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Abstract

Patients with 46,XY gonadal dysgenesis (GD) exhibit genital anomalies, which range from hypospadias to complete male-to-
female sex reversal. However, a molecular diagnosis is made in only 30% of cases. Heterozygous mutations in the human FGFR2
gene cause various craniosynostosis syndromes including Crouzon and Pfeiffer, but testicular defects were not reported. Here,
we describe a patient whose features we would suggest represent a new FGFR2-related syndrome, craniosynostosis with XY
male-to-female sex reversal or CSR. The craniosynostosis patient was chromosomally XY, but presented as a phenotypic female
due to complete GD. DNA sequencing identified the FGFR2c heterozygous missense mutation, c¢.1025G>C (p.Cys342Ser).
Substitution of Cys342 by Ser or other amino acids (Arg/Phe/Try/Tyr) has been previously reported in Crouzon and Pfeiffer
syndrome. We show that the %knock-in’ Crouzon mouse model Fgfr2c®342Y/C342Y carrying a Cys342Tyr substitution displays XY
gonadal sex reversal with variable expressivity. We also show that despite FGFR2c-Cys342Tyr being widely considered a gain-of-
function mutation, Cys342Tyr substitution in the gonad leads to loss of function, as demonstrated by sex reversal in Fgfr2c342Y/~
mice carrying the knock-in allele on a null background. The rarity of our patient suggests the influence of modifier genes which
exacerbated the testicular phenotype. Indeed, patient whole exome analysis revealed several potential modifiers expressed in
Sertoli cells at the time of testis determination in mice. In summary, this study identifies the first FGFR2 mutation in a 46,XY GD
patient. We conclude that, in certain rare genetic contexts, maintaining normal levels of FGFR2 signaling is important for
human testis determination.

Introduction is atypical (1-3). Perturbations in testis development can lead to

Disorders of sex development (DSD) are congenital conditions in 46,XY DSD with gonadal dysgenesis (46,XY GD) frequently asso-
which development of chromosomal, gonadal or anatomical sex ciated with infertility and gonadal cancer (14). In the partial form
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of 46,XY GD, low levels of androgens produced by the dysgenic tes-
tes can result in babies born with ambiguous genitalia. DSD condi-
tions are difficult to manage often requiring multiple surgery, and
ongoing endocrine and psychosocial care. In the complete form of
46,XY GD, individuals have completely undeveloped ‘streak’
gonads and are phenotypically female. 46,XY GD is caused by
mutations in genes belonging to the testis-determining network.
The major breakthrough in elucidating this network came with
the discovery of the human testis-determining gene SRY on the
Y chromosome, mutation or deletion of which accounts for ~15%
of all 46,XY GD cases (5-8). Since the discovery of SRY, causative mu-
tations in several other testis genes have been identified, including
SOX9, NR5A1 and MAP3K1 (3,7,9). Despite this, a molecular diagno-
sis is so far possible for only ~30% of XY GD patients.

The testis-determining network is best characterized in mice.
During mammalian embryogenesis, the developing gonads are bi-
potential and develop into either testes (XY) or ovaries (XX). In the
XY mouse gonad at embryonic day 11.5 (E11.5) (in humans at 7
weeks gestation), the SRY protein is expressed in the bipotential
supporting cell lineage, which triggers Sertoli cell fate by directly
upregulating the transcription of the pivotal testis-determining
gene Sox9 (10-14). Extensive Sertoli cell proliferation ensues,
with the development of testis cords, the future sperm-producing
seminiferous tubules (15). Within fetal testis cords, Sertoli cells
surround the germ cells, which become mitotically arrested. Ser-
toli cells produce anti-Miillerian hormone (AMH), which regresses
the female reproductive tract, while outside the testis cords, Ley-
dig cells begin to differentiate and produce androgens leading to
the differentiation of the male internal and external genitalia
(16). In the female mouse XX gonad, two major independent path-
ways are activated at E11.5, RSPO1-WNT4 and FOXL2 (17,18). As a
consequence, the bipotential supporting cells differentiate into
granulosa cells resulting in the development of the ovarian folli-
cles after birth. The fetal ovary is unstructured and germ cells
enter prophase of meiosis before arrest (16).

Downstream of SRY and SOX9, the Fibroblast Growth Factor 9
(FGF9)/FGF receptor 2 (FGFR2) signaling pathway represses Wnt4
to promote testis development in the mouse (19,20). Both Fgf9
and Fgfr2 knockout mice show XY gonadal male-to-female sex re-
versal, highlighting the importance of FGF signaling in mouse tes-
tis determination (21-24). However, the role of FGF9 and FGFR2 in
human sex development and 46,XY GD remains elusive. No FGF9
mutations were identified in a large cohort of 46,XY GD patients
(25). Clinically, human FGFR2 mutations lead to loss- or gain of
function. In lacrimoauriculodentodigital (LADD) syndrome
(OMIM #149730) characterized by tear tract, ear, teeth and digit ab-
normalities, FGFR2 substitutions occur in the tyrosine kinase (TK)
domain, resulting in reduced activity (26,27). In craniosynostosis
syndromes (premature fusion of the skull bones), including Crou-
zon, Pfeiffer, Apert and Antley-Bixler syndromes (OMIM #123500,
#101600, #101200 and #207410), FGFR2 substitutions occur pre-
dominantly in or near the immunoglobulin-like domain 3 (D3)
(28-32), leading to FGFR2 activation and increased osteogenesis
(33-35). However, gonadal defects have not been described in
LADD or craniosynostosis syndromes. Here, we describe a patient
with FGFR2-related craniosynostosis and XY sex reversal. We
would suggest this novel syndrome be designated CSR.

