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Figure 4 Schematic representation of the generation of upd(14)pat in patients or parents with Robertsonian translocation or i(14q). MR, monosomy rescue;
TR, trisomy rescue; upd(14)pat, paternal uniparental disamy 14. (a) Hetero-upd(14)pat mediated by paternal Robertsonian translocation and post-zygotic TR.
(b} Iso-upd(14)pat mediated by maternal Robertsonian fransiocation and post-zygotic MR. (¢) Iso-upd(14)pat generated by concomitant occurrence of post-
zygotic MR and isochromosome formation. (d) iso-upd(14)pat generated by sequential occurrence of meiotic isochromosome formation and post-zygotic TR.
(e) Iso-upd(14)pat generated by sequential occurrence of mitotic isochromosorne formation and TR.

could occur as a de novo event. This indicates the production of TR-
mediated upd(14)pat in these patients (Figure 4a). Here, it appears
worth pointing out that a maternal Robertsonian translocation could
be a risk factor for iso-upd(14)pat, because it constitutes a predispos-
ing factor for the production of a nullisomic cocyte and resultant
monosomic zygote that could be subject to MR for a paternally
derived chromosome 14 (Figure 4b). However, a maternal Robertso-
nian translocation has not been found to date, probably because
parental karyotyping has not been performed in patients with normal
karyotype. In contrast, the i(14q) chromosomes with full iso-upd(14)
pat in five non-Japanese patients were formed as a de novo
event.!+165435 Tt is likely that the i(14q) chromosome is generated
by MR in association with isochromosome formation (centromeric
misdivision or U-type sister chromatid exchange) during mitosis, or
by TR after isochromosome formation during meiosis or mitosis
(Figures 4c—¢).**%657 In addition, i(14q) chromosome with hetero-
upd(14)pat could be produced by U-type exchange between non-sister

chromatids during meiosis.*

DIAGNOSTIC AND THERAPEUTIC IMPLICATIONS

Clinical diagnostic implications '

The facial gestalt and the increased coat-hanger angle are mandatory
for the clinical diagnosis of KOS, and the decreased M/W ratios also
constitute a diagnostic indication in infancy.’® Furthermore, when

several characteristic features appear in association with the pathog-

nomonic features, this confirms the diagnosis of KOS. Differential
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_ diagnosis includes Beckwith-Wiedemann syndrome and androgenetic

mosaicism,?2?

Molecular diagnostic implications

The flowchart of molecular diagnosis is shown in Figure 5. As all the
patients with KOS identified to date have hypermethylation of the
IG-DMR and/or the MEG3-DMR, methylation patterns of the two
DMRs should be analyzed as the first step. When hypermethylation is
found for either of the two DMRs of maternal origin, this confirms the
diagnosis of KOS. When hypermethylation is absent, clinical diagnosis
should be reconsidered. However, it would be suggested to examine a
possible deletion involving RTLIas but not the DMRs, or a possible
mutation of RTLI/RTLlas, because loss of RTLlas, gain-of-function
mutation of RTL! and loss-of-function mutation of RTLIas could
lead to excessive RTLl expression. In addition, there might be
microdeletions affecting MEG3, MEGS, snoRNAs and/or. miRNAs
but not the DMRs.

If the diagnosis of KOS is confirmed, upd(14)pat should be
examined as the second step. When upd(I4)pat is identified,
karyotyping is recommended to examine the possibility of
Robertsonian translocation or i(i14q) chromosome. If the patient has
such an abnormal chromosome, a recurrent risk of KOS should be
considered.

