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Hypospadias associated with hypertelorism,
the mildest phenotype of Opitz syndrome

Xufeng Zhang', Yougen Chen'?, Shentiang Zhao!, Ellen Markljung® and Agneta Nordenskjsld>>

Hypospadias is a common congenital malformation in boys in which the urethral meatus opens on the underside of the penis.
It is considered a complex disorder with several genes involved and the molecular etiology is just beginning to be revealed.
As more than 85% of Opitz G/BBB syndrome (0OS) patients with MID1 mutations are manifested with hypospadias, we have
investigated the association between the MID1 gene and hypospadias. DNA from 114 hypospadias cases was analyzed with
direct sequencing of the MID1 gene. Genotyping analysis was performed for the single-nucleotide polymorphism (SNP)
¢.1230G>A in 370 individuals with varying degrees of hypospadias and compared with 759 healthy controls. We identified
one nonsense mutation ¢.712G >T (p.E238X), one missense mutation c.1679A>G (p.K560R) and two synonymous variants
c.1230G>A (p.S410S) and c.1284T > G (p.V428V). We also detected a significant difference in the rare allele frequency of

SNP ¢.1230G > A in hypospadias patients as compared with controls (P=0.016). Our finding suggests that hypospadias
associated with hypertelorism is the mildest phenotype in OS caused by MID1 mutations.
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INTRODUCTION

Hypospadias is one of the most common birth defects and is
characterized by an incomplete fusion of the urethral folds. In Sweden,
since the beginning of the 1970s, the prevalence of hypospadias is 3 per
1000 male births according to the annual Swedish Malformation
Registry. Other international studies have suggested an increasing
incidence of hypospadias.!™ The etiology is now beginning to be
elucidated as mutations in both the MAMLDI and the ATF3 genes
have been identified to cause hypospadias.>® However, most cases of
hypospadias remain unexplained.

Normal urethral development begins in the sixth week of gestation
with the formation of the urogenital sinus. Two edges of urethral
groove fuse in a proximal-to-distal direction, forming the urethra.
Failed seam formation during fusion of the urethral folds between
fetal weeks 8 and 16 result in hypospadias.” Any gene having a role
during the development of urogenital organs in the critical period is
therefore a candidate gene for hypospadias. Mutations in the MIDI
gene cause the X-linked form of Opitz G/BBB syndrome (OS,
characterized by midline abnormalities such as hypertelorism, cleft
lip/palate, tracheo—esophageal abnormalities, cardiac defects and
hypospadias).®1® The function of MIDI is highly conserved in
vertebrates, and experiments conducted in mice and chicken showed
that MIDI expression correlated well with the tissues affected in
OS2 I situ hybridization studies on human embryos showed
that the expression of MIDI was localized in undifferentiated cells

of midline structures including the urogenital system.'*> Hypospadias
is one common finding in OS cases (>85%) with MIDI mutations,
thus MIDI is a strong candidate gene for hypospadias.'®

The MID1 protein consists of 667 amino acids and belongs to the
tripartite motif family.'»!> The N-terminus of the protein is composed
of a RING finger motif (R), two B-box zinc-fingers (B1 and B2) and a
coiled coil region.!* The C-terminus consists of a COS box, fibronec-
tin type 3 domain and a B30.2 domain (PRY+SPRY).!® As an E3
ubiquitin ligase, MID1 has been shown to regulate phosphatase 2A
catalytic subunit degradation.!>!7 In addition, MIDI is involved in
the formation of multiprotein complex serving as anchor points and
associated with microtubuli.!®!® Given the molecular knowledge
about the MIDI1 protein, a disruption in either the N- or the
C-terminus of the protein would have some influences on its inter-
action with microtubules in the cytoplasm, which is hypothesized to
be the underlying mechanism for the midline defects including
hypospadias.?’

The aim of this study was to perform direct sequencing of the MID1
gene in hypospadias cases to elucidate the role of this gene in the
pathogenesis of isolated hypospadias.

MATERIALS AND METHODS

Patients

Altogether, 378 male patients with different degrees of severity of hypospadias
were recruited for sequencing and genotyping analysis. A total of 98 patients
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had additional family members with hypospadias and 280 were sporadic cases.
Among them, a subgroup consisting of 20 patients, also suffered from other
accompanying midline malformations, including cardiac anomalies, esophageal
atresia and/or anal atresia. For these patients, the clinical findings were however
not enough for making clinical diagnosis of OS. As a control group for direct
sequencing, placenta samples from 95 healthy babies were included. A total of
759 healthy voluntary anonymous blood donors (410 males and 349 females) at
the Karolinska University Hospital were recruited as controls for genotyping.
Informed consent was obtained from all individuals included in this study.
DNA was extracted from peripheral blood, placenta or penile skin obtained
during surgery and using standard phenol—chloroform extraction protocols.
The research ethics committee at Karolinska Institutet approved the study.

