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Context: Variants in bone morphogenetic protein 7 (BMP7) have been reported in patients with hypospadias.
Here we report and analyze two variants in the BMP7 prodomain in monozygotic twins with hypospadias.

Materials and Methods: Patients with hypospadias were prospectively recruited. After informed
consent was obtained, DNA was extracted from blood. The coding regions of 1034 genes [including 64
known diagnostic genes and candidate genes for disorder/difference of sex development (DSD)] were se-
quenced using a targeted capture approach (HaloPlex, Agilent, Santa Clara, CA), combined with massively
parallel sequencing. The resulting variants were filtered for rarity in the general population (<1%) and in
our screen. Quality, depth of the reads, and predicted pathogenicity were also considered. The consequences
of the identified mutations on BMP7 expression was determined by Western blot analysis on culture media
from transfected cells, and activity measured using a SMAD 1/5-responsiveness luciferase assay.

Results: We analyzed DNA from 46 patients with hypospadias. Two variants in BMP7 were identified
in two pairs of monozygotic concordant twins exhibiting proximal hypospadias. Both variants are
heterozygous, nonsynonymous, and affect highly conserved amino acids in the prodomain of BMP7 in
regions predicted to be important for BMP7 assembly/folding. Functional analyses demonstrated that
both variants disrupt BMP7 synthesis or secretion.

Conclusion: Through our targeted DSD panel we have identified two variants in the prodomain of
BMP7 in hypospadias. By decreasing BMP7 synthesis, these variants are likely to limit BMP7 bio-
availability during closure of the urethral plate.Further analysis of patients with hypospadias may
uncover additional variants that cause this DSD.
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Hypospadias is the second most common malformation of the external genitalia in males
after cryptorchidism, affecting 1 in 200 to 300 boys [1]. Hypospadias is defined as the
misplacement of the urethral meatus along the shaft of the penis. It is believed to arise from
disrupted development of the genital tubercle (GT) and it is considered to be a form of 46, XY
disorder/difference of sex development (DSD) [2].

The etiology of this defect is still a matter of debate although it is currently believed to be
caused by a combination of genetic and environmental factors [3]. Forty-eight genes have
been associated with hypospadias in either mice or human [4], including bone morphogenetic
protein 7 (BMP7).

BMP?7 is a member of the TGF-B superfamily of secreted signaling molecules and has been
implicated in the development of the GT [5]. In mice, Bmp7 expression is detected in the
urethral plate and the adjacent mesenchyme of the genital swelling at embryonic day 11.5
(E11.5). Following the sex-specific differentiation of the external genitalia, Bmp 71s expressed
in the urethra of male embryos (E17.5), thus Bmp7 may also play a role later in penile
development. Consistent with these roles, Bmp7 null mice exhibited a 50% shorter urethral
plate with formation of a large urethral groove and these mice develop severe hypospadias [6]
(Fig. 1).
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Figure 1. BMP7 expression and function in the developing genital tubercle. When BMP7 is
expressed in the urethral epithelium of the GT, it triggers mesenchymal proliferation and
epithelial apoptosis to result in the closure of the urethral plate and formation of the median
raphe. In the absence of BMP7 expression, there is no mesenchymal proliferation and no
epithelial apoptosis. This results in a hypospadias phenotype with enlarged capillaries in the
mesenchyme.
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Human BMP7 is synthetized intracellularly as a 431 amino acid precursor [7] that then
undergoes proteolytic cleavage at an R-S-I-R furin cleavage consensus site by proprotein
convertases. Cleavage releases the 263 amino acid N-terminal propeptide from the 139amino
acid C-terminal mature protein [8]. Following separation, it is believed that the propeptide
remains noncovalently associated with the mature disulfide cross-linked BMP7 homodimer
[9]. Although it is the mature domain that carries the receptor binding activity, the pro-
domain is essential for the correct folding and dimerization of BMP7. Additionally, upon
cellular secretion, the prodomain targets the mature BMP7 dimer to fibrillin microfibrils in
the extracellular matrix [8].

