at the same dilution. These trends were also observed in the
downstream gene-regulatory network modulated by the SRY-
Sox9 axis (SI Appendix, Fig. S4). The anomalous dilution-related
properties of I90M hSRY motivated assessment of proteolytic
stability and cellular NCS as factors that could lead to over-
expression artifacts.

Cellular turnover of hemagglutinin (HA)-tagged hSRY con-
structs (transfected without dilution) was evaluated following
cycloheximide inhibition of translation (Fig. 2B). Comparison of
anti-HA Western-blot intensities demonstrated that V60L and
V60A variants are more susceptible to degradation than are WT
or I9OM hSRY (graph in Fig. 2B). Such differential degradation
could be circumvented through addition of proteosome-inhibitor
MG132 (SI Appendix, Fig. S5). Subcellular localization was
investigated using immunofluorescence microscopy (Fig. 2C);
control GFP cotransfection studies demonstrated that WT and
variant constructs achieved similar transfection efficiencies; 900
cells were counted in each case (triplicate by blinded coworkers).
Representative images are shown in Fig. 2C, Lower in relation
to corresponding nuclear staining of the same cells with 4’,6-
diamidino-2-phenylindole (DAPI) (Fig. 2C, Upper). The variant
proteins exhibited contrasting perturbations relative to wild type
(Fig. 2D). Whereas V60L and V60A often exhibited pancellular
distributions with significant reduction in exclusive nuclear
staining (gray bars in Fig. 2D), I90M hSRY exhibited a reduced
pancellular fraction (white bars in Fig. 2D) with increase in ex-
clusive nuclear staining. Partial restoration of nuclear localiza-
tion of V6OL and V60A hSRY was achieved by N-terminal
fusion of an exogenous nuclear localization signal (NLS) derived
from SV40 large T Antigen (36) (“+NLS” at right in Fig. 2D).
No significant changes in nuclear accumulation of WT hSRY
were observed in control studies of NLS-hSRY (SI Appendix,
Fig. S6); I90M NLS-hSRY was not tested.

Immunofluorescence studies were repeated on addition of
MG132 after 24-h posttransfection (Fig. 2E). As expected, pro-
teosomal inhibition did not affect nuclear localization of WT or
I90M hSRY (Fig. 2 D and E). In the absence of the fused NLS,
MG132 treatment led to small decreases in extent of residual
GFP-positive cells lacking detectable hSRY expression (100-sum
of gray and white bars in Fig. 2 D and E); this trend did not
achieve statistical significance. Strikingly, the combination of
MG132 treatment and SV40 NLS fusion led to near-complete
rescue of nuclear localization of V60OL and V60A hSRY (right-
hand bars in Fig. 2E; for representative cellular images see Fig.
2C). The efficiency of NLS/MG132 “double rescue” motivated
reinvestigation of the functional properties of V60L and V60A
hSRY under conditions wherein WT and variant proteins were
expressed at similar levels and with similar patterns of sub-
cellular localization (Fig. 2F). Whereas NLS fusion and/or ad-
dition of MG132 had no significant effects on transcriptional
activation of Sox9 by WT or I90M hSRY at any dilution, de-
fective activation of Sox9 by V60L or V60A hSRY was partially
overcome by either maneuver, and double rescue led to native-
like Sox9 expression (Fig. 2F, Right).

Chromatin immunoprecipitation (ChIP) studies were under-
taken of SRY/Sry binding sites in the TESCO element of Sox9
(Fig. 34, with primer sets defined in Fig. 3B; ref. 7). Occupancy
(as probed by ChIP band intensities relative to input controls
following transfection without plasmid dilution) of I90M hSRY
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Fig. 2. Transcriptional activity and nuclear localization. (A) Dependence of Sox9 expression on dose of transfected hSRY plasmid: 1 ug (black), 0.2 ug (dark
gray), 0.1 pg (medium gray), 0.02 pg (white); total transfected DNA was the same. Brackets designate P values (*) <0.05 or (**) <0.01; “ns” indicates P values >
0.05. (B) Cycloheximide assay. Proteolysis is enhanced by V60L and V60A but unaffected by I90M. Gels are at Left. Graph at Right depicts hSRY degradation
following inhibition of protein synthesis. (C) Subcellular localization of epitope-tagged SRY: DAPI nuclear staining (Upper row blue) and SRY (Lower row
green). V60L and V60A SRY are pancellular; nuclear accumulation was rescued by SV40 NLS (Right). 1I90M augments nuclear localization. Images were
obtained following MG132 treatment. (D and E) Histograms describing nuclear (gray) and pancellular (white) patterns in absence (D) or presence (E) of
MG132. Gray and white bars sum to <100 due to occasional GFP-positive cells lacking SRY. SRY was at highest dose in A. Brackets indicate statistical com-
parisons. “+NLS" indicates rescue by SV40 NLS. I90M augments nuclear localization under all conditions tested. (F) Relationship between Sox9 expression and
hSRY dose. qPCR data were obtained in absence (Right) or presence (Left) of MG132. Within each set, additional data were obtained with fused SV40 signal
(+NLS). At lowest dose of V60L or V60A, rescue of Sox9 expression required only fused NLS. I9OM hSRY at higher doses was superactive; plasmid dilution

unmasked a twofold defect unaffected by fused NLS or MG132.