Results

FGFR2c mutation in a female patient with Crouzon-like
features and 46,XY complete GD

In a cohort of 44 patients with 46,XY GD of unknown etiology (36),
we noted a case with complete 46,XY GD associated with

craniosynostosis (Patient 20, Fig. 1). The Crouzon-like features
in this patient combined with the established role of FGF signal-
ingin mouse testis determination suggested a mutation in FGFR2.
DNA sequencing of the entire FGFR2 gene identified the heterozy-
gous missense mutation, c.1025G>C (p.Cys342Ser) (Fig. 2A), af-
fecting the FGFR2c isoform (Fig. 2B). Cysteine 342 substitutions
for serine or other amino acids (Arg/Phe/Trp/Tyr; or R/F/W/Y)
occur frequently in FGFR2-related craniosynostosis syndromes,
including Crouzon and Pfeiffer syndromes (28-30). Biochemically,
these substitutions are functionally identical and lead to loss of
the essential Cys278-Cys342 disulfide bond of the third immuno-
globulin-like domain, D3 (Fig. 2B). These mutant receptors can no
longer be activated by ligands. Instead, the unpaired Cys278
forms an intermolecular disulfide bond to a second mutant re-
ceptor, resulting in constitutively activated stable FGFR2c homo-
dimers (33,34).

Heterozygous XY FngZCC342Y/+

testes

mice develop normal

To investigate whether a Cys342 substitution in FGFR2c could
disrupt testis development, we analyzed a well-characterized
knock-in mouse model carrying the most commonly observed
substitution in Crouzon syndrome patients, Cys342Tyr (or
C342Y) (35,37,38). Cys342Tyr and Cys342Ser substitutions have
similar phenotypic spectra (Crouzon and Pfeiffer syndromes)
though they preferentially lead to Crouzon and Pfeiffer pheno-
types, respectively (30,39,40). Heterozygous Fgfr2c©>*?¥/+ mice
(CD1) faithfully recapitulate most of the craniofacial features of
Crouzon syndrome patients including craniosynostosis, shallow
orbits and ocular proptosis.

At E15.5, XY testes are larger than XX ovaries and character-
ized by the presence of testis cords, whereas XX ovaries are un-
structured (Fig. 3A and E). Within testis cords, Sertoli cells
surround the germ cells that enter mitotic arrest. While in ovar-
ies, due to the absence of testis cords, the germ cells enter pro-
phase of meiosis (16). Upon gross examination, heterozygous
XY Fgfr2c©3#2Y/* testes (n = 40) appeared indistinguishable from
XY wild-type (WT) testes, with testis cords evident throughout
the gonad (Fig. 3A and B). In support, double immunofluores-
cence analyses for the Sertoli cell marker AMH and the germ
cell meiotic prophase marker YH2AX revealed no differences be-
tween heterozygous XY Fgfr2c©*#?¥/* (n=11) and WT XY testes.
Both XY Fgfr2c©>*?¥/* and XY WT testes express AMH throughout
the gonad (Fig. 3F and G), and WT XX ovaries express yH2AX
uniformly (Fig. 3J).

Homozygous XY Fgfr2c342¥/C342Y mice display variable

disruption of testicular development

The absence of an abnormal testicular phenotype in heterozy-
gous XY Fgfr2c®34?¥/* embryos could be a dosage effect. Indeed,
features of the phenotypic spectrum of Crouzon syndrome in-
cluding cleft lip, cleft palate and maxillary hypoplasia are only re-
vealed in homozygous Fgfr2c©3#2Y/¢342Y mice (CD1) (35). In 1 of 16
XY Fgfr2c342¥/C342Y ambryos, testis cords could not be identified
and the gonads resembled ovaries (Fig. 3D and E). Double im-
munofluorescence analyses for AMH and yH2AX revealed only
a few Sertoli cells/testis cords, while widespread yH2AX expres-
sion was observed (Fig. 3I), suggesting near-complete failure of
testis differentiation. The majority of Fgfr2c©3#?¥/€342Y embryos
(15 out of 16) presented with mild testicular defects. In these go-
nads, testis cords were poorly defined or absent at the anterior
pole (Fig. 3C). In agreement, AMH was reduced or absent at the
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Figure 2. DNA sequencingidentifies a heterozygous c.1025G>C (p.Cys342Ser) missense mutation in the FGFR2c isoform. (A) Electropherograms showing a doublet G/C peak
at¢.1025 in Patient 20 and a single G peak in the control. (B) Location and biochemical consequences of the FGFR2c-Cys342Ser substitution: FGFR2 contains an extracellular
ligand-binding region composed of three immunoglobulin-like domains (D1-D3), a transmembrane domain (TM) and a split cytoplasmic TK domain. FGFR2 exists in two
isoforms, FGFR2b and FGFR2c, which are generated by alternative splicing of the C-terminal half of the D3. The ¢.1025G>C mutation leads to a cysteine-to-serine
substitution at position 342 (p.Cys342Ser) in the FGFR2c isoform. Cys342Ser results in loss of the D3 intrachain disulfide bond in FGFR2c and thus to major disruption
of the D3. However, the unpaired Cys278 residues form intermolecular disulfide bonds between the mutant receptors resulting in constitutively activated stable

FGFR2c homodimers.

anterior pole, and to a lesser extent at the posterior pole (Fig. 3H),
indicating a failure of Sertoli cell differentiation. Also at the poles,
germ cells appear to have entered meiosis as shown by ectopic
YH2AX staining (Fig. 3H).

XY Fgfr2cC342Y/C342Y gonads show sex reversal of the
supporting cell lineage and reduced numbers of
androgen-producing Leydig cells