Mutational analysis

We amplified all exons and flanking intronic sequences (100 bp on each side) of
the MIDI gene in 114 hypospadias cases using a standard PCR protocol.
Primers and amplification conditions are available upon request. Direct
sequencing was performed using the Big Dye terminator v3.1 cycle sequencing
kit (Applied Biosystems, Foster City, CA, USA), and was run on an ABI3130
Sequencer (Applied Biosystems). Primers used in sequencing were the same as
used in the PCR amplification. The sequencing reactions were carried out
according to the manufacturer’s recommendations. Sequence chromatograms
were analyzed using SeqScape v3.7 (Applied Biosystems) and compared with
reference sequence ENSG00000101871.

Genotyping

The single-nucleotide polymorphism (SNP), rs16986145 (c.1230G>A),
located in exon 8 of the MIDI gene, was selected for an association study
after the sequencing result. Genotyping of 370 cases and 759 blood donor
controls was performed using 5-nuclease allele discrimination TagMan assay
with fluorescent probes and the standard protocol. The samples were analyzed
on an ABI7900HT (Applied Biosystems). Only successful samples are reported.
All samples with the minor allele were confirmed by direct sequencing
including four relatives of familial cases carrying the minor allele c.1230A.

Splice site and protein structure prediction

HomoloGene detected the putative homologs of the human MIDI gene and
alignments were made using ClustalW2 (Hinxton, UK). The impacts of
mutations on 5 and 3 splice sites were predicted using Alamut v1.5 (Rouen,
France). In Alamut, splicing predictions are based on four different algorithms
(SpliceSiteFinder, MaxEntScan, NNSPLICE, GeneSplicer); therefore our con-
clusion was based upon consistency of results from at least two of the
algorithms. We only consider predictions in which the score from the mutant
variant differ with at least 20% from the wild-type variant. Potential exonic
splicing enhancer was also investigated using Alamut.

Statistical analysis
Odds ratio was calculated using Mantel-Haenszel method. y*-test and Yates’
correction were used for association study. P<0.05 was considered significant.

RESULTS
All coding exons and their flanking introns of the MIDI gene were
screened for mutations in 114 cases of hypospadias, and exons in
which DNA variants were found were also sequenced in 95 placenta
controls. Mutation analysis demonstrated one nonsense mutation
(c.712G>T; p.E238X) causing premature protein truncation in two
brothers with hypospadias (Table 1). The two brothers were both
operated because of penoscrotal hypospadias in combination with
chordee and they did not suffer from any accompanying anomalies.
However, reexamination of the family revealed hypertelorism in both
brothers but not in the carrier mother.

In one case, we detected a novel missense mutation c.1679A>G
(p.K560R) involving a lysine residue within the B30.2 (SPRY) domain
(Table 1). This mutation disrupted one potential splicing site, whereas
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Table 1 Nucleotide changes detected by sequencing of the MID1
gene in cases and controls

Exon Nucleotide change? rs Cases Controls

number (amino acid change) number (h=114) (n=95)

4 c.712G>T (p.E238X) 1P 0

8 ¢.1230G>A (p.S410S) rs16986145 5 3¢
€.1284T>G (p.v428V) 1 0 (n=190)

11 c.1679A>G (p.K560R) 1 0

2cDNA numbering is based on reference sequence Genebank NM_000381.2; where 1
corresponds to A of the ATG initiation translation codon.

bMutation also found in the brother with severe hypospadias.

“Three heterozygous females.

it created one new splicing site and one exonic splicing enhancer site
for the SFRS6 (SRp55) protein. This boy was reexamined and is
healthy, but has a clear hypertelorism and no other midline defect.

A unique T-G substitution at position ¢.1284 (p.V428V) was
identified in one case, but neither protein sequence nor splicing
pattern of MID1 was affected (Table 1). None of the controls exhibited
this nucleotide substitution.

Homology analysis of the MID1 protein sequence showed that all
the above changes were located at conserved positions (Figure 1).
None of these alterations were detected in any of the 95 controls.

The polymorphism ¢.1230G>A (p.S410S) was found in five
patients (Table 1). In the 95 placenta control samples, we found 3
females, who carried the polymorphism in heterozygous form, but we
did not find any male A-allele carrier. Splice site prediction showed
that the polymorphism ¢.1230G > A disrupted exonic splicing enhan-
cer site for the SFRS1 (SF2, ASF). Unfortunately, because of lack of
tissue from the patients, we cannot study the mRNA expression and
splicing pattern in these patients. This polymorphism was also selected
for genotyping in a larger cohort as the rare A allele was more
common in cases than in controls after sequencing. Overall, 9 patients
among 366 hypospadias successfully genotyped carried the A allele,
whereas there were 8 allele A carriers (one male and seven hetero-
zygous females) among 754 blood donor controls (males and females),
which is a significant difference (P=0.016). Our data further showed
that the A allele is significantly more frequent among hypospadias
cases than in normal male controls. The risk of hypospadias in
¢.1230A carriers was increased significantly, with an odds ratio of
10.21 (P=0.017) (Table 2). Among the nine patients carrying the A
allele, four cases were familial, with more than one affected man
within the family. The affected brothers of two index familial cases
were found to carry allele A, whereas in the third familial case, the
affected brother was a G carrier. In the fourth familial case, the
affected maternal cousin was not available for DNA analysis, however
the mother of the proband carried the mutation in the heterozygous
form. The nine patients with the rare A allele were also screened for
mutations in the MIDI gene, and no mutation was detected.