was indistinguishable from wild type (lanes 5 and 6 in Fig. 3C;
see also Lower histogram). Control studies of inactive I68A
hSRY (35) demonstrated an absence of enhancer binding; fur-
ther control studies used de novo clinical mutants R62G and
R75N in the N-terminal bipartite NLS of the HMG box (37).
R62G and R75N (which impair both NLS1 specific DNA bind-
ing) demonstrated weak ChIP band intensities (Fig. 3C, lanes 1
and 2 in gel panel and the Lower histogram). Whereas TESCO-
specific ChIP band intensities for VOOL and V60A hSRY in the
absence of NLS/MG132 were reduced to ca. half of the WT level
(Fig. 3C), double rescue restored near-native enhancer occu-
pancy (Fig. 3D). As in the Sox9 qPCR assay, double-rescue of
V60A hSRY was more complete than that of V60L hSRY (set ¢
in Fig. 3D). These findings imply that the minor-wing variants,
once bound to the Sox9 enhancer, retain native-like gene-regu-
latory properties in a cellular milieu in accordance with their
native-like biophysical properties (14).

Analysis of hSRY Protein-Protein Interactions. The above findings
motivated investigation of how the mutations affect binding
of hSRY to the NCS machinery. V60L and V60A adjoin the
N-terminal bipartite basic NLS of the HMG box (21); this motif
(residues 61-77 of hSRY; KRPMNAFIVWSRDQRRK; basic
residues in bold) binds to Exportin-4 (Exp4) to mediate nuclear
import (37) rather than importin-a or -f (38). Coimmunopreci-
pitation (co-IP) studies were thus undertaken based on co-
transfection of HA-tagged hSRY and FLAG-tagged Exp4 (Fig.
4A). The studies revealed that, whereas I90M mutation does not
affect binding to Exp4 (lanes 1 and 6 in Fig. 4B), a graded series
of perturbations were observed among the other variants (lanes
2-5). Measurement of relative band intensities (in triplicate)
(81 Appendix, Fig. ST) defined the order VO60L [mildest impair-
ment; 60(+13)% relative to WT hSRY] and V60A [41(x13)%]
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relative to control mutations R75N [23(+6)%] and R62G [most
severe; 17(+7)%] as previously characterized (37).

Nuclear export of SOX proteins is mediated by CRM1 via a
conserved NES in the HMG box (20). Binding of hSRY (NES
consensus IxxxLxxxxxML; residues 35-46 in the consensus HMG
box) to endogenous CRM1 was demonstrated in CH34 cells by
co-IP (lane 7 in Fig. 4C). Analogous CRM1-dependent NCS was
observed in studies of goat Sry and deer Sry, whose HMG boxes
bear active NES variant IxxxLxxxxxRL (SI Appendix, Fig. S8).
Binding of hSRY to CRM1 was unaffected by V60L or V60A
(lanes 9 and 10 in Fig. 4C) but markedly impaired by I90M (lane
8) in accordance with its enhanced nuclear accumulation.
Binding of hSRY to CRM1 and resulting NCS were also im-
paired by mSry-related substitution IxxxLxxxxxSL and by multi-
ple Ala substitutions (AxxxAxxxxxAL) (SI Appendix, Fig. S9).
Mutation-specific perturbations of hNSRY-Exp4 or hSRY-CRM1
interactions stand in contrast to the absence of perturbations in
assays of hSRY-calmodulin (CaM) binding. Although such
binding (mediated by the N-terminal segment of the hSRY
HMG box) has been proposed to direct nuclear entry (38), co-IP
studies of endogenous CaM (outlined in Fig. 54) revealed sim-
ilar levels of binding to diverse mutations in the HMG box, in-
cluding V60L and V60A (Fig. 5 B and C). Biochemical and
biophysical studies of V60L and V60A hSRY-CaM complexes
likewise demonstrated similar affinities and structural features
(SI Appendix, Fig. S10).

Protein—protein interactions involving SRY have also been im-
plicated in male-specific inhibition of Wnt/B-catenin signaling (Fig.
5D) (39). Such signaling is operative in ovarian development, and
its inappropriate activation in the XY gonadal ridge (via stabili-
zation of fB-catenin) can be associated with human sex reversal
(40). Although in pre-Sertoli cells this pathway is not well char-
acterized, a functional SRY assay has been described in nongonadal
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Fig. 3. ChIP assays and interactions of hSRY with nuclear
IgG import-export machinery. (A-D) ChIP assays probing SRY oc-
cupancy of target sites within Sox9 testis-specific enhancer
core element (TESCO). (A) TESCO fragment boxes (black, with
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and germ-cell lines (39). This assay was adapted to CH34 cells
stably transfected to express activated P-catenin variant S37A
and transfected by a chimeric SRY construct (hSRY residues 1—-
155 and mouse Sry residues 128-396 as above); a functional
read-out was provided by luciferase under the control of a p-
catenin-responsive promoter (TOPflash; Fig. 5E). Transient
transfections were performed with 50-fold dilution of SRY
plasmids to minimize overexpression and in the presence of
MG132 to equalize protein levels. Comparison of the CH34 cells
expressing S37A f-catenin with the parent cell line revealed a 40-
fold increase in luciferase activity (lanes 1 and 2 in Fig. 5F). This
activity was inhibited by 3.5-fold on transient transfection of
an SRY chimera bearing the WT human HMG box (“WT” in
Fig. 5F, lane 3). Inhibition required specific DNA binding as
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Fig. 4. Molecular mechanisms of nucleocytoplasmic shuttling. (A) Schematic
outline of CRM1 and Exp4 co-IP assays. (B and C) Biochemical studies of
the binding of epitope-tagged hSRY variants to nuclear import (Exp4) or
nuclear export machinery (CRM1). Internal loading controls are provided by
a-tubulin (Bottom). (B) Exp4 co-IP assay. Whereas the de novo mutations in
the N-terminal NLS exhibit marked impairment, V60L exhibits only mild
impairment, and V60A intermediate; no defect was observed for 190M. (C)
CH34 CRM1 co-IP assay. Mutations at position 60 did not impair binding to
CRM1; I90M causes almost complete lack of binding.
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SRY binding sites; and white, sites with no detectable binding).
(B) Primer sets a and c probed for SRY occupancy; primer set
b provided negative control. (C) Histogram and representative
gel show results of ChIP of variants. Gel showing results of ChIP
of variants without NLS rescue. R62G and R75N are de novo
clinical mutations in the N-terminal bipartite NLS of the HMG
box and in part impair specific DNA binding. (D) Histogram
and representative gel showing ChlIP studies of variants with
NLS/MG132 rescue: lanes 8 and 9, without rescue; lanes 10 and
11, NLS fused; lanes 12 and 13, NLS/MG132 double rescue; lane
14 and 15, positive and negative hSRY controls, respectively.
At Right are nonspecific IgG controls.