When upd(14)pat is excluded, possible deletion of the IG-DMR
andfor the MEG3-DMR should be investigated. This permits the
molecular diagnosis of an epimutation when no deletion is detected
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Figure 5 Molecular diagnostic flowchart. Methylation analysis is performed
by combined bisulfite restriction analysis, bisulfite sequencing, multiple
ligation probe amplification (MLPA) using SALSA MLPA kit MEO32 UPD7/
UPD14 (MRC-Holland, Amsterdam, The Netherlands) or pyrosequencing.
Parent-of-origin analysis is carried out by microsatellite analysis or single-
nucleotide polymorphism (SNP) array. Deletion analysis is performed by
MLPA, fluorescence in situ hybridization or array comparative genomic
hybridization. Methylation and deletion analyses need DNA samples of
patients alone, whereas parent-of-origin analysis requires DNA samples of
patients and their parents. MLPA is utilized for deletion analysis and
methylation analysis before and after digestion of the genomic DNA samples
with a methylation-sensitive restriction enzyme Hhal, respectively.

and that of a microdeletion when a deletion is delineated. If a deletion
is identified, it is recommended to examine whether the deletion is
formed as a de novo event or derived from the mother. In the latter
case, there is a 50% recurrence risk of KOS.

Management
The management for KOS remains symptomatic, including mechan-
ical ventilation, tracheostomy, tube feeding, surgical operation for
omphalocele and supportive therapy for developmental delay. In this
regard, our thorough survey data in 34 Japanese patients are
summarized as follows: (1) mechanical ventilation was required by
32 patients, and was discontinued during infancy in 22 patients, with a
median duration of 1 month (range, 0.1-17 months); (2) tracheost-
omy was performed in approximately one-third of patients; (3) tube
feeding was necessary in all but a single patient, and was discontinued
in 16 patients, with a median period of ~7.5 months (range,
0.1-89 months); (4) developmental delay was invariably present in
26 patients examined for developmental status, with the median
developmental/intellectual quotient of 55 (range, 29-70); and (5) gross
motor development was also almost invariably delayed, with head
control being achieved at ~7 months (range, 3-14 months), sitting
without support at ~ 12 months (range, 8-27 months) and walking
without support at 25.5 months (range, 20-90 months) (except for a
single 3-year-old patient who showed head control at 33 months of
age because of severe hypotonia) (for the detailed data of individual
patient, see Kagami et al!). In addition, periodical screenings for
hepatoblastoma are recommended, including serum a-fetoprotein
measurement and abdominal ultrasonography.

It is worth emphasizing that patients with KOS become free from
mechanical ventilation, tracheostomy and tube feeding, and there is no
report of death at >4 years of age.!® According to our survey, all
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patients go to school by themselves and get on their daily lives from
childhood, although they have developmental delay. Explaining such a
prognosis to parents when their affected child is in infancy and under
intensive management is expected to reduce parents’ anxiety and to
facilitate the attachment formation between parents and the patient.

CONCLUSION

We reviewed current knowledge about KOS. Although several issues
remain to be clarified, significant progress has been made for the
clarification of clinical findings and underlying (epi)genetic factors.
We conclude that KOS is a clinically recognizable upd(14)pat and
related disorder affecting the maternally derived chromosome 14q32.2
imprinted region.
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Introduction

Hypogonadotropic hypogonadism (HF) is a clinically and
genetically heterogeneous condition that can be associated
with several additional clinical features such as anosmia,
cleft palate, and hearing loss {1]. HH with anosmia is referred
to as Kallmann syndrome (KS). More than 20 genes are
known to underlic HH and/or KS, although mutations in
these genes account for only a minor portion of the etiology
of HH/KS [1-4]. In 2013, Pingault et al, identified SOX10
mutations in seven patients with KS [5]. Furthermore,
Pingault et al. found that genetic knockout of Sox/0 dis-
rupted migration of GnRH cells in murine fetuses [5]. Sub-
sequently, Vaaralahti et al. identified an additional KS
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paticnt with a SOX70 mutation [6]. These results indicate that
SOXI10 mutations constitute rare genetic causes of KS.
Currently, SOX10 is known as one of the causative genes of
‘Waardenburg syndrome (WS), a rare genetic disorder char-
acterized by hearing loss and hypopigmentation in the skin,
hair, and eye [ 7]. Indeed, hearing impairment with or without
gray/white hair was found in most of the KS cases reported
by Pingaunlt et al. and Vaaralahti et al. [5, 6]. However,
detailed clinical assessment of the SOX /0 mutation-positive
patients and functional assays of the SOX 70 mutants remain
fragmentary. Thus, genetic links between HH/KS and WS
have not been fully established. Here, we performed
molecular and clinical analyses of a previously reported
paticnt with WS due to a frameshift mutation in SOX10.