Seventy-nine single nucleotide polymorphisms (SNPs) in BMP7 have been reported in
Exome Sequencing Projects, in both the European American (54 SNPs) and African American
(42 SNPs) populations. Of those, 23 are missense variants including 9 benign, 2 possibly
damaging, and 12 probably damaging as per PolyPhen 2. Eighteen are located in the pro-
domain, including 10 predicted as probably damaging.

Variants in BMP7 have been associated with human disease [10—12]. Six variants have been
reported in children with hypospadias [12]. However, one of them is a silent change, two are
within introns, and two are located in the 3’ untranslated region. Therefore, only one non-
synonymous variant, (c.907C>T, p.R303C), is actually associated with hypospadias [12].
Additionally, two nonsynonymous variants within the prodomain have been associated with
various forms of facial, ocular, and neurologic malformation [11] but patients were not reported
to have genital anomalies. Variants previously reported in humans are shown in Figure 2.

Using a targeted massively parallel sequencing approach in 46,XY monozygotic twins with
hypospadias, we have identified two genetic variants in the prodomain of BMP7. Each variant
occurs 1n a pair of monozygotic concordant twins with hypospadias. The effect of the mutations
on both the expression and activity of BMP7 were studied in vitro. These are the first genetic
variations in the BMP7 prodomain to be associated with hypospadias or 46,XY DSD.

1. Patients and Methods

This study was approved by the Royal Children’s Hospital and Murdoch Children’s Research
Institute ethic committee (HREC 22073) and the Medical Ethic Committee Diponegoro
University and Dr. Kariadi Hospital. Patients with hypospadias were recruited by collab-
orating clinicians. Patients were included after informed consent was obtained, regardless of
the severity of the malformation. DNA was extracted from peripheral blood locally and sent to
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Figure 2. BMP7 structure and variants reported in humans. Structure: DNA is presented in
orange and include 7 exons. Blue represents the protein with its three components: Signal P,
Prodomain, and BMP7 chain. Number of amino acids in each part is presented at the bottom
line of the protein structure. Note the RSIR furin-like consensus cleavage site between the
prodomain and the BMP7 chain.


http://dx.doi.org/10.1210/js.2018-00333

doi: 10.1210/js.2018-00333 | Journal of the Endocrine Society | 817

molecular development group at Murdoch Children’s Research Institute. Samples were sent
with a phenotypic description sheet including clinical evaluation and hormonal testing,
when available.

A. DNA Sequencing

DNA sequencing was carried out as previously described [13].
The panel included 64 diagnostic genes for DSD as well as 967 candidate genes including
41 for hypospadias. The hypospadias candidate genes are detailed in [4].

B. Data Filtering

Variants from sequencing were filtered as described previously [13]. Any interesting
remaining variant was further analyzed in ExAC to confirm its rarity (<1%) in the ethnic
group of the patient. For concordant monozygotic twins, in which both twins have the same
phenotype, only variants present in both twins were considered. Within the list of remaining
variants after filtering, priority was given according to the following criteria: (i) variants
in DSD diagnostic genes; (i1) variants in hypospadias candidate genes; (iii) homozygous,
hemizygous, or compound heterozygous changes; (iv) highly damaging variants (stop codons,
frameshift or splice site mutations were considered more deleterious than missense point
mutations); and (v) pathogenicity according to four in silico prediction tools (Polyphen 2,
SIFT, LRT, and MutationTaster) was also taken into account.

C. Sanger Confirmation

Variants determined to be of interest were confirmed using Sanger sequencing. Primers
used are Twin Pair 1 (ex1) forward GTTGGCTCTCTGGACTCCTA, reverse GCGTAA-
CATGGARGGGACTTC. Twin Pair 2 (exon 3) forward GCTCTGCTTCCCATCTGTT, reverse
GGAGCACAGGCTGCATTA. PCR was performed using Phusion (Thermo Fischer, Waltham,
MA) with HF buffer, three- step program and annealing at 62°C.