wt 168A

demonstrated by maintenance of luciferase activity on transient
transfection of SRY chimeras bearing inactive control mutations
168A or G95R (lanes 7 and 8 in Fig. 5F). Inherited mutations
V60L and I90M as well as ovotestis-associated mutation V60A
gave rise to intermediate levels of luciferase activity (lanes 4-6
in Fig. 5F). Whereas NLS fusion did not affect the inhibitory
activity of the I90M construct (lanes 6 and 11 in Fig. 5F), partial
rescue of nuclear localization enabled the VO60L and V60A con-
structs to achieve near-native inhibition of luciferase activity
(lanes 9 and 10).

Nuclear Trafficking Affects hSRY Phosphorylation. SRY in primates
contains potential phosphorylation sites N-terminal to the HMG
box (hSRY residues 29-36; RRSSSFLC) recognized by protein
kinase A (PKA); phosphorylation augments specific DNA binding
(17). To investigate whether altered NCS affects phosphorylation
of hSRY (HA-tagged) and thus enhancer binding, we evaluated
by co-IP the extent of phosphorylation in cytosolic and nuclear
fractions; an anti-phosphoserine antiserum was used to pull down
phosphoproteins for Western blot by anti-HA antiserum (Fig.
64). Molecular markers for fidelity of fractionation were provided
by glyceraldehyde-3-phosphate dehydrogenase (GAPDH; cytosol)
and Ying-Yang 1 (YY1; nucleus) as shown in Fig. 6B, Bottom.
Epitope-tagged hSRY variants containing PKA-site substitutions
RRAAAFL (“phospho-dead”) or RRDDDFL (“phospho-mimic”)
were not detected as further described in a recent study (22); these
findings indicate that, in CH34 cells, this is the only site of serine
phosphorylation (green box in Fig. 6C). Studies were conducted
following 50-fold dilution of the hSRY plasmid and in the pres-
ence of MG132. Because of the low uniform levels of hSRY
expression under these conditions, each assay required pooling
extracts from fifteen 10-cm plates grown to confluence.

As expected, WT hSRY was detected predominantly but not
exclusively in the nuclear fraction (lanes 1 and 5 in Fig. 6B). The
extent of phosphorylation was similar in the two fractions as
indicated by the ratio of band intensities in Fig. 6B, Top (phos-
pho-hSRY) to band intensities beneath (total HA-tagged
hSRY). Also in accordance with the results of immunofluores-
cence microscopy (above), I90OM hSRY exhibited increased nu-
clear accumulation (lanes 2 and 6 in Fig. 6B). Strikingly,
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Fig. 5. Calmodulin binding and Wnt signaling. (A-C) hSRY binding to CaM.
(A) Design of co-IP assay using transfected HA-tagged SRY variants. Com-
plexes were analyzed by SDS/PAGE immunoblotted with anti-CaM antise-
rum. (B and C) Western blots documenting similar CaM binding in WT and
variant complexes; differences were not statistically significant. Results were
normalized by CaM immunoblotting (Lower). Control studies using other de
novo mutations at positions 62, 64, 68, 75, and 76 lie within the CaM-binding
motif; position 109 lies on the back side of the major wing; and 133 lies
within the C-terminal NLS. (D) Male gonadal ridge (left) requires positive and
negative regulatory steps (| and L, respectively) to activate the testicular
program (SOX9-dependent) and repress the ovarian program (Wnt/p-catenin
pathway). Dotted interactions designate cross-talk; “X"s indicate absence of
ovaries and female somatic differentiation; and “t” designates testosterone-
dependent virilization. (E) Wnt/p-catenin reporter-gene assay. Cells were
split and cotransfected by WT or variant SRY plasmids to enable luciferase
read-out. (F) Histogram summarizing Wnt/B-catenin repression assay per-
formed at the lowest plasmid dose (50-fold dilution as defined in Fig. 2).
MG 132 was added to ensure equal levels of protein expression. Repression
relative to WT SRY was in part relieved by inherited mutations V60L, V60A,
and 190M. The repression-related activity of V60L and V60A was almost fully
restored by fused NLS. Full relief was observed in control studies using
substitution I68A and de novo mutation G95R (which block specific DNA
binding) (4, 53). Brackets designate statistical comparisons as in Fig. 2.

