Genomic Rearrangements in DSD

Figure 2. Clinical features of cases 2 and 3. A. Clinical findings of case 2 at 4.5 years of age. Images of the craniofacial region and external
genitalia (after surgical intervention) are shown. B. Clinical findings of case 3 at 11 months of age. Multiple facial dysmorphisms and limb anomalies
including syndactyly and camptodactyly are shown. Brain magnetic resonance imaging indicates delayed myelination, hypogenesis of the corpus
callosum and prominent ventricular and CSF spaces. The parents of cases 2 and 3 have given written informed consent, as outlined in the PLOS

consent form, to publication of the photographs of the patients.
doi:10.1371/journal.pone.0068194.g002

a rolc in social behavior [21]. Lack of social dysfunction in case 2
indicates that haploinsuflicicncy of OXT and AVP permits normal
psychosocial development at lecast in childhood. However, this
notion awaits further investigation.

Casc 3 had a ~18.0 Mb interstitial deletion at 2q31.1-32.1.
Clinical manifestations of casc 3 including finger/toe anomalies,
mental retardation and facial dysmorphism arc compatible with
the 2q31 microdeletion syndrome, a well-established contiguous
gene deletion syndrome [22]. Notably, abnormal formation of the
external genitalia has been reported in both male and female
patients carrying 2q31 deletions [23], [24]. Previous studies have
attributed the skelctal anomalies of 2q31 microdeletion syndrome
to haploinsufficiency of the [I0XD cluster [22], [25], and mental
retardation and craniofacial abnormalities to deletions of certain
genes located within the genomic interval spanning 174-175 Mb
from the 2q telomere [22] (Fig. 3C). In this regard, while skeletal
abnormalities are obviously milder in case 3 than the previously
reported paticnts with deletions involving ZI0XD genes [25], this
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would be consistent with the assumption that haploinsufficiency of
developmental genes is frequently associated with a broad
phenotypic spectrum [26]. Since mouse [oxd genes have been
shown to play a role in the formation of external genitalia by
rcgulating multiple target genes, genital abnormalities of 2q31
microdeletion syndrome could be associated with haploinsuffi-
ciency of HOXD genes [25], [27]. Indeed, the phenotype of case 3,
such as hypomasculinized external genitalia without cryptorchi-
dism and a normal blood testosterone value at birth, is indicative
of perturbed organogenesis of the external genitalia rather than
impaired hormone production in the gonads. However, since DSD
has been described for only a small subset of males with 2q31
deletions [22], [23], [24], [25], impaired sex development in case 3
may be caused by other unknown genetic or environmental
factors.

In summary, we identified cryptic genomic rearrangements in
three of 24 individuals with 46,XY DSD. It appears that the
genital abnormalities of case 1 result from gonadal dysgenesis due
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Figure 3. Schematic representation of the genomic regions around the deletions. A. Terminal part of the short arm of chromosome 9. The
black arrow denotes the deletion identified in case 1. The dotted arrows indicate the genomic intervals associated with DSD and for 9p- syndrome
[13]. The black box indicates the position of DMRTT that is likely to be associated with DSD in case 1. B. Terminal part of the short arm of chromosome
20. The black arrow denotes the deletion in case 2. The dotted arrow indicates the genomic region associated with facial dysmorphism and mental
retardation [20]. C. The 2g24.3-2g32.2 region. The black arrow denotes the deletion in case 3. The dotted arrow indicates the genomic region
associated with facial dysmorphism and mental retardation [22]. The black box indicates the position of the HOXD cluster possibly associated with

DSD in case 3.
doi:10.1371/journal.pone.0068194.g003

to haploinsufficiency of DMRTI, while those of case 3 can be
ascribed to perturbed organogenesis due to the deletion of the
HOXD cluster. These data suggest that submicroscopic deletions
can lcad to various types of 46,XY DSD that occur as components
of contiguous gene dcletion syndromes. Morcover, the results
obtained from case 2 provide a novel candidate locus for 46,XY
DSD at 20pl13. Further copy-number analyses on patients with
46, XY DSD and functional assays for gencs involved in the
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MAMLD (mastermind-like domain containing, 1), previously
known as CXORF6 (chromosome X open reading frame 6), is a
recently discovered gene for 45,XY disorders of sex develop-
ment (DSD) with abnormal external genitalia, especially
hypospadias.! After the first report describing MAMLDI
mutations in human 46,XY D5D, a remarkable progress has
been made for MAMLDI. Here, we summarize the current
knowledge about MAMLDI, including some hitherto unve-
ported data.