D. BMP7 Variant Plasmid Creation

Patient variants were introduced into a mammalian expression vector (pCDNA3.1) con-
taining the human BMP7 open reading frame. Point mutations in the prodomain and ma-
ture regions of BMP7 were introduced using the QuikChange II site-directed mutagenesis
kit (Stratagene, La Jolla, CA) following the manufacturer’s instructions. Primers used for
mutagenesis were hBMP7.c.G265T_For ctccaccgecatggagttgtacaggteca and hBMP7.c.G265T_Rev
tggacctgtacaactccatggeggtggag, and hBMP7.c.G634A_For agagggtacggetgttgageaggaagagate
and hBMP7.¢.G634A_Rev gatctcttectgetcaacagecgtacectct.

The mutated region was confirmed by DNA sequencing using plasmid specific primers.
Plasmid constructs were expanded in Escherichia coli cultures grown in 300 mL of LB media
with ampicillin at 37°C overnight. Plasmid DNA was extracted from the cultures using
the NucleoBond® Xtra plasmid purification (Macherey-Nagel, Germany), according to the
supplier protocol.

E. Cell Transfection

BMP7 proteins were produced by transient transfection in HEK-293T cells using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Briefly, HEK-293T cells were seeded at a
density of 8 X 10° cells per well onto six-well plates. BMP7 wild-type or mutant DNA (5 pg)
was combined with Lipofectamine 2000 for 20 minutes, according to the manufacturer’s
instructions. DNA-Lipofectamine complexes were then added directly to cells and incubated
in Opti-MEM medium (Invitrogen, Carlsbad, CA) for 24 to 72 hours at 37°C in 5% COs,.
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Table 1. Clinical Description and Variants Analysis of the Patients

Age at Urethral Stretched
Pair Twin Diagnosis Karyotype Syndromic Features Scrotum Testes Opening Penile Length Chordee

1 1 4y 46,XY No Fused 2 ml, bilateral Penile 3 cm Mild
descended testes
2 46,XY No Fused 2 ml,, bilateral Penile 3.3 cm Mild
descended testes
2 1 2y 46,XY No Fused 2 ml, bilateral Proximal 3 cm Yes
descended testes penile
2 46,XY No Bifid 1-2 ml, right Penoscrotal 3.5 cm Mild
descended testis,
1 mL left
descended testis
(Continued)

Following transfection, conditioned media and was collected for analysis by Western blotting.
Cells were lysed with the addition of 0.1% Triton-X-100 in PBS (pH 7.4).

F. Western Blots

To allow analysis of BMP7 production following transient transfection in mammalian cells,
conditioned media was concentrated 10-fold using Nanosep microconcentrators (10 kDa; Pall Life
Sciences, Port Washington, NY). Concentrated conditioned media was combined with NuPAGE
loading dye (Invitrogen, Carlsbad, CA) and nonreduced samples were loaded on 10% SDS-PAGE
gels (Bio-Rad, Hercules, CA). Following electrophoresis, proteins were transferred onto ECL
Hybond membranes (GE Health Care, Buckinghamshire, UK). Blots were blocked in 1% BSA in
TBS-Tween buffer (Tris-buffered saline with 0.05% Tween-20) for a minimum of one hour,
and then probed with a BMP7 antibody (MAB3542, R&D Systems, Minneapolis, MN) diluted
in TBS-Tw buffer (1:5000) overnight. Bound primary antibody was detected with horserad-
ish peroxidase—conjugated antimouse IgG (Amersham), diluted in TBS-Tw buffer (1:10,000).
Western blots were developed using Lumi-light chemiluminescence substrates and detected on a
Biorad Chemidoc instrument. The levels of mature BMP7 were quantified by densitometry, as a
mean of n = 3 experiments.

Total protein content in the BMP7 conditioned media samples was determined using a
Pierce™ BCA protein assay (Thermo Scientific, Waltham, MA) according to the
manufacturer’s guidelines.