however, the total phosphorylation and relative phosphorylation
of I90M hSRY were decreased in the nucleus despite its en-
hanced accumulation in that fraction. The twofold reduction in
Sox9 transcriptional activation observed under these conditions
(50-fold plasmid dilution) presumably reflects a defect in phos-
phorylation, which more than offsets any increase in transcrip-
tional-regulatory activity that would otherwise be associated with
its enhanced nuclear accumulation. V60L and V60A hSRY were
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predominantly detected in the cytosolic fraction in accordance
with impairment of nuclear entry (Fig. 6B, comparison of lanes 3
and 4 with lanes 7 and 8, respectively). Whereas the relative
extent of phosphorylation in the cytosolic fraction is similar to
that of WT hSRY, a striking reduction was observed in each case
in the absolute amount of phosphorylated protein in the nuclear
fraction (lanes 7 and 8 in Fig. 6B, Top).

To investigate the relationship between N-terminal phos-
phorylation of hSRY and transcriptional activation of Sox9,
phospho-dead and phospho-mimic variants (Fig. 6C) were used

A

SRY variants

n nuclear fraction
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Fig. 6. Coupling between nucleocytoplasmic trafficking of hSRY and its
phosphorylation. (A) Phosphorylation assay exploited fractionation of hSRY
into nuclear and cytosolic fractions with subsequent co-IP analysis of total
and phosphorylated subsets. (B) Western blots of cytosolic and nuclear
SRY fractions (Left and Right). Mutations are as labeled; controls were
provided by transcriptional repressor YY1 (nuclear protein) and GAPDH
(cytosolic enzyme). (C) Schematic depiction of SRY analogs containing sub-
stitution within its N-terminal three contiguous PKA phosphorylation sites
(PALRRSSSFLCTE; putative phosphorylation sites underlined): Top, WT motif;
Middle, Ser—Ala substitutions (AAA) to render motif nonphosphorylatable
(phospho-dead); Bottom, Ser—Asp substitutions (DDD) to mimic the nega-
tive charges (phospho-mimic). Domains are defined as in Fig. 1A. (D) Effects
of AAA or DDD substitutions on transcriptional regulatory activity of WT
hSRY, inherited 190M variant, or SRY NES@ in which putative NES was im-
paired by Ala substitutions 190A, L94A, and M100A. Studies were performed
at the lowest dose used in Fig. 2. Horizontal brackets designate statistical
comparisons.
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in qPCR assays (Fig. 6D). The assays were conducted as above
with 50-fold plasmid dilution and in the presence of MG132. The
nonbox Ala or Asp substitutions did not affect nuclear locali-
zation (SI Appendix, Fig. S11) in accordance with past studies
(17). WT and variant PKA sites were introduced into three
epitope-tagged hSRY constructs, bearing either a WT HMG
box, the I90M HMG box, or a variant HMG box in which three
putative NES residues (consensus positions 35, 39, and 45) were
each substituted by Ala. The latter construct (designated NES@
in Fig. 6D) thus yielded an hSRY variant containing six Ala
substitutions, three in the nonbox PKA site (S31A, S32A, and
S33A) and three in the major wing (I90A, L94A, and M100A). In
the presence of the native PKA motif, I90M caused the expected
twofold reduction in Sox9 mRNA accumulation (relative to WT
hSRY) as did the NES@ construct (left-hand set of bars in Fig.
6D). Strikingly, mimicry of PKA phosphorylation site by tandem
Asp substitutions in each case led to enhanced and equal Sox9
expression (right-hand set of bars in Fig. 6D). This finding pro-
vides evidence that (i) serine phosphorylation enhances the ac-
tivity of hSRY in an appropriate cellular milieu and (i) defective
phosphorylation of 190M hSRY underlies its partial loss of
activity. Conversely, in the phospho-dead context, WT hSRY
exhibited the same twofold loss of function as was conferred by
190M or the NES Ala substitutions (middle group of bars in Fig.
6D). These findings suggest that unphosphorylated hSRY retains
partial activity whether the defect in phosphorylation is due to
mutation of the PKA site or to mutations in the HMG box that
impair nuclear exit.

Extension to Human Cell Lines. In an effort to confirm a subset of
key findings in a human cellular milieu, transient-transfection
studies were conducted in male prostatic cell line PC-3 (41). This
line expresses SF1 but not SRY. On transient transfection of the
undiluted WT SRY plasmid, transcription of the endogenous
SOX9 gene was activated by fourfold (SI Appendix, Fig. S12).
Although this fold-activity is lower than that in CH34 cells,
limiting the extent of feasible plasmid dilution, transient trans-
fection of WT or variant hSRY plasmids without dilution yielded
a pattern of relative activities [ca. twofold decreased for V60A,L
and 35(+4)% increased for I90M] that mirrored results of CH34
assays (SI Appendix, Fig. S12). The enhanced activity of 190M
SRY on overexpression was mitigated on 20-fold dilution, con-
sistent with our finding in CH34 cells that such enhancement is
a consequence of overexpression.