Cloning of CXORF6 as a Candidate Gene for 46,
XY DSD

A gene for 46,XY DSD has been postulated around MTMT for
myotubular myopathy on Xg28. Indeed, since genital devel-
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opment is normal in patients with intragenic MTMT muta-
tions and invariably abnormal in six patents with
microdeletions  involving MIMI  (patients 1-96
in »Table 1),%° this suggests that a gene for sex development
resided in the vicinity of MAM1, and that loss or disruption of
the putative sex development gene resulis in46 XY DSDasa
consequence of contiguous gene deletion syndrome.

In 1997, Laporte et al® identified a protein coding gene
CXORFS from a 430-kb region deleted in two sporadic cases
with myotubular myopathy and 46XY DSD? (~Hg. 1).
CXORFG consists of seven exons, and harbors a protein coding
sequence on exons 3-6 that is predicted to produce two
proteins of 701 and 660 amine acids because of in-frame
alternative splicing with and without exon 4. Furthermore,
subsequent studies have shown that MAMID? is located
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Table 1 Genital findings in Patients with MAMLD1 Deletions or Mutations
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Patients 1 & 2: cases 474 and 441 in Hu et 3% patient 3-5: cases -1, i12, and 143 in Barsch et al®; patié,{izt £ z:asglCN&Sﬁ in Biancalana et al%; patients 7-10: cases 1-4 in Fukami et al';and patients 11 and 12: cases 2

and 3 in Kalfa et al'! N.D.7 not described; B bilateral and R right,

MAMLDY and 46,XY DSD Ogata et al,
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Figere 1 Positional cloning and the structure of MAMLDT. MAMLDT
{CXORFB) has been isolated from a ~430 kb region cormmonly deleted
in two patients with 46,XY DSD and myotubular myopathy (G89-441
and G89-474).% The horizontal bars indicate the deleted segments
that involve MAMEDT and MTMT for myotubular myopathy. MAMLDT
comprised 7 exons; the black and the white boxes represent the coding
regions and the untranslated regions, respectively. MAMLDT protein
harbors mastermind-like domain and other characteristic domains,

¥

within the smallest region of overlap in all patients with
myotubular myopathy and 46 XY psp,7 and no other candi-

The first exziéénéé fefkﬁ}iﬁﬁxfii}? beiﬁg the causative geﬁe for

46,XY DSD came from our gmﬁp.’ We performed direct
sequencing for the coding exons 3-8 and their flanking splice
sites of MAMLD in 117 Japanese patients with various types
of 46,XY DSD including 56 patients with hypospadias (16
with glandular type, 16 with penile type, 20 with pen scrotal
type, and 4 with perineal type) associated with other external
genital abnormalities, as well as in 49 European and Chinese
patients with various types of abnormal genitalia ranging
from hypospadias to feminized genitalia, Consequently, three
nopsense mutations were identified in Japanese patients
with hypospadias and other external abnormalities:
p.E124X Pon exon 3 in two maternally related half brothers,
2.0187X on exon 3 in a sporadic patient, and p.R653X on exon
5 in a sporadic patient (patients 7-10 in ~Table 1).! The
maothers of families A and € were heterozygous for the
mutations, although the mother of family B was not studied,

‘The three nonsense mutations satisfy the conditions for
the occurrence of nonsense mediated mRNA decay (NMD).8
Consistent with this, RT-PCR “Ofrom leukocytes indicated
drastically reduced transcripts for the three nonsense muta-
tions.! Furthermore, the NMD was prevented by the NMD
inhibitor cycloheximide, providing further support for the
occurrence of NMD in the three nonsense mutations. The
occurvence of NMD was also demonstrated in the carrier
mothers.? Thus, although the NMD has not been confirmed in
the testicular tissue, the results indicate that the three
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nonsense mutations are actually pathologic disease-causing
mutations.