A critical step during testis determination is the differentiation of
the bipotential supporting cell lineage into Sertoli cells, driven by

the expression of SOX9 (11). In the XX female gonad, in the ab-
sence of SOX9 expression, female-specific proteins such as
FOXL2 are expressed in the supporting cells, which differentiate
into granulosa cells (13,17,41). Sertoli cells also secrete factors to
trigger the differentiation of Leydig cells (42). Leydig cells produce
steroidogenic enzymes such as CYP17A1 required for the biosyn-
thesis of androgens to masculinize the male internal and exter-
nal genitalia (16). Because FGF9/FGFR2 signaling is important
for SOX9 expression in the XY gonad (22-24,43), we speculated
that loss of SOX9 expression could be responsible for the partial
failure of Sertoli cell differentiation in E15.5 XY Fgfr2cC342Y/c342Y
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Figure 3. Homozygous Fgfr2c“#2Y/¢42Y mjce show variable XY gonadal sex reversal at E15.5. (A-E) Bright-field images of XY W'T, XY Fgfr2c®342¥/*, XY Fqfr2cC342¥/C342¥ and XX
WT gonads at E15.5. In the vast majority of XY Fgfr2c©3#2¥/342Y embryos (15 out of 16), testis cords were less defined or absent at the anterior pole when compared with XY
WT and Fgfr2c®3#2Y/* testes. In one XY Fgfr2c¢342Y/€342Y embryo, testis cords could not be identified and the gonads resembled ovaries. (F-J) Double immunofluorescence
staining for the Sertoli cell marker AMH (red, cytoplasmic) and y-H2AX (green, nuclear), a marker of female meiotic germ cells, in E15.5 XY WT, XY Fgfr2c©#?¥/* Xy
Fgfr2cC342Y/C342Y and XX WT gonads. In the vast majority of XY Fgfr2c®342Y/¢342Y embryos (15 out of 16), AMH expression was reduced or absent at the anterior pole and
to a lesser extent at the posterior pole, which expressed yH2AX. In one XY Fgfr2c©3#2¥/¢342Y embryo, only a few AMH-expressing cells could be detected, whereas
widespread yH2AX expression was observed. Sections were stained with DAPI (blue, nuclear) to visualize the cell nuclei. a, anterior; p, posterior. Scale bar is 100 pm.
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Figure 4. Homozygous Fgfr2c
immunofluorescence staining for the critical Sertoli cell protein SOX9 (green, nuclear) and the Leydig cell marker CYP17A1 (red, cytoplasmic) in E15.5 XY Fgfr2cC342Y/,
XY Fgfr2cC342¥/C342Y and XX WT gonads. In E15.5 XY Fgfr2c€3#2Y/€342Y mice, SOX9 was expressed in testis cords, but was not detectable in the gonadal areas devoid of
cords, which instead expressed FOXL2 (see E). In addition, CYP17A1-expressing cells were restricted to the SOX9-expressing testicular regions of the gonads (D-F):
Double immunofluorescence staining for the Granulosa cell marker FOXL2 (green, nuclear) and the Leydig cell marker CYP17A1 (red, cytoplasmic) in E15.5
XY Fgfr2c®342Y/* XY Fgfrac®342¥/C342Y and XX WT gonads. In XY Fgfr2cC342Y/C342Y gonads, CYP17A1-expressing cells are absent in the FOXL2-positive ovarian regions of
the gonads. Sections were stained with DAPI (blue, nuclear) to visualize the cell nuclei. a, anterior; p, posterior. Scale bar is 100 pm.

gonads. To test this and to examine the consequence of reduced
numbers of Sertoli cells in these gonads upon Leydig cell differ-
entiation, we performed immunofluorescence analyses for
CYP17A1 in combination with either SOX9 or FOXL2 on gonad
sections. E15.5 heterozygous XY Fgfr2c©342Y/+ testes were indistin-
guishable from E15.5 XY WT testes and used as controls. They ex-
press SOX9 in the Sertoli cells of the testis cords and CYP17A1in
Leydig cells surrounding the cords (Fig. 4A and D), whereas E15.5
XX WT ovaries express FOXL2 in the granulosa cells throughout
(Fig. 4F). In E15.5 XY Fgfr2cC342Y/342Y gonads, SOX9 is expressed
in areas with testis cords, but not in areas devoid of cords
(Fig. 4B), which instead expressed FOXL2 (Fig. 4E), indicating
that the supporting cell lineage had differentiated into granulosa
cells. In addition, although CYP17A1-expressing cells were found
in the SOX9-expressing testicular regions of the gonads (Fig. 4B),
they were absent in the FOXL2-positive ovarian regions of the

gonads (Fig. 4E). Thus, XY Fgfr2c©342Y/€342Y gonads show an overall
reduction in the number of Leydig cells when compared with het-
erozygous XY Fgfr2c“342Y/* testes.

Taken together, XY Fgfr2c©342Y/€342Y gonads display partial
male-to-female gonadal sex reversal and thus develop as ovotes-
tes containing both testicular and ovarian tissue. The failure of
testicular development specifically at the gonad poles is typical
for ovotestis formation in mice, because SRY and SOX9 are ex-
pressed from center to pole, rendering the poles more sensitive
to XY sex reversal (23,44,45).

WT FGFR2c can rescue sex reversal in XY
Fgfr2c©342¥~ gonads

Despite FGFR2c-C342Y being widely considered a gain-of-func-
tion mutation, the gonadal abnormalities in XY Fgfr2cC342¥/c342¥
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Figure 5. XY compound heterozygous Fgfr2c®**?¥/~ gonads show sex reversal. (A-E) Bright-field images of XY Fgfr2c®*42Y/*, XY Fgfr2c*/~, XY Fgfr2c©>*?¥/~ and XX WT gonads

at E15.5. In XY compound heterozygous Fgfr2c©>42Y/~

embryos, testis cords were less defined or absent at the poles (n=6), or testis cords could not be identified and the

gonads resembled ovaries (n=2). (F-J) Double immunofluorescence staining for the Sertoli cell marker AMH (red, cytoplasmic) and y-H2AX (green, nuclear), a marker of
female meiotic germ cells, in E15.5 XY Fgfr2c®**2Y/*, XY Fgfr2c*/~, XY Fgfr2c®**?¥/~ and XX WT gonads. In XY compound heterozygous Fgfr2c**4?¥/~ ovotestes, AMH

expression was reduced or absent at the poles, which expressed yH2AX. In XY compound heterozygous Fgfr2c

C342Y/- ovaries, AMH expression was absent and yH2AX

expression was expressed throughout the gonad. Sections were stained with DAPI (blue, nuclear) to visualize the cell nuclei. a, anterior; p, posterior. Scale bar is 100 pm.