Analogous studies in NT2-D1 cells [derived from a human
embryonal carcinoma cell line (42) and used in cotransfection
studies of SRY by Harley and coworkers (13)] were not feasible
due to inefficient transcriptional activation of its endogenous
SOX9 gene by transfected SRY despite its comparable over-
expression. Such differences in fold-SOX9/Sox9 transcriptional
activation presumably reflects lineage-specific patterns of global
gene expression (including other TFs and noncoding RNAs) and
local chromatin structure (such as histone modifications within
TES) (43).

Discussion

Metazoan development is ordinarily robust. Developmental sta-
bility in the presence of cryptic genetic variation or environmental
fluctuations, known as Waddington canalization (30), has stimu-
lated interest in biochemical mechanisms of genetic capacitors
(as exemplified by heat shock proteins) (44) and topological
properties of gene-regulatory networks (45). A paradigm for
developmental stability is provided by the Hox cluster, invariant
even among unrelated body plans (46). Sex is different. Meta-
zoans exhibit an extraordinary diversity of sex-determining genes
and signals, including temperature and social cues (47, 48). In-
tersexual phenotypes, readily obtained in model organisms (49),
abound in the wild, especially in the presence of environmental
endocrine disruptors (50). Further, the ubiquity of bisexual
and homosexual behaviors among social mammals (including in
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diverse human cultures across historical epochs) poses a Dar-
winian paradox in relation to reproductive fitness (51).

In this study, we exploited clinical mutations in SRY associ-
ated with variable phenotypes (14, 52, 53) to measure the tran-
scriptional threshold of testis determination. Our studies thus
focused on subtle variants inherited by sterile XY daughters
from fertile fathers. Potential artifacts of TF overexpression were
mitigated through dilution of the hSRY expression plasmid
(driven by the strong CMV promoter) by the parent empty
vector to obtain a level of hSRY expression (107 to 10* molecules
per cell) typical of factors that regulate cell-fate decisions (24).
Molecular analysis of the clinical variants in a mammalian em-
bryonic gonadal-ridge cell line uncovered perturbed NCS due to
impaired binding of hSRY to Exp4 (V60L,A) or CRM1 (I90M).
Impaired nuclear import or export is in each case associated
with twofold reduction in male-pattern Sox9 transcription and
twofold enhancement of female-pattern Wnt/B-catenin signal-
ing. These SRY variants are thus poised at a critical boundary
of activity (54), highlighting the narrow margin of “decision
making” in the differentiating gonadal ridge. Such twofold
perturbations are analogous to syndromes of autosomal TF
haploinsufficiency (55). We anticipate that this margin will be
a general characteristic of inherited Swyer mutations (SI Ap-
pendix, Table S1) irrespective of biochemical mechanisms of
perturbation.

V60L and V60A SRY retain near-native biochemical prop-
erties (Table 1). Structural accommodation of the variant side
chains reflects the flexibility of the minor wing of the HMG box.
To probe gene-regulatory functions, we investigated the intrinsic
gene-regulatory activity of these variants following “correction”
of their altered trafficking (by NLS fusion) and accelerated
degradation (by proteosome inhibition). Under these conditions,
occupancy of the testis-specific Sox9 enhancer by WT or variant
proteins was similar and led to near-complete double rescue of
Sox9 mRNA accumulation; native-like inhibition of Wnt/B-catenin
signaling was likewise restored. I90M impairs binding of SRY to
CRM1, a mediator of nuclear export (56), leading to enhanced
nuclear accumulation. Although transcriptional activation of Sox9
is increased under conditions of overexpression (in accordance
with ref. 13), successive plasmid dilution unmasked a twofold
defect in Sox9 activation.

Nucleocytoplasmic Shuttling of SRY. On plasmid dilution, impaired
nuclear export of I90M hSRY attenuates its gene-regulatory
activity, suggesting that WT hSRY undergoes an NCS-coupled
regulatory posttranslational modification. Insight may be ob-
tained from consideration of evolutionary patterns of conserva-
tion and divergence (SI Appendix, Fig. S13). Among primates,
SRY alleles are highly conserved and share potential N-terminal
phosphorylation sites. Their HMG boxes in each case contain
consensus NES sequences (IxxxLxxxxxML). The divergent boxes
of rat and mouse Sry by contrast contain an unfavorable NES
substitution (M—S), shown in a recent study to impair nuclear
export in association with gain of a microsatellite-associated
transcriptional activation domain (22). Whereas I90M (HMG
position 35) occurs within a-helix 2 and perturbs packing of the
major wing, the rodent substitution occurs in a loop following
this o-helix and so may be better tolerated. Competence for
CRM1-mediated nuclear export is maintained in goat and deer
Sry, which bear NES variant IxxxLxxxxxRL. It would be of future
interest to investigate these and other mammalian SRYs in re-
lation to NCS-coupled phosphorylation.

Like SOX9, hSRY contains a PKA site N-terminal to the
HMG box (17, 20). In each case, phosphorylation enhances
specific DNA-binding affinity (20). We therefore hypothesized
that I90M-associated impaired nuclear export perturbs this
phosphorylation, which in turn attenuates Sox9 activation—
despite increased total nuclear hSRY abundance. We therefore
evaluated hSRY phosphorylation following biochemical frac-
tionation, yielding independent estimates of phospho-hSRY in
the nucleus and cytoplasm. Comparative studies of “phospho-
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dead” (RRAAAFL) and “phospho-mimic” (RRDDDFL) con-
structs verified that negative charges enhance transcriptional
potency. In either context, the extent of WT or I90M hSRY-
dependent Sox9 expression is indistinguishable at reduced
(phospho-dead) or elevated (phospho-mimic) levels. Because
divergent rodent Sry proteins lack this N-terminal PKA site, we
speculate that its C-terminal glutamine-rich expansion provides
an alternative mechanism to enhance Sox9 transcription [see also
ref. 22].