The occurrence of NMD would explain the apparently
discordant genital phenotype between the patient with
pRE53X and the japanese patient with a microdeletion
involving MTMT reported by Tsai et al.'% In contrast to the
p.R653X, the microdeletion resulted in the generation of a
fusion gene between exons 1 to 4 of MAMLDI and exons 3
0% 16 of MTMRI (locus order: MAMLDI-MTM1-MTMRI)
that escaped NMD and was expressed at least in the muscle,
Thus, although both the cases retained MAMIDI exons 1to 4
and were missing MAMLDI exons 5 to 7, the patient with p.
R653X had 46.XY DSD because of NMD, and the patient with
the microdeletion had apparently normal genital develop-
ment because of its positive expression.

Subsequently, Kalfa et al'! have identified p.E109fs121X
(€.325delG) that is predicted to undergo NMD in two of 41
4192 patients with hypospadias of variable degrees (patients
11 and 12 in »T¥able 1). Furthermore, several mutations
confirmed by functional studies have been identified to
(Eate {our unpublished absewatmn}

' éddmanai substitutions have also been identified in pa-
D. First, xazfas et al'! identified pV432A

this suiﬁsﬁmmn in appareﬁﬁy nnmza! individuals. Thus, there

0 Fold activation for pHes3+uc

-4
54
2
£
b

Figuwre 2 Functional studies for MAMLDT substitutions. The p V4324,
p.P286S, p.N5BYS, and p.P2865-p.N58SS (5-5 haplotype} have nor
mal transactivating activities for the promoter of 3 non-canonical
Notch target Hes3.
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is no direct evidence for these substitutions being pathologic
mutations. Rather, these substitutions appear to be variations
rather than mutations. Nevertheless, p.531ins3¢, which may
affect the three-dimensional protein structure, could function
as a susceptibility factor, as has been shown for the polyglut-
amine expansion in exon 1 of AR for androgen receptor.'

Taken together, it is obvious that MAMLDT is a causative
gene for 46,XY DSD with hypospadias as a salient phenotype,
because of the identification of nonsense mutations and a
frameshift mutation that should be subject to NMD. Further-
more, it might be possible that the identified substitutions
may function as susceptibility factors.

Phenotypes in Affected Patients

Genital findings in patients with microdeletions involving
MAMLD1T and in those with definitive intragenic MAMLD?
mutations are shown in =~Table 1. Although detailed pheno-
types are not examined in patients with microdeletions
encompassing MAMLD1, affected patients almost invariably
have hypespadias of variable degrees and often exhibit other
genital features such as micropenis, cryptorchidism, and
abnormal scrotum. Furthermore, patient 1 manifests rather
ambiguous genitalia with virginal pouch, and patient 12
exhibits apparently isolated hypospadias phenotype. Thus,
the phemiy;;;e specmm -of MAMLDT mntamm appears to

early childhood. This impHes that MAMLDT mutations exert
their deleterious effects primarily in the fetal period, as
supported by the Mamid! “expression pattern in the fetal
and postnatal testes {see below). However, our long-term
follow-up examinations have revealed that patients with
MAMLDT mutations exhibit primary gonadal dysfunciion in
late childhood (our unpublished observation). This is consis-
tent with weak but detectable Mamald? “expression in the
postnatal testis (our unpublished observation), and suggests
deterioration in testicular function with age.

Expression Patterns of MAMLDT|Mamid1

in the human, PCR-based screening for ¢<DNA samples has
revealed ubiquitous expression of MAMLDT including fetal
testis, with two in-frame splice variants, a major form with
exon 4 and a minor form without exon 4." Furthermore,
RT-PCR analysis using human fetal testis has shown clear and
gradually increasing expression of MAMLDI during the sec
ond trimester.”®

More detailed expression studies have been performed in
the mouse.! In situ hybridization (ISH) analysis has shown
that, in the fetal testis, Mamid? is weakly expressed in the
internal region at E1L.5, and clearly expressed in Sertoli cells
and in 2 small number of Leydig cells at E12.5. At E14.5,
Mamidi is still dearly expressed in Sertoli cells and in the

chm?zomc g{}mﬁz)tmg}m {h&}} siamaiaucn éurmg mfaxzcy m

W

g



MAMLD1 and 46,XY DSD  Ogata et al.