Patient

The patient was first described in 2008 as an infant with
WS-type 2 (WS without dystopia canthorum) [8]. Shortly
after birth, she presented with hypopigmented irides and a
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piece of white forelock. Dystopia canthorum, broad nasal
root, limb anomaly, and Hirschsprung disease were absent.
Ophthalmologic examinations revealed bilateral ocular
albinism with hypopigmented fundus and hypochromic
iris. Auditory brainstem response indicated bilateral sen-
sorineural deafness. The patient underwent cochlear
implantation at 2.6 years of age. Direct sequence analysis
of WS causative genes (SOX10, PAX3, MITF and SNAI2)
identified a heterozygous mutation in SOX10 (c.506delC,
p.P169fsX117) and excluded mutations in the other genes
[8]. Until nine years of age, her growth followed the —1.0
standard deviation (SD) growth curve of Japanese female
population. Thereafter, the SD scores for height and height
velocity gradually decreased.

At 12.9 years of age, she revisited our clinic because of
delayed puberty. Physical examination revealed mild short
stature (—2.1 SD) and a lack of pubertal signs (breast and
pubic hair, Tanner stage 1) (Figure S1). A smell test using
intravenous injection of combined vitamins (Alinamin,
Takeda Pharmaceutical Co. Ltd., Japan) [9] induced no
response. Other standard smell tests such as UPSIT were
not performed. Her bone age was delayed (~ 11 years of
age). Endocrine studies revealed a low level of estradiol
(Ey), together with apparently normal gonadotropin levels
at the baseline and after GnRH stimulation (Table 1). The
blood values of other hormones were grossly normal;
whereas the TSH response to TRH was blunted, normal
levels of thyroid hormones suggested preserved thyroid
function [10, 11]. Low E, levels and normal gonadotropin
levels were also observed in examinations performed at
13.8 and 14.1 years of age (Table 1). Brain magnetic res-
onance imaging (MRI) was not performed, because her
cochlear implants contained magnetic components. From
14.1 years of age, she received E, supplementation ther-
apy, which successfully induced breast budding and
improved height growth (Figure SI). To confirm the
genetic basis of HH in this patxent we performed further
molecular analyses.

Methods

This study was approved by the Institutional Review Board
Committee at the National Center for Child Health and
Development and performed after obtaining informed
consent. Mutation screening was carried out for the coding
regions of 20 causative genes for HH/KS: CHD7, FGFS8,
FGFRI, FSHB, GNRHI, GNRHR, HS6STI, KALI, KISSI,
KISSIR, LEP, LEPR, LHB, NELF, PROK2, PROKR?2,
SEMA3A, TAC3, TACR3, and WDRI] [2, 4]. Nucleotide
alterations were determined by the Haloplex system (Agi-
lent Technologies, Palo Alto, CA, USA) on a MiSeq
sequencer (Illumina, San Diego, CA, USA). Genome-wide

@ Springer

copy-number analysis was performed by oligoarray-based
comparative genomic hybridization using an array-based
catalog CGH (4 x 180 k format, catalog number G4449A;
Agilent Technologies).

In vitro reporter assays for the SOX/0 mutation were
carried out by a previously reported method with slight
modifications [12, 13]. An expression vector for wildtype
SOX10 was purchased from Kazusa DNA Research Insti-
tute (Kisarazu, Chiba, Japan). An expression vector for the
mutant SOX 10 was generated by site-directed mutagenesis.
A luciferase reporter vector containing the MITF promoter
sequence (—2253 to +97 bp) and an expression vector for
PAX3 [12, 13] were kindly provided by Dr. Bondurand and
Professor Goossens. Transient transfection was performed
using HEK293 cells seeded in 24-well plates (1.0 x 107
cells/well) and Lipofectamine 2000 Reagent (Life tech-
nologies, Carlsbad, CA, USA), with the expression vectors
(20 ng/well or 40 ng/well), the luciferase reporter vector
(10 ng/well), and a pCMV-PRL internal control vector
(5 ng/well; Promega, Madison, WI, USA). As controls
for the expression vectors, an empty counterpart vector
(HaloTag vector, Promega) was transfected. At 48 h after
transfection, the cells were harvested and subjected to
luciferase analysis using the dual luciferase reporter assay
system and GloMax Luminometer (Promega). Luciferase
assays were also performed with co-expression of a PAX3
expression vector (20 ng/well). These experiments were
carried out in triplicate within a single experiment and the
experiment was repeated four times. Statistical signiﬁcance
was determined by the ¢ test.