G. Activity Assays

The ability of BMP7 variants to stimulate the BMP-responsive SMAD 1/5 pathway in a luciferase
assay in human granulosa tumor cell line (COV434) was determined. In brief, COV434 cells were
plated at 75,000 cells per well in 48-well plates in complete medium (DMEM supplemented with
10% fetal calf serum) at 37°C in 5% carbon dioxide. Following overnight incubation, cells were
transfected with 250 ng perwell of a BMP response element—luciferase reporter (BRE-reporter as
previously described [14]) using Lipofectamine 3000 (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. At 24 hours posttransfection, the COV434 cells were treated with
increasing doses of conditioned media containing the BMP7 variants for 16 hours. The medium
was then aspirated, the cells were solubilized in solubilization buffer [25 mm glycylglycine (pH
7.8), 15 mm magnesium sulfate, 4 mm EGTA, 1% Triton X-100, and 1 mm dithiothreitol], and
luciferase reporter activity was measured, as previously described [14]. Data were analyzed
using Graphpad Prism 7 software and expressed as fold of nontreated wells (fold-control). Mean
activities were calculated from n = 3 experiments; error is standard deviation.
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Table 1. Clinical Description and Variants Analysis of the Patients (Continued)

Variant

GV Protein
Freq. in
ExAC Internal Dataset WT/Mutant
Variant (South Asian) (278 46XY) Read Ratio cDNA NM_001719 GERP Effect of the Change
Chr 20: 55840914 0 0 276 48/52 Exon 1¢.G265T p-A89S 4.06 Alanine changed to serine.
C>A
303 49/51 Change in size hydrophobicity
of the residue. Likely loss of
hydrophobic interaction of
the protein.
Chr 20: 55777657 6.06e-05 0 242 59/41 Exon 3 ¢.G634A p.D212N 4.78 Aspartic acid changed to
C>T asparagine. Loss of charge.

Likely loss of interaction
of the protein.
261 68/32

To support this analysis, the ability of the BMP7 variants to induce endogenous phosphory-
lation of SMAD 1/5 was determined by Western blot. In brief, COV434 cells were plated at 5 X 105
cells per well in 12-well plates in DMEM media with 10% fetal calf serum. The following day, the
media was replaced with low serum media (DMEM, 0.2% fetal calf serum, and 50 mM HEPES)
and incubated for 4 hours at 37°C to suppress basal activation of pSMAD 1/5. Cells were then
treated with increasing doses of conditioned media containing the BMP7 variants (diluted in low
serum media) and incubated for 45 minutes. The treated COV434 cells were then lysed in
radioimmunoprecipitation assay buffer (10 mM Tris-Cl, 1 mM EDTA, 0.5 mM EGTA, 1% Triton
X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM sodium chloride, pH 8.0) on ice, containing
complete protease inhibitors and PhosStop phosphatase inhibitors (both Roche). Cell lysates were
then loaded onto SDS-PAGE gels and transferred to nitrocellulose membranes as described above.
Lysates were probed with antibodies to either pSMAD 1/5 or to loading control protein glycer-
aldehyde 3phosphate dehydrogenase (both sourced from CST), and developed as described above.

2. Results

We recruited four pairs of monozygotic twins with hypospadias from Indonesia. This included
two pairs of concordant twins (both twins affected) and two pairs of discordant twins (only one
twin affected). A rare variant in BMP7 was found in each pair of concordant twins. In both
cases, the variant was a heterozygous missense mutation. Additionally, both variants were
located in the prodomain of BMP7. Clinical evaluation of the patients and position of the
variants are described in Table 1.

A. Twin Pair 1

Two monozygotic twins were diagnosed at four years of age with proximal hypospadias with
chordee and bilateral descended testes. Twin 1 had a fused scrotum with a proximal penile
urethral meatus; stretched penile length was 3 cm. Twin 2 had a fused scrotum with a penile
meatus; stretched penile length was 3.3 cm. Neither baseline hormonal testing nor human
chorionic gonadotropic stimulation test was performed.

This pair of twins shared 27 rare variants (<1% in ESP6,500 and 1000 Genomes Project) in
the 1037 genes targeted by our panel. Three of these genes carrying a variant (BMP7, STAR,
and WDR11) have been implicated in DSD but neither STAR nor WDR11 alone are thought to
cause hypospadias and BMP7 was the only of those three to be a candidate gene for isolated
hypospadias. This variant in BMP7 (NM_001719:exon1:c.G265T:p.A89S) was predicted to be
damaging in two out of the four programs. This variant has not been previously reported in
online databases (ExAc, ESP6,500). In both cases, quality and depth of the reads were ex-
cellent. The twins were the only two patients to exhibit this variant in our whole database
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(278 additional 46,XY DSD patients, including 97 from Indonesia) and the variant was
confirmed by Sanger sequencing (Fig. 3).