14
12
10 73
0.8
0.6
0.4
0.2

0

By
3

g

:x;etaimiii ancentrati

majority of Leydig cells. Such cell-type specific expression
patterns were confirmed by co-localization of Mamaldl
mRNA and i\f?ﬁa (alias, steroidegenic factor 1 [SF1] or
Ad4bp) protein as the marker for Sertoli and Leydig cells.'S"
In the fetal ovary, Mamid? is expressed in a small number of
somatic cells primarily at the boundary to the mesonephros at
E11.5 and E12.5, and weakly expressed in a small number of
somatic cells in the internal region at E14.5. In extragonadal
tissues at E12.5, Mamld1 is clearly expressed in the Millerian
ducts, forebrain, somite, neural tube, and pancreas, and
weakly expressed in the external genital region. However,
Mamid] expression is absent in the adrenals.

ISH analysis has revealed that, in the postnatal tests,
Mamid] expression is weakly identified within the cords
until one week of age and becomes faint thereafter; however,
RT-PCT 5 analysis still detects clear expression of Mamld] in
the postnatal testis (our unpublished observation). In the
ovary, Mamld] expression is barely detected until 2 weeks of
age and clearly identified in granulosa cells at the perifollic-
ular regions of most of Graafian follicles at 3 and 8 weeks of
age.

Relevance of Mamid] to Testosterone
Production

The above data imply that MAMLD1 is involved in the
testosterone production in the critical period for sex devel~

Fi gara 3 Rep(esentai:wz éas:a sf ti‘ae Mamld? knockdown expeﬁments using Mﬁcg Endegemﬁs Msmid? ex;aresseon has been marked y reduced

in mimre mg::}sa (2} Rea%:;me R}“ ?CR ana!ysss for stefméagsmc enzyme G

ﬂpmentﬁz,iring fetal l‘ifé,'an'é théi MAMLBI éeletiéﬁsjmuta»«

tions cause hypospadias primarily because of compromised
testosterone production around the critical pericd for sex
development. In this context, there are two major possibili-
ties how MAMLDT mutations lead to compromised testoster-
one production: {1) compromised steroidogenic activity in
Leydig cells; and (2) reduced proliferation of Levdig cells. To
test which of the two possibilities is more relevant, we
performed knockdown analysis with two different siRNAs
for Mamldi, using mouse Leydig tumor cells (MLTCs%9)18
MLTCs are known to have the capacity to produce testoster-
one primarily via A%-pathway, although the amount of tes-
tosterone production remains small primarily because of low
170-hydroxylase and Hsd17b3 activities.' MLTCs are also
known to retain responsiveness to hCG,'94!

Representative data of the steroidogenic activity are
shown in «Fig. 3; the data were obtained at 48 hours after
the incubation of siRNA-transfected and non-transfected
MLICs followed by stimulation with h(G (for details, see
refereace’s). The concentrations of pregnencione and pro-
gesterone remained comparable between the culture media
with siRNA-transfected MLTCs and those with nontargeted
MUTCs, whereas the concentrations of 17-0H pregnenolone,
17-0H progesterone, dehydroepiandrosterone, androstene-
dione, and testosterone were significantly lower (~50-60%)
in the calture media with siRNA-transfected MLTCs than in
those with non-targeted MLTCs. Furthermore, comparison of
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the steroid metabolite concentrations in the media with non-
targeted MLTCs confirmed the A*-pathway dominant testos-
terone production, markedly low 17o-hydroxylase activity
and well-preserved 17/20 lyase activity for both A% and A°-
pathways, and extremely low Hsd17b3 activity in MLICs.
These results indicated that Mamld! knockdown further
reduced 17a-hydroxylase activity that was originally low in
MITCs. Consistent with these findings, real-time RT-PCR and
microarray analyses showed significantly decreased Cyp17ai
expression {~70%) in siRNA-transfected MLTCs. The siRNAs
knockdown did not affect the expressions of Nr5a7 (Sf1), Star,
Por, and Insi3. The assessment of Hsb17b3 was impossible
because of its extremely low expression. By contrast, the
proliferation capacity, which was examined for 120 hours,
was comparable between siRNA-transfected MLTCs and non-
transfected MLICs.