To predict the pathogenicity of the SOX10 mutation, we
performed direct sequencing of SOXJ0 for the samples
obtained from the clinically normal parents of the patient.
In this experiment, we used previously described primers

[8].

Results

Mutation screening excluded mutations in other HH/KS-
associated genes. Comparative genomic hybridization
analysis detected no pathogenic copy-number alterations.
The mutant SOX10 protein barely transactivated the MITF
promoter and exerted no dominant-negative effect on
wildtype SOX 10 (Figure S2). The SOX 70 mutation was not
detected in the parental samples.

Discussion
Herein, we report a female patient who developed HH.

Although standard smell tests and brain MRI were not
performed for the patient, the lack of response to
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Table 1 Endocrine data of the patient

Hormone Stimulus (dosage) Patient Reference values®

Baseline Peak Baseline Peak

At 12.9 years of age
LH (mIU/ml) GnRH (100 pg)° 1.0 11.8 0.4-4.1 85-15.5
FSH (mTU/ml) GnRH (100 pg)° 2.6 13.2 4.8-104 8.3-20.0
Estradiol (pg/ml) <10 <10-144
GH (ng/ml) Insulin (3 U)" 3.74 4.83° 0.3-33.1 >6.0
GH (ng/ml) Arginine (18 g)‘l 42 9.7 0.3-33.1 >6.0
Prolactin (ng/ml) TRH (350 pg)° 252 43.1 12-13.2 24-52.8
TSH (uIU/mt) TRH (350 pg)® 1.64 5.08 0.32-4.0 10-35
ACTH (pg/ml) Insulin (3 U)° 55.8 88.4 5.2-38.8 10.4-116.4
Cortisol (pg/dl) Insulin (3 U)° 252 29.8 3.0-12.0 6.0-36.0
IGF-1 (ng/ml) 205 206-731
Free Ty (pg/mi) 3.94 243448
Free T, (ng/dl) 1.05 0.98-1.90

At 13.8 years of age
LH (mIU/ml) GnRH (100 pg)° 1.0 12.3 0.2-2.1 1.7-5.0
FSH (mIU/ml) GnRH (100 pg)® 2.6 11.6 0.6-3.4 1.4-11.5
Estradiol (pg/ml) <10 12-162

At 14.1 years of age
LH (mIU/ml) GnRH (100 pg)® 0.6 10.0 0.2-2.1 1.7-5.0
FSH (mTU/ml) GnRH (100 pg)’ 2.5 10.5 0.6-3.4 1.4-11.5
Estradiol (pg/ml) hMG (150 U)° <16 430 13-174 300-1000

The conversion factors to the STunit: LH, 1.0 (IU/liter); FSH, 1.0 (TU/liter); GH, 1.0 (pg/liter); prolactin, 43.48 (pmol/liter); TSH, 1.0 (mIU/liter);
ACTH, 0.22 (pmol/liter); cortisol, 27.59 (nmol/liter), estradiol, 3.671 (pmol/liter); free Ta, 1.536 (pmol/liter); free T4, 0.1287 (pmol/liter)