mice phenocopy those observed in both Fgf9 and Fgfr2 knockout
mice (21,23,24,43). The loss-of-function phenotype could be ex-
plained by either the detrimental effects of FGFR2c overactivation
or by FGFR2c loss of function. To distinguish between these pos-
sibilities, we applied a classical genetic approach and crossed
heterozygous Fgfr2c©342¥/* knock-in mice (CD1) with heterozy-
gous Fgfr2c knockout mice (46) (Fgfr2c*/~, maintained on a
C57BL/6 genetic background) to generate compound heterozy-
gous Fgfr2c®3#2Y/~ embryos. E15.5 gonads were analyzed by gross
examination and by double immunofluorescence for AMH and
YH2AX. As expected, heterozygous XY Fgfr2c“>*2Y* knock-in (n = 6)
(Fig. 5A and F) and heterozygous XY Fgfr2c*~ knockout (n = 5) em-
bryos (Fig. 5B and G) developed normal testes. In contrast, XY
compound heterozygous Fgfr2c>42¥/~ embryos displayed either
ovotestes (n=6 embryos) or completely sex-reversed ovaries
(n=2 embryos). In XY Fgfr2c©3*?¥/~ ovotestes, testis cords were
less defined or absent at the poles (Fig. 5C) with AMH expression
reduced or absent, and yH2AX ectopically expressed (Fig. SH). In
completely sex-reversed XY Fgfr2c©>#?Y/~ ovaries, testis cords
were not apparent (Fig. 5D); AMH expression was completely ab-
sent and yH2AX expression was expressed throughout the gonad
(Fig. 5I), similar to XX WT ovaries (Fig. 5J). These data demon-
strate that sex reversal in XY Fgfr2c®>*?¥/~ mice is rescued by
WT FGFR2c (Fgfr2c©>*?¥/* mice) suggesting that C342Y leads to
FGFR2c loss-of-function activity in the developing XY gonads. It
is noteworthy that the XY sex reversal phenotype in Fgfr2c®>42Y/~
mice was generally more severe than in Fgfr2c©>#2¥/¢342Y mjce,
which is likely attributable to the 50% contribution of C57BL/6, a
mouse strain exquisitely sensitive to XY gonadal sex reversal (47).

To examine the sex reversal of XY Fgfr2c“>#2Y/~ ovaries in more
detail, the expression levels of specific, potentially relevant genes
were measured by quantitative real-time polymerase chain
reaction (QRT-PCR). As controls, data were compared with WT
XY testes, heterozygous XY Fgfr2c©>#2Y/* knock-in testes and het-
erozygous XY Fgfr2c*/~ knockout testes (Fig. 6, in blue) and also
with XX WT ovaries (Fig. 6, in pink). Statistical significance for
all 10 genotype comparisons was determined by one-way ana-
lysis of variance (ANOVA), of which the three most critical com-
parisons are indicated in Figure 6. Similar results were obtained
for all three XY testis genotypes (Fig. 6) whose expression profiles
did not significantly differ from each other. We, therefore, refer to
them as XY control testes hereafter. Comparison of XY control

testes versus XX WT ovaries identifies nine genes with sexually
dimorphic expression—Fqfr2b, Fgfr2c, Sox9, Amh, Wnt4, FoxI2,
Etu5, Dusp6 and Spry4 (Fig. 6).

In the mouse, cerebral cortex deletion of the Fgfr2c isoform
causes a splicing switch and consequent increase in Fgfr2b iso-
form expression (48). We examined this possibility in XY
Fgfr2c©>#?Y/~ gonads (Fig. 6A). Both isoforms show sexually di-
morphic expression, with Fgfr2b expression higher in XY control
testes and Fgfr2c expression higher in XX WT ovaries. Compared
with XY control testes, Fgfr2b expression in XY Fgfr2c®>4?¥/~ ovar-
ies was similar, whereas Fgfr2c expression was higher (Fig. 6A).
This suggests that an Fgfr2c/Fgfr2b isoform switch in the gonads
of the Crouzon model is unlikely to explain the sex reversal.

Next, we analyzed gene expression of the Sertoli cell identity
marker Sox9 and its direct target gene Amh and also of the granulosa
cell differentiation factors Wnt4 and FoxL2 representing the two in-
dependent ovarian pathways (17). Sox9 and Amh showed higher ex-
pression in XY control testes, whereas Wnt4 and FoxL2 showed
higher expression in XX WT ovaries, as expected (Fig. 6B). In XY
Fgfr2c*#2Y/~ ovaries, Sox9 expression was lower than in XY control
testes, and Amh expression was virtually absent while Wnt4 and
Fox]2 expression was increased to levels similar to those of XX
WT ovaries (Fig. 6B). This indicates that these XY Fgfr2c“*#?¥/~ go-
nads are completely sex reversed at a molecular level.

Lastly, we investigated changes in expression of FGF receptor
signaling components in the supporting cell lineage, specifically
Etu5, Dusp6, Spry2, Spry4, Spred1 and Spred?2. All these genes are re-
ported to be expressed higher in Sertoli than in granulosa cells
(49), except for Spry2. Also, FGF9 potently induces the expression
of Dusp6 in XX ex vivo gonad cultures (50). XY Fgfr2c®>42Y/~ ovaries
showed reduced expression of Etu5, Dusp6, and Spry4 when com-
pared with XY control testes (Fig. 6C). This suggests that loss of
FGF-signaling components contributes to sex reversal.

In summary, XY Fgfr2c©3*?¥/~ ovaries show reduced expres-
sion of Sertoli cell markers and FGF-responsive genes and in-
creased expression of granulosa cell markers when compared
with heterozygous XY Fgfr2c*/~ knockout testes. In addition,
these expression changes in XY Fgfr2c®>#2Y/~ ovaries are restored
to XY WT levels by the addition of the WT allele found in the het-
erozygous Crouzon model (XY Fgfr2c©3#?¥/*), supporting the
C342Y mutant receptor showing loss-of-function activity in the
gonads.
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Figure 6. Gene expression analyses in XY Fgfr2c©3#?¥/~ ovaries by qRT-PCR. mRNA expression levels in E13.5 XY Fgfr2c®*42¥/~ ovaries were measured for the two Fgfr2
isoforms, Fgfr2b and Fgfr2c (A), for the Sertoli cell markers Sox9 and Amh and the granulosa cell markers Wnt4 and FoxL2 (B) and for the FGF-responsive genes Etv5,
Dusp6, Spry2, Spry4, Spred1 and Spred2 (C). Pink bars represent phenotypic females and blue bars phenotypic males. Mean + SEM, n =3 (except n =2 for XY WT). *P <0.05,

P <0.01 (one-way ANOVA with Tukey’s range test); ns, not significant.