These results imply that MAMLD{ is involved in testoster-
one production via augmenting CYP17A1 (17a-hydroxylase)
activity. In this regard, it is noteworthy that Mamld1 is clearly
expreﬁseé in fetal Leydig and Sertoli cells and is barely
expressed in adrenal ce%is,‘ 7 and that 17a-hydroxylase ac-
 tivity is indispensable for testosterone production in Leydig
cells? 22 2 Thus, it appears likely that Mamid1 enhances Cyp? 7al

reduced (ypl7al expression. ‘Indeed, 1720 lyase activity
was well preserved in siRNA-transfected MLICs, although
the samie {:ygﬂ 7al enzyme is utilized for both17u-hydroxy-
lase and 17/20 lyase reactmﬁs 22 1 addition, defective 17a-
hydroxylase activity occurred in the presence of ~70% of
Cyp17ai expression, despite 17u-hydroxylase deficiency be-
ing an autosomal recessive disease in which 50% of enzyme
reduction has no major effect on the steroid metabolism.?? In
this context, it is notable that MITCs originally have a
markedly low 17a-hydroxylase activity and a well preserved
17/20 lyase activity for both A% and A®-pathways.!® Such a
unigue property of MLTCs may be relevant to the preferential
impairment of 1 7a-hydroxylase activity in siRNA-transfected
MLTCs. Thus, although the in vitro data strongly argue for a
positive role of MAMLD1 in testosterone production, further
studies are necessary to examine the precise in vivo function
of MAMLD,

Transcriptional Regulation of MAMLDT]
Mamlid1 by NRSA1|Nr5a1

Mouse Mamid? is coexpressed with Nr3al (Sf1), and NR5A1/
Nrsal is known to regulate the transcription of a vast array of
genes involved in sex development, by binding to specific
DNA sequences.'®'7 This implies that MAMLDI/Mamid] is
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also controlled by NR5A1/Nr5al. Consistent with this notion,
human MAMLDT harbors a putative NR5AT1 binding sequence
“CCAAGGTCA” at intron 2 upstream of the coding region, and
mouse Mamid] also carries a putative Nr5al binding site at
intron 1 upstream of the coding region.? Furthermore, we
performed DNA binding and luciferase assays, showing that
NRSA1 protein binds to the putative target sequence and
exerts a transactivation function.® These findings argue for
the possibility that MAMLD1/Mamid1 expression is regulated
by NR5A1[Nr5al.

In Vitro Function of MAMLD1 Protein

MAMLD1 protein has a unique structure with homology to
that of mastermind like 2 (MAML2) protein {~¥ig. 1% In
particular, both MAMLD1 and MAMILZ contain a unique
amino acid sequence to which we designate mastermind-
like (MAML) motif. The MAML motif was well conserved
among MAMLD1 orthologs identified in frog, bird, and mam-
mals. In addition, glutamine-, proline-, and serine-rich do-
mains reside on MAMLD1,

MAML2 is a non-DNA binding transcriptional co-activator
in Notch signaling that plays an important role in cell
differentiation in multiple tissues by exerting either inductive
or inhibiting effects according to the context of the cells.”>-2%

forms a temary cemgxlex with N-ICD and RBP»J at nutiear
bodies, enhancing the transcription of the Notch target
genes.22427-2% 1y addition to such canonical Notch target
genes, recent studies have shown that Hes3 can be induced by
stimulation with a Notch ligand, via a STAT3 mediated
pathway.*® This finding, together with lack of Hes3 induction
by N-ICD,® implies that Hes3 represents a target gene of a
non-canonical Notch signaling.