The genetic variant results in an arginine to serine pronounced change at amino acid
89, thus affecting a highly conserved amino acid in the BMP7 prodomain (Fig. 3). It has a
Genomic Evolutionary Rate Profiling (GERP) score of 4.06. The p.Arg89Ser (A89S) sub-
stitution lies within a fundamental region of the prodomain («as-helix) predicted to contact the
mature domain during ligand folding [15].

In vitro analysis was undertaken to determine the structural/functional impact of this
variant on BMP7 production and activity. Western blot analysis on conditioned media from
cells transfected with BMP7 variants revealed that the A89S variant decreased expression of
the mature BMP7 dimers by ~50%, relative to wild-type BMP7 (Fig. 4A and 4B). Addi-
tionally, it was found that BMP7 A89S expression could not be fully rescued by the presence of
wild-type BMP7 (Fig. 4A and 4B). Moreover, this difference was not attributed to deviations
in total protein concentration within these samples (Fig.4C).

An assessment of the ability of the BMP7 A89S variant to induce a SMAD 1/5 luciferase
response in HEK-293 cells revealed that this variant retained wild-type BMP7 activity (Fig.
5). In support of this, equal induction of pPSMAD 1/5 was observed for the A89S BMP7 variant
following Western blot analysis of endogenous pSMAD 1/5 (Fig. 5B). This analysis suggests that
the A89S mutation in BMP7 likely limits the production of bioactive BMP7 in these patients.

B. Twin Pair 2

Two monozygotic twins were diagnosed at two years of age. Twin 1 had penile hypospadias
with mild chordee and bilaterally descended testes into a fused scrotum; penile length was
3 cm. Twin 2 had penoscrotal hypospadias, with bifid scrotum; penile length was 3.5 cm. No
baseline hormonal testing nor human chorionic gonadotropic stimulation test was performed.
The twins shared 29 rare variants (<1% in ESP6,500 and 1000 Genomes Project) in the 1037
genes of our panel. Of those, two (CHD7 and BMP7) have been implicated in DSD or hy-
pospadias. However, the variant in CHD7 is commonly reported in Southeast Asia in ExAC
(3% of the population) and was predicted to be damaging in only two of the four pathogenicity-
predicting tools. On the contrary, the variant in BMP7 (NM_001719:exon3:c.G634A:p.
D212N) has been previously reported in EXAC with a frequency of 1.68 X 10~ ° in the
general population and 6.06¥10° in the Southeast Asian population. It was not reported in
ESP6,500. This change was predicted to be damaging in the four structural predictors. The
variant was confirmed by Sanger sequencing (Fig. 3).

The identified ¢.G634A variant was also located in the BMP7 prodomain, at a highly
conserved site with a GERP score of 4.78 (Fig. 3). The variant results in a pronounced change
from an aspartic acid to asparagine at position 212, toward the C-terminus of the prodomain.
The p.Asp212Asn (D212N) variant results in a change in charge within a predicted B-sheet
[15], which may hinder intramolecular prodomain contacts and folding.

In vitro mutagenesis revealed that the D212N variant in BMP7 reduced cellular pro-
duction of the mature BMP7 protein by as much as 75%. The production of BMP7 D212N was
partially rescued in the presence of wild-type BMP7 (Fig. 4A and 4B). Again, the impact on
BMP7 biosynthesis was not due to deviations in total protein content in the conditioned
media (Fig. 4C). BMP7-mediated SMAD 1/5 luciferase activity (Fig. 5A) and endogenous
activation of pSMAD 1/5 (Fig. 5B) appeared unhindered for the D212N mutant, suggesting
that this variant retains the receptor binding capacity of wild-type BMP7. Rather, the
identified D212N mutation appears to limit the biosynthesis of BMP7.