Hormone values below the reference range are boldfaced

* Reference values in age-matched Japanese females [10, 11]

b GnRH, insulin, and TRH i.v.; blood sampling at 0, 30, 60, 90, and 120 min

“ Low GH may be due to insufficient hypoglycemic stimulation

d Arginine i.v.; blood sampling at 0, 30, 60, 90, and 120 min

e

hMG i.m. for 4 consecutive days; blood sampling on days 1 and 4

intravenous injection of combined vitamins indicated
impaired olfactory function. In infancy, the patient was
diagnosed as having WS due to a SOX/0 mutation [8]. In
the present study, we performed further molecular analysis
of the patient and excluded mutations in other HH/KS-
associated genes and copy-number alterations in the gen-
ome. Furthermore, we confirmed that the SOX70 mutation
is not shared by the clinically normal parents and that the
mutant SOX10 has impaired transactivating activity for the
MITF promoter. These results indicate that the- phenotype
of this patient results from the SOX/0 mutation. However,
we cannot exclude the possibility that the patient has an
additional mutation in a hitherto unknown HH/KS-causa-
tive gene, because several unidentified genes seem to
underlie HH/KS [2-4]. To date, hypogonadism is known as
a relatively rare complication in patients with WS due to
SOX10 mutation/deletion [14]. Furthermore, hearing loss

was observed in most of the previously reported patients
with KS and SOXJ0 mutations [5, 6], although hypopig-
mentation in the eye or skin were not described in these
individuals. Our data, together with the previous findings,
indicate that SOX/0 mutations can lead to various devel-
opmental defects including an overlapping phenotype of
HH/KS and WS. Therefore, thorough clinical evaluations
including hormonal assessment should be performed for
WS patients with SOXJ0 mutations, because subnormal
gonadotropin secretion may account for a certain fraction
of such patients.

It is worth mentioning that our patient showed normal
gonadotropin responses to GnRH stimulation and a normal
estrogen response to human menopausal gonadotropin
stimulation. Thus, hypothalamic dysfunction appears to be
the primary lesion of this patient. These results are con-
sistent with the previously proposed notion that SOX10

@ Springer
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plays a critical role in the development of hypothalamic
neurons [5]. SOX10 mutations are likely to cause gonado-
tropin deficiency as a sole hormonal defect, because the
levels of blood hormones except for E, remained grossly
normal in our patient.

The results of in vitro assays suggest that SOX/0 muta-
tions lead to the disease phenotype by haploinsufficiency
rather than by dominant-negative effects. The broad phe-
notypic variation of SOX70 mutation-positive patients can
be explained by the notion that haploinsufficiency of
developmental genes is usually associated with a wide range
of penetrance and expressivity [15].

In conclusion, the present study provides evidence
that SOX10 haploinsufficiency underlies a continuum of
developmental defects that includes both HH and WS.
Hypothalamic dysfunction appears to be the major hor-
monal defect resulting from SOX/0 mutations. Further
studies will clarify the prevalence and clinical character-
istics of SOXJ0 abnormalities.
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Abstract

MAMILD]1 is a causative gene for disorders of sex develop-
ment. Several MAMLD1 mutations have been shown to cause
hypospadias by generating dysfunctional proteins and/or
unstable mRNAs, Here, we identified an intronic mutation of
MAMLD1 (g.IVS4-2A>G) in 1 of 180 hypospadias patients.
RT-PCR of the patient’s skin sample showed normal expres-
sion of full-length MAMLD1 and markedly reduced expres-
sion of a known splice variant lacking exon 4. A hitherto
unreported splice variant that lacks exon 5 was similarly
identified in samples of the patient and control individuals.
The full-length transcript of the patient contained mu-
tant mRNA lacking the first 10 nucleotides of exon 5
(c.1822_1831delACTCATGTAG, p.K609fsX1070). In vitro as-
says using cells expressing the full-length wild-type and mu-
tant proteins revealed reduced expression of the mutant.
The expression of the wild-type and mutant MAMLD1
showed parallel changes upon treatment with a proteasome
inhibitor and a translation inhibitor. The mutant-expressing

cells exerted low transactivation activity for the Hes3 pro-
moter, which reflected limited expression of the mutant pro-
tein. These results imply that the pathogenic events result-
ing from MAMLD1 mutations include splice errors. Further-
more, this study raises the possibility of translation failure of
MAMLD1 mutants, which deserves further investigation.