‘Thus, we have performed functional studies of wildtype
MAMLD1 in terms of Notch signaling, thereby revealing
several findings.” First, MAMLD1 is distributed in a speckled
pattern and co-localized with the MAML2 protein in the
nuclear bodies. Second MAMLDI, as well as MAMLZ, is
unlikely to have a DNA-binding capacity. Third, although
MAMLDT is incapable of enhancing the promoter activities
of the canonical Notch target genes Hes? and Hes5 with the
RBP-] binding site, MAMLD1 transactivates the promoter
activity of the non-canonical Notch target gene Hes3 without
the RBP-] binding site. These findings imply that MAML2 and
MAMLD1 may have derived from a common ancestor and
eyolved as a co-activator for the canonical and the non-
canonical Notch signaling.

We have also performed similar functional studies for the
three nonsense mutants identified in patients 7 to 10 (p.
E124X, pQ197X, and p.RE53X) and missense variants (p.
P286S, p.Q507R, and p.N589S).° The p.E124X and p.Q197X
proteins, though they localize to the nucleus, are incapable of



iocalizing to nuclear bodies and have no transactivation
function for Hes3, whereas the p.R653X protein as well as
the three variant proteins localize to the nuclear bodies and
retained nearly normal transactivating activities. This sug-
gests that the p.E124X and p.Q197X proteins have no trans-
activation function primarily because of the failure in
localizing to the nuclear bodies, and that the p.R653X protein,
when it is artificially produced, has a normal transactivating
activity. Thus, if not all the mRNAs with nonsense mutations
are subject to NMD,? this would permit the production of
functional protein for p.R653X, but not for p.E124X and
pQ197X. In addition, the transactivation function has been
shown to be significantly reduced in a p.L103P protein (an
artificially constructed variant affecting the MAML matif)and
normal in the AExon 4.7 This implies the importance of the
MAML motif, and the biclogical equivalence between exon 4
positive and negative MAMLDI.

MAMLD1 Variations as a Susceptibility
Factor for Hypospadias

itis possxhie that single nucieatxde polymorphisms (SNPs),
aspe&aﬁiy i:hese in f:%ze gmmuter region ;mé the cDNA se-

e {Sfc;S haplotype) are more

udies using the non-canonical Notch

“target Hes3 $ normal transactivation function for

tial effects on different promoters.>' Thus, it remains possible
that a specific SNP(s) or haplotype(s) may form a susceptibil-
ity factor for the development of hypospadias and other forms
of 46 XY DSD.

Implications for Primary Ovarian
Insufficiency

MAMLD1T may also have a certain role in the ovarian develop-
ment. This notion is primarily based on two findings: (1)
murine Mamid] is clearly identified in granulosa cells at the
perifollicular regions of most of Graafian follicles at 3 and
8 weeks of age; and (2) a female with a heterozygous micro-
deletion involving MAMLDI, who gave birth to a boy with the
same microdeletion and 46,XY DSD, has exhibited ovarian
dysfunction from her late teens,'” although ovarian dysfunc
tion has not been identified in other obligatory carrier
females. These findings may suggest that MAMELD1 is involved
in the normal ovarian development, and that rather excep-
tional females with a heterozygous MAMLD! mutation/dele-
tion and skewered inactivation of the X chromosome carrying
the normal allele manifest primary ovarian dysfunction. In

lele, the p.N5BYS aﬁeie, and ©
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this context, we examined a total of 78 females with primary
ovarian insufficiency and 46,XX karyotype, and identified
0.P494S and p.428delQ (shortening of the first polyglutamine
domain from 11 to 10) (our unpublished observation), How-
ever, functional studies using Hes3 system showed apparently
normal transcription activities for the two variants. Thus,
further studies are necessary o reveal the relevance of
MAMLD1T to ovarian development.

Conclusions

MAMLD1 is a causative gene for 46 XY DSD with hypospadias
as the salient clinical phenotype. It appears to play a support-
ive role in the testosterone production around the critical
period for sex development. Interestingly, Mamald? knockout
mice exhibit normal genital findings and reproductive func
tions, although they manifest metabolic syndrome (our up-
published observation). Further studies will permit to reveal
the frequency of MAMLDT mutations in 46,XY DSD and the
in vivo function of MAMLD1.
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