3. Discussion

Here we report two variants in BMP7 in two concordant pairs of monozygotic twins pre-
senting with proximal hypospadias. Both variants are located in the prodomain of BMP7.
Prodomains control many aspects of TGF-B8 superfamily biology and alterations in their
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Figure 3. Variants affect highly conserved amino-acids in the BMP7 prodomain. (A)
Variants in both pairs of twins (nucleic acid highlighted in orange) affect amino acids highly
conserved across multiple species. (B) Sanger sequencing confirmation for both variants. Pair
1: exon 1. ¢.G265T; p.A89S. Pair 2: exon 3 ¢.G634A; p.D212N.

function are often associated with disease [16]. BMP7 is no exception. Variants in this region
have been reported to be associated with several human anomalies [11]. However this is the
first report of variants in the prodomain associated with hypospadias or 46,XY DSD.

Mouse studies have conclusively shown that Bmp7 plays an important role in GT de-
velopment and in hypospadias [17]. Additionally, in humans several mutations have been
reported to be associated with hypospadias of different severity. However, all are located
within the growth factor domain [12], and the exact function of the prodomain in this de-
velopmental processes and hypospadias is unknown. Two variants affecting just this re-
gion have been reported in the literature in association with human disorders [11]. One
(c.513delA; p.A171Afs264X) was a frameshift mutation resulting in a premature stop codon
in a male with bilateral anophthalmia and severe developmental difficulties. The other one
was a missense mutation ¢.593T>C (p.L198P) present in a boy with unilateral micro-
phthalmia, coloboma, and mild learning difficulties. In this latter case, the change from a
hydrophobic leucine to a proline, the cyclic structure of which is known to disrupt secondary
elements, was suspected to have structural consequences. Moreover, this change affects a
highly conserved element of seven residues present in a number of BMPs. However, these
patients were not reported to have any genital malformations.

Studies in animal models and in human cell lines have shown that the BMP7 prodomain
plays an important role in the function of the BMP7 signaling molecule [18]. Gregory et al. [8]
demonstrated that BMP7 is secreted as a highly stable complex that contains both the
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Figure 4. BMP7 variants affect protein expression. (A) Homozygous and heterozygous variants’
expression is compared by Western Blot to the wild-type and standard BMP7 (Std). (B) Densitometry
results for the two variants, at both homozygous and heterozygous states. Twin pair 1: G265T
(A89S). Twin pair 2: G634A (D212N). (C) Total protein concentrations as determined by a BCA assay.

prodomain and the growth factor domain. They suggested that the prodomain may specif-
ically target the growth factor complex to fibrillins in the extracellular matrix [8]. Moustakas
and Heldin [19] demonstrated that the prodomain regulated the stability and processing of
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Figure 5. BMP7 bioactivity was not affected in patient variants. The ability of the BMP7
variants to induce pSMAD 1/5 activation was assessed by (A) a luciferase bioassay and (B)
analysis of endogenous pSMAD 1/5 levels, both in COV434 cells.

the mature ligand and therefore, Wyatt et al. [11] postulated that the L198P variant may
result in lower levels of mature BMP7 protein. Both variants reported here decrease the
expression of mature BMP7 dimers. Although they do not affect the protein activity, their
reduced expression likely causes a lower concentration of active protein in the extracellular
matrix, therefore compromising the role of BMP7 in the closure of the urethral plate in our
patients. It may be that in vivo BMP7 function relies more heavily on interaction with the
extracellular matrix compared with what we observed in our cell culture method. Therefore,
although these variants show no decreased bioactivity in a simple cell culture assay, they may
also have reduced function in more complex in vivo systems.

4. Conclusion

Using a targeted DSD screen, we identified two variants in the prodomain of BMP7 in two
pairs of monozygotic concordant twins with proximal hypospadias. Analysis of the literature
revealed that the prodomain of BMP7 is important for the extracellular targeting of the
protein. Functional analysis demonstrated that the variant BMP7 proteins showed decreased
expression, supporting the hypothesis that variants in this region could lead to hypospadias
by restricting BMP7 bioavailability in the developing genital tubercle.
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