DISCUSSION

Hypospadias is a relatively common congenital anomaly, but the
molecular etiology of hypospadias remains to be completely solved.
As hypospadias forms part of OS,® we hypothesized that the gene
responsible for the X-linked form of OS, the MIDI gene, might be
involved in the development of hypospadias as a mild form of 0S.>10
We identified one nonsense mutation, one missense mutation and two
synonymous variants. We also found there was significant difference
between the rare allele frequency of SNP ¢.1230G>A in cases as
compared with controls.
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Figure 1 Alignments of homologous MID1 protein sequences. Partial alignments are presented and mutations detected in this study are indicated.

Table 2 Genotype distribution of SNP ¢.1230G > A (p.S410S) seen
in the MID1 gene exon 8 in cases compared with controls

Allele frequency (n)

G A OR P-value
Cases 0.975 (357) 0.025 (9)
Male controls 0.998 (405) 0.002 (1) 10.21 0.017
All controls 0.993 (1084) 0.007 (8) — 0.016

Abbreviation: OR, odds ratio.

The mutation ¢.712G>T (p.E238X) was found in two brothers in
our study. Both of them had severe hypospadias and hypertelorism.
This mutation ¢.712G > T resulted in the premature introduction of a
stop codon, giving a truncated protein at amino acid 238 in the CC
domain. This mutation has been reported before in one OS patient.?!
The mutated protein lacks the whole C-terminus portion and a
previous study has indicated that the C-terminus portion maybe
have an important role in the association between MID1 and the
microtubular apparatus.?> A microtubule co-assembly assay revealed
that, the MID1 protein from OS fetal fibroblasts with the mutation in
C-terminal exon lacks microtubule-binding ability.2* In another study
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conducted on avian embryos, the mutated MID1 construct without
C-terminus portion failed to affect the left-right axis pattern, suggest-
ing that the mutated construct is a loss-of-function construct.?+?®
Therefore, it is likely that the nonsense mutation found in our
two patients leads to the loss of function of MID1, which may be
the underlying mechanism of hypospadias. Furthermore, MID1 and
MID2 have been reported to have overlapping functions and therefore
MID1-MID2 redundancy could be the reason for the mild phenotype
in these boys compared with OS cases.?®

One boy with isolated penoscrotal hypospadias and hypertelorism
carries the mutation ¢.1679A>G (p.K560R) that results in a lysine
residue change into arginine within the B30.2 domain. Arginine and
lysine have the similar properties, including being polar and positive
charged. The prediction programs showed that c.1679A > G may exert
some influence on splicing patterns. This variant was not found in
any controls and in view of the clinical presentation is probably a true
mutation.

The third substitution ¢.1284 T>G (p.V428V) found in a boy
with isolated penoscrotal hypospadias, is not predicted to affect either
amino acid or splicing sites. This is also novel but is presently regarded
as a rare polymorphism.

The genotyping experiments revealed nine cases carrying the rare
A allele of SNP ¢.1230 G> A in exon 8. To evaluate the contribution of



this SNP for development of hypospadias, we compared allele fre-
quencies between hypospadias patients and male controls, 0.025 and
0.002, respectively. These findings suggest that carriers of the A-allele
of the ¢.1230 G>A SNP have an increased risk for hypospadias. To
predict the consequence of this nucleotide change, Alamut software
was used. The analysis results showed that this substitution might
disrupt one serine/arginine-rich (SR) protein-binding site. This could
indicate that the ¢.1230 G> A SNP may alter the expression of MIDI.
It is also possible that this SNP may be in linkage disequilibrium with
a functionally important genetic variant elsewhere in the MIDI gene
and therefore could have the role of a marker for a functionally
important sequence change. However, we noted that five of the nine
cases had at least one parent born in North Africa, where the A allele is
more prevalent, which speaks against the significance of the result.

In addition, we cannot exclude that there are functional mutations
in other parts of the MIDI gene, such as regulatory elements. Genes
coding proteins that regulate or interact with MID1 could be inter-
esting as candidate genes. Our study indicates that the mildest
spectrum of OS can indeed be hypospadias associated with hyperte-
lorism. The polymorphism ¢.1230 G > A can be yet another risk factor
for hypospadias and needs further replication in other materials.
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