Whole exome sequencing identifies potential modifier
genes expressed in pre-Sertoli cells

Although our Crouzon mouse models show that Cysteine 342
substitution in FGFR2c can disrupt testicular development, the
rarity of our patient suggests the influence of modifier genes,

which exacerbated the testicular phenotype. To identify poten-
tial variants, we performed whole exome sequencing. We identi-
fied novel single nucleotide variants (SNVs) or INDELs in 193
genes (see Supplementary Material, Table S1). None of these
SNVs/INDELs are located in 63 DSD genes recently defined by
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Baxter et al. (51), which include all known 46,XY GD genes (SRY,
MAP3K1, NR5A1, SOX9, WT1, DHH, GATA4 and CBX2). The patient
carries novel non-synonymous SNVs or INDELs in 35 genes
expressed in pre-Sertoli cells at the time of sex determination
in mice (see Supplementary Material, Table S1). Of these 35
genes, 5 show enriched expression in mouse pre-Sertoli cells
(WIPF3, ERCC6, TPD52, HDHD2 and PRKRA) (49) and 3 have
known (CITED2 and WIPF3) or postulated (EP300) functions in Ser-
toli cells (see Supplementary Material, Table S1).

Discussion

We hypothesized that human FGFR2 is a good candidate gene to
examine for mutations in unsolved XY DSD cases given that both
Fgf9 and Fgfr2 knockout mice show XY gonadal male-to-female
sex reversal, either partial or complete (21-24). Evidence for the
involvement of FGF9 and FGFR2 in human testis development re-
mained elusive. No FGF9 mutations were identified in a large co-
hort of 46,XY GD patients (n = 33) (25). Clinically, FGFR2 mutations
can lead to loss- or gain of function. LADD syndrome is caused by
loss-of-function mutations (26,27), whereas craniosynostosis
syndromes including Crouzon and Pfeiffer are caused by gain-
of-function mutations (28-30). Gonadal defects had not been
described in any of these syndromes.

In this study, we report a unique case of 46,XY GD with cranio-
synostosis. Due to the highly unusual features of the patient, a
definitive assignment to a specific craniosynostosis syndrome
was not achieved. Based on craniosynostosis, brachycephaly,
proptosis, downslanting palpebral fissures and low-set dorsally
rotated ears, the patient was initially diagnosed with FGFR2-
related craniosynostosis syndrome (52). Although the absence
of hand and feet anomalies is characteristic of Crouzon syn-
drome (52), reduced extension at the elbows is a hallmark feature
of the exceptionally rare Antley-Bixler syndrome (31,32) and is
common in Apert and Pfeiffer syndromes (53). Elbow anomalies
also occur in Crouzon syndrome, but are less frequent and severe.
A detailed radiographic study of 22 Crouzon patients revealed
that 8 patients had elbow anomalies, including 1 patient who
had elbow synostosis (53). Short stature is extremely rare in Crou-
zon syndrome and has been reported in only two cases. In both
patients, short stature is most likely caused by growth hormone
deficiency (54,55). Due to the additional presence of 46,XY GD, we
would suggest that our patient has a novel syndrome—craniosy-
nostosis with XY male-to-female sex reversal (CSR).

DNA sequencing revealed a cysteine-to-serine substitution at
position 342 in the FGFR2c isoform (Cys342Ser). Cys342 substitu-
tions by Ser or other amino acids (Arg/Phe/Trp/Tyr) occur fre-
quently in the craniosynostosis syndromes Crouzon and
Pfeiffer (28-30). Using the ‘knock-in’ Crouzon mouse models
Fgfr2c©3#2Y/~ and Fqfr2c©342Y/342Y we show that Cys342 substitu-
tion in FGFR2c leads to disruption of testicular development.
The testicular defects were most likely caused by a loss of the piv-
otal sex determining protein SOX9, resulting in a reduction in the
number of Sertoli cells and testis cords with concomitant loss of
the androgen-producing Leydig cells. The mutation in the 2c iso-
form is in agreement with knockout data showing that FGFR2c is
the critical isoform during sex determination in the mouse
(S. Bagheri-Fam et al., unpublished). Taken together, these data
suggest that the FGFR2c c.1025G>C (p.Cys342Ser) mutation con-
tributed to 46,XY GD in the sex-reversed patient.