Coupling between NCS and posttranslational modification
occurs in diverse systems (19, 20). Such coupling may be a hall-
mark of mammalian Sox proteins (19, 57) as exemplified by
SOXO9, which contains two PKA sites, one N-terminal to the
HMG box and the other adjoining NLS2 in its C-terminal tail.
The latter phosphorylation enhances NLS2 binding to importin-f3
and therefore promotes nuclear import (20). Autocrine regula-
tion of PKA activity by prostaglandin D2 in the differentiating
Sertoli cell may provide a mechanism to amplify and maintain
Sox9 expression as shown in engineered mice (34). Although
phosphorylation-regulated nuclear localization is not a feature of
hSRY, its acetylation (K136 in NLS2) provides an alternative
mechanism to enhance binding to importin-p (58).

Mouse Sry Exhibits an Analogous Threshold. The inherited Swyer
syndrome resembles Y-chromosome incompatibility among
mouse strains wherein Y chromosomes bearing Sry alleles
derived from diverse mouse strains can cause abnormal gonadal
development in B6 strain C57BL/6J (27, 28). Aberrant inter-
action between such alleles and autosomal genes leads to strain-
dependent intersexual phenotypes (59). Such phenotypes could
not be correlated with changes in Sry sequence (28) but instead
depend on the extent and timing of Sry expression (27, 28). As
found here, changes of twofold or less in Sry expression in the
differentiating gonadal ridge were associated with developmental
abnormalities. Such genetic-background dependence strongly
suggests that Sry-Sox9-directed transcriptional program in mice
lies close to a threshold of function.

The tenuous biochemical thresholds of SRY function in mice
and humans—mammals with otherwise divergent SRY/Sry genes
(28)—demonstrate that lack of robustness in nascent Sertoli-cell
specification has been independently maintained in lineages
separated by 80 million y. Such conservation seems to violate
Waddington’s Principle: that fundamental developmental path-
ways are canalized, at least in their upstream steps, and so robust
(30, 31). It is possible that the apparent fragility of hSRY is il-
lusory. The transcriptional set point of hSRY, for example, may
be so tightly controlled by upstream factors (such as GATA4 and
WT1) (60) and transcriptional coregulators (such as SF1 in sex-
specific transcriptional preinitiation complexes) (7) that twofold
reductions in hSRY-directed SOX9 activation would be unlikely.
Similarly, it is possible that variation in hSRY activity is buffered
by feedback and feed-forward regulatory circuits in the SOX9-
directed gene-regulatory network (34).

Multilevel Selection in Mammalian Evolution? The similar tran-
scriptional thresholds of murine and human SRY [despite their
biochemical divergence; see a recent study (22)] suggests that its
thin thread of function (29) is the product of selection. The shared
tenuousness of the switch poses an intriguing problem given the
general robustness of developmental processes (61). It is possible
that an hSRY of higher transcriptional potency could impair in-
dividual fitness, such as through induction of gonadal neoplasias
(13). Alternatively, higher potency could lead to intragenomic
conflict with female-specific genes and so impair daughter fitness
(62). Genes that contribute to variation in male-specific traits

§

including hormone-dependent behaviors and social competencies

Spositioning of XX and XY fetuses in litter-bearing mammals influences local testosterone
concentrations and thus postnatal reproductive traits, including timing of puberty, sex-
ual behaviors, and aggressiveness (75).
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(63), may also be subject to intrasexual selection (such as in male
dominance hierarchies) or intersexual selection (female mate
choice) (64).

We speculate that genetic variation in fetal testosterone pro-
duction influenced the evolution of eutherian mammals, espe-
cially species (like humans and mice) that evolved within social
groups. Given epidemiological linkages between human fetal
testosterone exposure (as measured in midtrimester amniotic
fluid) and behavioral styles in childhood (65), it is possible that
genetic or stochastic variation in fetal Leydig-cell function could
ultimately affect mate choice, reproductive success, or social
integration within the framework of multilevel selection (66).
Indeed, nonrobustness is a hallmark of human genetics at suc-
cessive stages of male differentiation (67). Heterozygous non-
sense and missense mutations in SF1 associated with gonadal
dysgenesis likewise suggest (in the absence of adrenal abnor-
malities) a syndrome of haploinsufficiency (68, 69). Mutations in
SOX9, moreover, result in a syndrome of TF haploinsufficiency
(campomelic dysplasia), wherein abnormalities of bone coincide
(in XY patients) with male, intersex, or female somatic pheno-
types (70). Such phenotypic variability suggests that the twofold
transcriptional threshold characteristic of hSRY extends to its
immediate downstream target. Similarly, hemizygosity of chro-
mosome 9p24.3 (which contains three DM genes related to the
Doublesex gene of Dipterans) (71) is associated with 46,XY go-
nadal dysgenesis in the presence of WT SRY and SOX9 alleles
(72). This trend extends to the androgen receptor itself. Studies
of the X-linked androgen insensitivity syndrome have demon-
strated that the same receptor mutation can be associated with
complete feminization (“testicular feminization”), partial in-
sensitivity, or minimal perturbations in virilization or fertility
(73). Together, these clinical entities highlight the anomalous
nonrobustness of the male program.