© 2015 5. Karger AG, Basel

MAMLD1 (NM_001177465) on Xq28 is a causative
gene for 46,XY disorders of sex development (DSD) [Fu-
kami et al., 2006]. The major clinical feature of patients
with MAMLDI mutations is hypospadias [Fukami et al.,
2006]. Previous studies have shown that MAMLD1 trans-
activates the promoter of the non-canonical Notch target
Hes3 and enhances expression of multiple genes in mu-
rine fetal Leydig cells [Fukami et al., 2008; Miyado et al.,
2012]. Human MAMLDI comprises at least 7 exons, of
which exons 3-6 correspond to the coding region of a
701-amino-acid protein [Laporte et al., 1997]. RT-PCR
analysis of human cDNA samples detected the expression
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of full-length MAMLDI and its in-frame splice variant
lacking exon 4 (Aexon 4) in all tissues examined [Fukami
et al, 2006]. All essential domains of the MAMLDI pro-
tein appear to be encoded by the sequences in exon 3, be-
cause the Aexon 4 variant retains normal transactivation
activity for the Hes3 promoter [Fukami et al., 2008], and
a boy carrying a microdeletion involving exons 5-7 of
MAMILD]1 had normal external genitalia [Tsai et al,
2005].

‘To date, several nucleotide alterations in MAMLDI
have been identified in patients with hypospadias as well
as in unaffected individuals [Fukami et al., 2006, 2008;
Kalfaetal,, 2008,2011, 2012; Chen et al,, 2010; Metwalley
and Farghaly, 2012]. Of these, 4 nonsense [p.S70X (for-
merly p.S143X), p.E124X, p.Q197X, and p.R653X], 1
frameshift [p.E109fsX121 (formerly ¢.325delG)], and 2
missense substitutions [p.P311L (formerly p.P384L) and
p.Q529K] have been identified exclusively in DSD pa-
tients and are therefore regarded as pathogenic muta-
tions. In vitro assays using a luciferase reporter vector
containing the Hes3 promoter (pHes3-luc) indicated
that p.S70X, p.E124X, p.Q197X, and p.P311L encode
amorphic or hypomorphic proteins [Fukami et al., 2008;
Kalfa et al,, 2012]. The transactivation activities of the
proteins encoded by p.E109£sX121 and p.Q529K have
yet to be examined. Although p.R653X encodes a protein
with normal transactivation activity, the mRNA tran-
script carrying this mutation is degraded through non-
sense-mediated mRNA decay (NMD) [Fukami et al,,
2008]. Similarly, p.S70X, p.E124X, p.Q197X, and p.
E109£sX121 satisfy the condition for NMD [Kuzmiak
and Maquat, 2006]. Taken together, all hypospadias-as-
sociated MAMLDI mutations reported to date are likely
to generate dysfunctional proteins and/or unstable
mRNAs.

Mutations in human genes exert pathogenic effects not
only through generation of amorphic/hypomorphic pro-
teins or unstable mRNAs, but also through several other
mechanisms such as splicing defects, early protein degra-
dation, and translation failure [Kuzmiak and Maquat,
2006; Bartoszewski et al., 2010; Ward and Cooper, 2010;
Lee et al., 2011; Strachan and Read, 2011]. In particular,
early protein degradation mediated by the proteasome or
autophagy hasbeen implicated in several genetic disorders
[Kuroha et al., 2009; Strachan and Read, 2011; Ihara et al.,
2012]. In the present study, we investigated the disease-
causing mechanism associated with a novel mutation in
MAMLDI.

Novel MAMLDI Mutation

Materials and Methods

Primers and Plasmid Vectors

Primers used in this study are shown in online supplementary
table 1 (sce www.karger.com/doi/10.1159/000380842 for all online
suppl. material). The expression vector for the myc-tagged full-
length wild-type MAMLD1 was created by inserting a cDNA frag-
ment comprising 2,103 nucleotides of the coding region and 1,132
nucleotides of the 3’ untranslated region into a pPCMV-Myc vector
(Takara Bio, Ohtsu, Japan). Expression vectors for the mutant/
variant MAMLD1 were created by site-directed mutagenesis (Ta-
kara Bio). The pHes3-luc reporter vector was kindly provided by
Professor Kageyama.