FGFR2c-Cys342 substitutions are widely considered gain-of-
function mutations leading to increased osteogenesis (33-35). It
was, therefore, surprising that the testicular abnormalities and
molecular changes in XY Fgfr2c®*#2Y/~ and Fgfr2c®342Y/€342Y mice
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phenocopy those observed in knockout mice with FGFR2 loss of
function (23). The downstream mediators of FGF signaling in
the developing mouse testis remain largely unknown. However,
it is well established that the main function of FGF9/FGFR2 in
the XY gonad is to repress expression of the granulosa cell marker
Wnt4 (19,20,23,24). The fact that in XY Fgfr2c©**?¥/~ ovaries, Wnt4
expression was increased to levels similar to WT XX ovaries sup-
ports the notion that the C342Y substitution in FGFR2c leads to
loss-of-function rather than gain-of-function activity in the go-
nads. We also observed reduced expression of the FGF-respon-
sive genes Etu5, Dusp6 and Spry4 in XY Fgfr2c©>*?Y/~ ovaries
when compared with XY control testes. However, interpretation
of these data is complicated by the fact that all three FGF-respon-
sive genes are expressed in multiple gonadal cell types (49), po-
tentially masking specific effects in supporting cells. Moreover,
Etu5 (in Sertoli, interstitial and germ cells), Dusp6 (in Sertoli and
germ cells) and Spry4 (in Sertoli and endothelial cells) show
marked male-specific overexpression in gonadal cell types (49).
Thus, downregulation of these genes in XY Fgfr2c®*#2Y/~ ovaries
to nearly WT female levels (Fig. 6C) might be a consequence of
sex reversal (e.g. switch to a female transcriptional profile). Sny-
der-Warwick et al. (38) observed that homozygous Fgfr2c34?¥/
€342Y mice exhibited high incidence of cleft palate, like Fgfr1/
Fgfr2 double knockout mice, also implying loss-of-function activ-
ity. The authors proposed a model whereby during palate devel-
opment, C342Y acts as a gain-of-function mutation FGFR2c
signaling increasing initially, but decreasing after reaching a
threshold, through feedback loops (38). Our data, however, do
not support such a ‘threshold model’ to explain loss-of-function
receptor activity in the XY gonad. Sex reversal in XY Fgfr2c“342¥/~
mice was actually rescued by the addition of the WT Fgfr2 allele
(Fgfr2c®342¥/%), supporting C342Y being a loss-of-function muta-
tion in the developing gonads. This suggests that craniosynostosis
and 46,XY GD in our patient are caused by distinct mechanisms.
Although craniosynostosis is reportedly the result of the mutant
FGFR2c protein acting in a dominant manner, 46,XY GD is likely
caused by haploinsufficiency. In contrast to the patient, XY go-
nadal sex reversal in the heterozygous Crouzon mouse model
(Fgfr2c©3*2¥/* mice) was not observed, which is consistent with pre-
vious reports showing that testis development in humans is more
susceptible to dosage effects than in mice. For example, loss-of-
function mutations in SOX9 cause XY sex reversal when heterozy-
gous in humans, but only when homozygous in mice (12,13,56,57).

The question remains as to how a mutation in FGFR2c that
leads to gain of function in the sutures can lead to loss of function
in the gonads. One possible explanation could be the fact that
Cys342 substitutions are initially loss-of-function mutations.
They lead to loss of the Cys278-Cys342 disulfide bond and thus
to major disruption of the ligand-binding D3 (Fig. 2). In the su-
tures, it is believed that the unpaired Cys278 forms an intermo-
lecular disulfide bond to a second mutant receptor, resulting in
constitutively activated stable FGFR2c homodimers (33,34). How-
ever, in the gonads, such FGFR2c homodimer formation might
not occur due to the presence of tissue-specific factors such
that the mutant receptor is unable to signal. Another possibility
for the loss-of-function gonadal phenotype in Fgfr2c®*4?¥/~ and
Fgfr2c©342Y/C342Y mjce is that either no or limited amounts of mu-
tant FGFR2c protein are actually present in the gonad. This could
be due to more rapid internalization of the mutant receptor by
endocytosis followed by degradation inside lysosomes (58,59).
Reduced stability of the Fgfr2c transcript or a switch from the
Fgfr2c to the Fgfr2b isoform, which occurs in an Apert/Pfeiffer
mouse model (48), is less likely. When compared with XY
Fgfr2c/~ control gonads, in XY Fgfr2c®>#?Y/~ ovaries, Fgfr2b
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transcript levels were unchanged, whereas Fgfr2c transcript
levels were increased. This increase is most likely due to higher
Fgfr2c expression levels in ovaries than testes.

Human XY individuals with heterozygous Cys342 substitu-
tions are reportedly male (28-30). Based on our mouse models,
this can be explained by their single WT FGFR2 allele, which ap-
pears to be sufficient to maintain FGFR2 signaling above a critical
threshold required for normal testis function. However, testis/
male development in these patients will be more susceptible
to modifiers than in normal individuals. The patient presented
here is the first case where FGFR2-related craniosynostosis
is associated with XY male-to-female sex reversal. The rarity
was reflected in homozygous Fgfr2c©342Y/€342Y mice where only
one in 16 XY embryos displayed severe disruption of testicular
development (near-complete sex reversal). In the majority of
Fgfr2cC342Y/C342Y ambryos, XY gonadal sex reversal was mild.
Fgfr2c©342¥/C342Y mice die shortly after birth (35), but would likely
develop as normal males with normal or slightly smaller testes,
because the ovarian portions of ovotestes in fetal mice tend to re-
gress over time due to apoptosis (60,61). Therefore, XY patients
with FGFR2-related craniosynostosis may develop testicular de-
fects in utero that might be transient or mild and thus go undiag-
nosed. Our patient might harbor a unique set of modifier genes,
which exacerbate this testicular phenotype. In support of this, in
Fgfr2 knockout mice, expressivity of the XY gonadal sex reversal
phenotype was greatly dependent on the genetic background
(23). In search for potential modifiers, we undertook whole
exome analysis and identified novel non-synonymous SNVs or
INDELs in 35 genes expressed in mouse pre-Sertoli cells, a feature
shared by all known 46,XY GD genes. Five of these genes (WIPF3,
ERCC6, TPD52, HDHD2 and PRKRA) show enriched expression in
this cell lineage, and three have known (CITED2 and WIPF3) or
postulated (EP300) functions in Sertoli cells. Mutations in
CITED2 can lead to congenital heart disease (OMIM #614433 and
#614431) (62-64), and Cited2 knockout embryos die with heart
malformations (65). In the absence of one gene copy of either
Nr5al or Wt1, known 46,XY GD genes in humans (4) Cited2 knock-
out embryos show partial XY sex reversal, identifying Cited2 as a
modifier during mouse sex determination (66). Although the
CITED2 ¢.364C>G (p.GIn122Glu) missense variant was predicted
damaging by all three in silico algorithms, the clinical significance
remains unknown due to the lack of heart defects detected in our
patient. EP300 interacts and cooperates with CITED2 during heart
development (67,68). Mutations in EP300 lead to Rubinstein-
Taybi syndrome 2 (OMIM #613684), which is characterized by con-
genital heart defects, skeletal abnormalities, cryptorchidism in
males (undescended testes) and intellectual disability (69-71).
Ep300 knockout mice die before sex determination with defects
in heart development, neurulation and cell proliferation (72).
The EP300 acetyl-transferase interacts with SRY to increase SRY
DNA-binding activity and acetylates SRY to promote SRY nuclear
import in cell culture experiments (73). However, because the
EP300 c.457A>G (p.Met153Val) missense variant was predicted
non-damaging by all three in silico algorithms and due to lack of
classical Rubinstein-Taybi features in our patient, we would clas-
sify this variant as likely benign. In humans, the WIPF3 protein is
expressed in Sertoli cell-spermatogenic cell junctions. Although
no human mutations have been reported for WIPF3, its expres-
sion is reduced in testes of men with idiopathic azoospermia
(74). In the mouse, Wipf3 expression is enriched in pre-Sertoli
cells at the time of testis determination (E11.5-E13.5) (49). Wipf3
knockout mice have no apparent defects during development,
but adult mice display male-specific sterility due to Sertoli cell
dysfunction (75). The WIPF3 c.178C>T (p.Arg60Cys) missense