Concluding Remarks. Our studies address an overarching issue in
human development: biochemical properties of TFs that distin-
guish critical boundaries between organized and disorganized
states of cellular differentiation or downstream pathways of
pattern formation (54). Inherited alleles of SRY provide probes
of this boundary in gonadogenesis. Our results, demonstrating
that NCS and NCS-coupled phosphorylation of hSRY contribute
at the margin to its genetic function, highlight the tenuous
transcriptional threshold of human Sertoli-cell specification. A
similar threshold pertains to testicular differentiation in mice
(11) despite the marked biochemical divergence of murine Sry (22).

Given general trends toward the evolution of developmental
stability (30), why have human and murine SRY evolved to the
edge of ambiguity? We speculate that sex determination differs
from canonical embryonic patterning through its coupling to
variation in extent of testosterone secretion by fetal Leydig cells,
in turn enabling male neurodevelopmental diversity. This per-
spective highlights the complementary and potentially conflicting
roles of within-group and between-group selection as a feature of
multilevel selection in social mammals (66). Implicit in this view
are connections between genotype, development, differentiation
of the central nervous system, and complex behaviors, including
empathy and other social competencies as defined in longitudi-
nal studies of human fetal testosterone exposure (65). A con-
nection between multilevel selection and social competencies
was anticipated by Darwin’s surmise that “although a high
standard of morality gives but a slight or no advantage to each
individual man and his children over the other men of the same
tribe,. .. an increase in the number of well-endowed men and
advancement in the standard of morality will certainly give an

Tinstructive examples are provided by mutations R840C and R840H in the ligand-binding
domain of the androgen receptor (76-78). These mutations are associated with a broad
spectrum of partial phenotypes ranging from micropenis (Reifenstein syndrome with
patient raised as male) to external female genitalia (incomplete testicular feminization
with patient raised as female). Biochemical affinities of the variant domains for testos-
terone are reduced by less than fourfold.
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immense advantage to one tribe over another” (66, 74). The
anomalous nonrobustness of male sex determination and sexual
differentiation in social mammals, as evidenced by inherited alleles
of human SRY at the edge of ambiguity, may relate Darwin’s
insight to the tenuous biochemistry of a genetic switch.

Materials and Methods

Plasmids. Plasmids expressing hSRY or variants were constructed by PCR (14).
Following the initiator methionine, the cloning site encoded an HA tag in
triplicate. In selected constructs, an element encoding a nuclear localization
signal (NLS) sequence PRRRKV as derived from SV40 large T antigen was
inserted after HA-related codons.

Cell Culture. CH34 cells were cultured in Dulbecco’s modified Eagle medium
as described (14). For proteasome-inhibitor studies, transfected cells were
maintained for 24 h in serum-free conditions and then treated with MG132
for 6 h followed by 18 h incubation in 5% (vol/vol) serum-containing me-
dium. PC-3 cells were cultured in the F-12K medium (ATCC) with 10% (vol/
vol) FBS in 5% CO, atmosphere. NT2-D1 cells were grown in DMEM in an
atmosphere of 5% CO,; the complete growth medium contained FBS to
a final concentration of 10%. SOX9- and TBP-specific PCR primers were in
accordance with human genomic sequences.

Transient Transfection. Transfections were performed as described (14).
Transfection efficiencies (30-35% in the case of CH34 cells) were determined
by ratio of GFP-positive cells to untransfected cells following cotransfection
with pCMX-SRY and pCMX-GFP in equal amounts. Subcellular localization
was visualized by immunostaining 24 h posttransfection following treat-
ment with 0.01% trypsin (Invitrogen) and plating on 12-mm coverslips. SRY
expression was monitored in triplicate by Western blot in relation to a-tubulin
(SI Appendix, Fig. S14).

Cycloheximide-Chase Assay and Western Blot. Twenty-four hours post-
transfection, cells were split evenly into six-well plates and treated with
cycloheximide to a final concentration of 20 mg/mL in regular medium for
indicated times; cells were then lysed by radio immunoprecipitation assay
(RIPA) buffer (Hoffmann LaRoche). After protein normalization, cell lysates
were subjected to 12% SDS/PAGE and Western blot using anti-HA antiserum
(Sigma-Aldrich) at a dilution ratio of 1:5,000 with o-tubulin as a loading
control. Experiments were performed in triplicate.

Sox9 Activation Assay. SRY-mediated transcriptional activation of Sox9 and
other endogenous CH34 genes was measured in triplicate by qPCR as de-
scribed (14). Cellular RNA was extracted using RNeasy (Qiagen).

Immunocytochemistry. Transfected cells were plated evenly on 12-mm cov-
erslips, fixed with 3% para-formaldehyde in PBS on ice for 30 min, treated
with cold-permeability buffer solution (PBS containing 10% goat serum and
1% Triton X-100; Sigma-Aldrich) for 10 min, blocked with 10% goat serum
and 0.1% Tween 20 in cold PBS (Sigma-Aldrich), and incubated overnight at
4 °C with FITC-conjugated anti-HA antibody (diluted to 1:400 ratio; Santa
Cruz). After washing and DAPI staining, cells were visualized by fluorescent
microscopy. Nuclear localization was evaluated by the ratio of SRY detected
in nucleus to the total number of GFP-positive cells; 800-1,000 cells were
counted in each case.

Chromatin Immunoprecipitation. Cells were transfected with SRY variants,
exposed to MG132, and subjected to ChlIP. In brief, recovered cells were cross-
linked in wells by formaldehyde, collected, and lysed after quenching the
cross-linking reaction. Chromatin lysates were sonicated to generate 300- to
400-bp fragments and immunoprecipitated with anti-HA antiserum (Sigma-
Aldrich) coupled with Protein A slurry (Santa Cruz) after preclearing; a non-
specific antiserum (Santa Cruz) served as control. After reversal of cross-
linking at 65 °C overnight, fragments were treated with proteinase K and

1. Sinclair AH, et al. (1990) A gene from the human sex-determining region encodes
a protein with homology to a conserved DNA-binding motif. Nature 346(6281):
240-244.

2. Sekido R (2010) SRY: A transcriptional activator of mammalian testis determination.

Int J Biochem Cell Biol 42(3):417-420.

. Ner SS (1992) HMGs everywhere. Curr Biol 2(4):208-210.

4. King CY, Weiss MA (1993) The SRY high-mobility-group box recognizes DNA by partial
intercalation in the minor groove: A topological mechanism of sequence specificity.
Proc Natl Acad Sci USA 90(24):11990-11994.

w

Chen et al.

RNase (Hoffmann LaRoche), followed by extraction with 1:1 phenol-CIAA
solution. A high-fidelity PCR protocol was provided by Hoffmann LaRoche.
Experiments were performed in triplicate.

Phosphorylation Assay. HA-tagged SRY variants in cytosolic or nuclear frac-
tions (below) were immunoprecipitated with rabbit polyclonal anti-phos-
phoserine antiserum (Abcam). Western blot following 12% SDS/PAGE used
HRP-conjugated anti-HA antibody (Hoffmann LaRoche). Loading controls
were provided by cytosolic enzyme GAPDH (Sigma-Aldrich) and nuclear
proteins histone H1 and YY1 (Santa Cruz).

Wnt/p-Catenin Luciferase Assay. CH34 cells were engineered to stably express
S37A B-catenin as described (39). Assays, adapted from previous studies (39),
used a chimeric SRY containing residues 1-155 of hSRY followed by residues
128-396 of mouse Sry. Experiments were conducted in triplicate using the
Dual-Luciferase Reporter Assay System (Promega); lysates were simulta-
neously analyzed for firefly luciferase activity encoded by TOPflash (Milli-
pore) and Renilla luciferase activity (Promega). A negative control for
p-catenin—directed luciferase expression was provided by a TOPflash variant
containing an inactive p-catenin-responsive promoter (FOPflash; Millipore).
Experiments were performed in triplicate.

Coimmunoprecipitation Assays. CH34 cells expressing HA-tagged SRY variants
were treated with MG 132 and lysed using complete Lysis-M buffer containing
a protease inhibitor mixture (Hoffmann LaRoche). In SRY-CaM studies,
lysates were precipitated with monoclonal anti-HA agarose beads (Sigma-
Aldrich). Following 12% SDS/PAGE, Western blots used an anti-CaM antise-
rum (Abcam). In SRY-CRM1 studies, lysates were analyzed by immunopre-
cipitation using anti-CRM1 antibody with agarose-conjugated protein G
(Santa Cruz). Pellets were subjected to 10% SDS/PAGE, and HRP-conjugated
anti-HA antiserum (Hoffmann LaRoche) was used to investigate the CRM1-
bound HA-SRY variants. In a reverse protocol, lysates were treated with
monoclonal agarose-conjugated anti-HA antiserum (Sigma-Aldrich), sub-
jected to 10% SDS/PAGE electrophoresis, and analyzed by anti-CRM1 anti-
body (Santa Cruz) to detect SRY-bounded CRM1. In SRY-Exp4 studies,
transfected cells were cotransfected with pCMX-FLAG-human Exp4. MG132-
treated cell lysates were immunoprecipitated by monoclonal anti-FLAG
agarose (Sigma-Aldrich). After analysis by 10% SDS/PAGE and electro-
blotting, hybridization solutions containing HRP-conjugated anti-HA anti-
serum (Hoffmann LaRoche) were used to investigate Exp4-bound SRY. Anti-
FLAG antiserum was used to monitor Exp4 expression; respective antisera
against HA tag and o-tubulin (Sigma-Aldrich) provided SRY input- and
general loading controls.

Cellular Fractionation. Cells were pelleted and suspended in 10 mM Hepes (pH
7.9), 20 mM KCl, 3mM MqgCl,, 0.5% Nonidet P-40, 5% glycerol, 10 pg/mL
leupeptin, 10 pg/mL aprotinin, and 1 mM phenylmethylsulfonyl fluoride
(Sigma-Aldrich). Lysates were kept on ice, sheared by five passages through
a 25-gauge needle, and centrifuged at 2,500 x g for 15 min at 4 °C; super-
natants provided cytosolic extract. Pellets were suspended in nuclear lysis
buffer [20 mM Hepes (pH 7.9), 0.225 M NacCl, 1 mM EDTA, 3 mM MgCl,, 0.5%
Nonidet P-40, 10% glycerol, 10 pg/mL leupeptin, 10 pg/mL aprotinin, and
1 mM phenylmethylsulfonyl fluoride], sheared by needle passage, kept on
ice for 15 min, and subjected to 13,000 x g centrifugation for 15 min at 4 °C.
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