variant was predicted damaging by two out of the three in silico
algorithms (SIFT and PolyPhen2) and thus is classified as a variant
of unknown clinical significance.

In summary, we report the first case of FGFR2-related cranio-
synostosis with XY sex reversal. Similarly, a corresponding Fgfr2c
knock-in craniosynostosis mouse model also shows XY sex
reversal. This strongly suggests that the heterozygous FGFR2c
mutation contributed to XY sex reversal in the craniosynostosis
patient. Given the rarity of our patient, additional mutations
(such as the variants identified in CITED2 and EP300) are likely
to contribute along with the FGFR2c mutation to explain the sex
reversal.

Conclusion

We identified a novel syndrome: craniosynostosis with XY sex re-
versal, arising from an FGFR2c mutation (c.1025G>C (p.Cys342-
Ser)). The heterozygous mutation leads to gain of function in
the skull, but to loss of function in the developing gonads. This
study identifies the first FGFR2 mutation in a 46,XY GD patient
and suggests that, in certain rare genetic contexts, maintaining
normal levels of FGFR2 signaling is important for human testis
determination. Our results exemplify the need to include FGF-
signaling components in diagnostic protocols for 46, XY DSD
with partial or complete GD.

Materials and Methods

Case report

The 15-year-old female (Patient 20) was presented with delayed
puberty, primary amenorrhea, female external genitalia and
Miillerian structures (Fig. 1). She underwent gonadectomy due
to the presence of bilateral ovarian tumors. Subsequent chromo-
some analysis revealed the karyotype 46,XY suspecting XY GD.
Histological analyses of the dysgenic gonads revealed bilateral
dysgerminoma, which apparently developed from preexisting
gonadoblastoma. The gonads lacked seminiferous tubules and
only a few Sertoli- and Leydig-like cells were detected, confirming
46,XY complete GD. Previously overlooked, the patient was also
diagnosed with Crouzon-like syndrome based on craniosynosto-
sis requiring surgery, brachycephaly, proptosis, downslanting
palpebral fissures, low-set and dorsally rotated ears, and the
absence of hand and feet anomalies. Additional features in-
cluded limited movement of elbows and knees, and short stature
(148 cm, —2.46 SD). Informed consent was obtained from the par-
ents (legal guardians) of the proband aged 15 years. The study
was approved by the Monash Health Human Research Ethics
Committee (Australia) and by the Ethical Commission of the
University of Freiburg (Germany).

Patient DNA sequence analysis

Genomic DNA of Patient 20 was extracted from peripheral blood
by standard methods. Genomic DNA from the parents was not
available for analysis. The entire FGFR2 gene was screened for
mutations by DNA sequence analysis using the Sanger Method.
Primer sequences and conditions for genomic amplification of
FGFR2 (21 exons) were as described (30). PCR products were se-
quenced using an Applied Biosystems 3130xl Genetic Analyzer.

Whole exome sequencing and analysis

Whole exome capture was performed using the 64 Mb Nimblegen
SeqCap EZ Exome Library V3.0 (Nimblegen SeqCap EZ Library SR



Protocol Version 4.0, January 2013). The exome was sequenced on
the Illumina HiSeq1500 as 100-bp paired-end runs. Initial quality
screening of the sequence reads using FastQC (Andrews, S., http
://[www .bioinformatics.bbsrc.ac.uk/projects/fastqc/) led to the
identification of a few base pairs with highly variable base quality
scores. Upon further investigation, this artifact was linked to a
tile-specific error. Therefore, for the purpose of this study, reads
overlapping these tiles were filtered out. The alignment to the
human reference genome (hg19, GRCh37) was performed using
BWA (v0.5.9) (76).

SNVs and INDELs were identified using a set of tools included
in Picard (http:/broadinstitute.github.io/picard) and the Genome
Analysis Toolkit (GATK) (77,78). Variant call was performed using
the UnifiedGenotyper walker from GATK with a minimum base
quality of 20 (Phred scale), a call confidence threshold of 50
(Phred-scaled) and an emission confidence threshold of 10
(Phred-scaled). SNVs and INDELs were separately filtered using
GATK’s VariantFiltration walker [SNVs: SNP cluster size = 10;
depth of coverage: >5; Qual: >50; strand bias: Fisher’s exact test,
>60, quality by depth, >2, u-based z-approximation from the
Mann-Whitney Rank Sum Test for the distance from the end
of the read for reads with the alternate allele (ReadPosRankSum)
<-8.0, u-based z-approximation from the Mann-Whitney Rank
Sum Test for mapping qualities (MQRankSum) < —12.5; indels:
quality by depth >2.0, ReadPosRankSum < —20 and Strand bias:
Fisher’s exact test >200]. Functional annotation was performed
using ANNOVAR (79) based on NCBI’s reference sequence data-
base (http:/www.ncbi.nlm.nih.gov/refseq), the database of
single nucleotide polymorphisms (dbSNP) (dbSNP 137; http:/
www.ncbi.nlm.nih.gov/SNP) and dbNSFP (80,81) for SIFT (82),
Polyphen-2 (83) and Mutation Taster (84) scores. Visualization was
performed using the Integrative Genomics Viewer (IGV, Broad
Institute; http:/www.broadinstitute.org/igv/) (85,86).

A total of 18 596 SNVs/INDELs in exons including the FGFR2c
mutation were identified of which 231 variants in 193 genes
were novel (see Supplementary Material, Table S1). To determine
the best candidate modifiers in the patient, we have ranked these
193 genes including all of their variants into four main groups
based on their function and expression in Sertoli cells (see Sup-
plementary Material, Table S1). This strategy was chosen because
all known 46,XY GD genes (SRY, MAP3K1, NR5A1, SOX9, WT1,
DHH, GATA4 and CBX2) and FGFR2 are expressed in this cell lin-
eage. Genes expressed in Sertoli cells were identified using the
transcriptional expression profile of purified E11.5-E13.5 mouse
Sertoli cells (49). Genes were considered to be expressed in Sertoli
cells that have a log base 2 normalized expression value >7 at
least at one of the three developmental stages (Groups 1-3) (n =50
genes). All remaining genes were placed into Group 4 (n=143
genes). The first group contains genes (n=3 genes) (see Supple-
mentary Material, Table S1), which have known or postulated
functions in Sertoli cells. These genes were identified by search-
ing PubMed (http:/www.ncbi.nlm.nih.gov/pubmed/) and the on-
line database OMIM (http:/www.ncbi.nlm.nih.gov/omim/) with
the key words ‘sex’, ‘testis’, ‘Sertoli’ or ‘SRY’. The second group
harbors genes (n=6 genes) with enriched expression in Sertoli
cells compared with all other gonadal cell types, and the third
group contains all remaining genes expressed in this cell lineage
(n=41 genes) (see Supplementary Material, Table S1). Within
each group, variants were ranked based on their possible impact
on protein structure and function in the order (i) deletions/inser-
tions/stopgain/splicing, (ii) non-synonymous substitutions and
(iii) synonymous substitutions; non-synonymous substitutions
were ranked based on their functional impact scores as
determined by the in silico algorithms SIFT (82), PolyPhen-2 (83)
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and Mutation Taster (84). Following American College of Medical
Genetics guidelines (87), all 231 novel exonic variants were as-
sessed against four main categories (pathogenic, likely pathogen-
ic, variants of uncertain clinical significance (VUS) and likely
benign). The categories pathogenic or likely pathogenic were not
assigned because none of the variants were located in known 46,
XY GD genes. Synonymous substitutions and all non-synonym-
ous substitutions predicted to be non-disease causing by all
three in silico algorithms are classified likely benign, whereas all
other variants are classified as VUS. Genes known to be associated
with a human disease (see Supplementary Material, Table S1)
were identified by searching the online database OMIM (http:/
www.ncbi.nlm.nih.gov/omim/). All 231 novel variants were sub-
mitted to dbSNP (http://www.ncbi.nlm.nih.gov/SNP).

Generation and genotyping of mouse embryos

Heterozygous Fgfr2c©#2Y/* mice (35) were maintained on a CD1
genetic background and intercrossed to generate E15.5 WT, het-
erozygous Fgfr2c®**?"/* and homozygous Fgfr2c342¥/C342Y em.
bryos. Heterozygous Fgfr2c“>42Y/* (CD1) mice were crossed with
heterozygous Fgfr2c*/~ mice (46) maintained on a C57BL/6 genetic
background to generate E15.5 WT, heterozygous Fgfr2c©>#?¥/* het-
erozygous Fgfr2c*’~ and compound heterozygous Fgfr2c
embryos. For genotyping, genomic DNA was isolated from the
yolk sac. For sexing, embryos were genotyped for the presence
of the Sry gene as previously described (88). Primers and PCR con-
ditions for the Fgfr2c“**?¥ and Fgfr2c knockout alleles were used as
previously described (35,46). Embryos were harvested at 15.5 days
gestation with noon of the day on which plug was identified de-
signated as 0.5 day. Institutional Animal Care and Use Committee
of Yale University approved all procedures involving mice.

C342Y/-

Gross examination of gonads

E15.5 embryos were collected in cold phosphate-buffered saline
(PBS). The gonads were dissected out of the embryos and docu-
mented using a Zeiss Stemi SV11 stereomicroscope. At least
three independent gonads were examined per genotype.

Immunofluorescence

Testes were fixed, processed and sectioned as described previ-
ously (23). For indirect immunofluorescence staining, frozen sec-
tions were incubated overnight at room temperature with the
following primary antibodies. Anti-AMH goat polyclonal (1:200;
Santa Cruz, sc-6886), anti-CYP17A1 goat polyclonal (1:800; Santa
Cruz, sc-46081), anti y-H2AX rabbit monoclonal (1:200; Cell signal-
ing, #9718), anti-SOX9 rabbit polyclonal (1:400; kindly provided by
Francis Poulat) and anti-FOXL2 rabbit polyclonal (1:200; kindly pro-
vided by Dagmar Wilhelm). After washing for 30 min in PBS, pri-
mary antibodies were detected by incubating sections for 1 h at
room temperature with Alexa dye-linked secondary antibodies
(1000; Molecular Probes). Cell nuclei were visualized with DAPI
(4',6-Diamidino-2-phenylindole; Invitrogen) at a concentration
of 0.6 pg/ml in Dako Fluorescent Mounting Medium. Images
were captured using fluorescence microscopy (Olympus Corp.,
New York). Inmunofluorescence staining was performed on at
least three independent gonad samples per genotype.

Quantitative RT-PCR

mRNA expression analysis was performed as described (89).
Briefly, total RNA was extracted from a pair of fetal gonads
(with mesonephros removed) at E13.5 using RNeasy Micro kit
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(Qiagen). cDNA was synthesized using a high-capacity cDNA kit
(Life Tech) and quantitative PCR was conducted with SYBR
Green mix (Life Tech) on a ViiA7 machine (Life Tech). All primer
sequences are shown in Supplementary Material, Table S2. Rela-
tive expression was calculated using ACt method with Tbp as the
normalizing control. Statistical significance was determined with
one-way ANOVA with Tukey’s range test for multiple compari-
sons performed using GraphPad Prism 6.

Supplementary Material

Supplementary Material is available at HMG online.
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