Mutation Analysis of MAMLDI

This study was approved by the Institutional Review Board
Committee at the National Center for Child Health and Develop-
ment and performed after obtaining written informed consent.
Mutation analysis of MAMLDI was performed for 180 patients
with hypospadias. All patients had a 46,XY karyotype. Genomic
DNA was extracted from peripheral leukocytes and amplified by
PCR for coding exons 3-6 and their flanking splice sites of
MAMLDI. The PCR products were subjected to direct sequencing.

mRNA and Protein Expression Analyses of Genital Skin

Samples

A genital skin sample was obtained from a patient with a
MAMLD]1 mutation during surgery for hypospadias. Control skin
samples were obtained from 3 individuals with normal MAMLDI
who underwent surgery for buried penis. Total RNAs and protein
extracts were obtained from homogenized tissue samples. RT-PCR
was performed using primers on exons 3 and 6 of MAMLDI. The
PCR products were subcloned into the TOPO TA cloning vector

(Life Technologies, Carlsbad, Calif., USA) and subjected to direct,

sequencing. PCR was also performed using primers specific for each
splice variant. The products were analyzed by polyacrylamide gel
electrophoresis using TBE-PAGE mini kit (TEFCO, Tokyo, Japan).

Western blot was carried out using anti-MAMLD1 antibodies
(ab49150, Abcam, Cambridge, Mass., USA; and sc-131477, Santa
Cruz Biotechnology, Calif., USA). Protein extracts were subjected
to standard SDS-PAGE. The signals were visualized using BCIP/
NBT Color Development Substrate (Promega, Madison, Wis.,
USA) or ECL Prime Western Blot Detection kit (GE Healthcare,
Buckinghamshire, UK).

In vitro Protein Expression Assays

HEK?293 cells were seeded in 10-cm plates (3.0 x 10° cells/plate)
and transiently transfected using Lipofectamine 2000 (Life Tech-
nologies) with 10 pg of the expression vectors for the full-length
wild-type or mutant/variant MAMLDI. The cells were harvested
48 h after transfection and the lysates were subjected to standard
SDS-PAGE. The signals for the MAMLD1 proteins and the internal
controls were probed with an anti-myc-tag antibody (Takara Bio)
and an anti-B-actin antibody (Abcam), respectively. The relative
expression levels of MAMLDI1 proteins were calculated by dividing
the signal intensities of the myc-tag by those of the internal control.
Each experiment was performed in triplicate and repeated 3 times.

To clarify whether mutant MAMLD1 protein underwent early
degradation, we performed further experiments using HEK293
cells seeded in 6-cm plates (1.0 x 106 cells/plate) and transfected

Sex Dev 2015;9:130-135 131
DOI: 10.1159/000380842

- 106 -

&
S




with 5 pg expression vectors. The transfected cells were treated
with MG132, which inhibits proteasome-mediated degradation
[Zhang et al., 2013]. In this experiment, MG132 (Peptide Institute,
Osaka, Japan; final concentration, 50 pmol/l) was added to the me-
dium 48 h after transfection, and the cells were cultured for further
1,2, or 4 h. The transfected cells were also treated with cyclohexi-
mide (CHX), which inhibits both NMD and translation [Freddi et
al., 2000]. CHX (Sigma-Aldrich, St. Louis, Mo., USA; final concen-
tration, 100 pg/ml) was added to the medium 24 h after transfec-
tion, and the cells were cultured for further 24 or 48 h. The cells
were harvested, and the lysates were subjected to Western blot
analysis as mentioned above. Each experiment was repeated at
least 3 times.

In vitro Transactivation Analysis

Transactivation activities of the full-length wild-type and mu-
tant/variant MAMLDI proteins were examined by luciferase re-
porter assays. HEK293 cells were seeded in 6-well plates (1.5 x 10°
cells/well) and transiently transfected with 0.2 pg of the expression
vectors and 0.2 pg of the pHes3-luc vector, together with 3 ng of
the internal control vector. Relative luciferase activity was mea-
sured 48 h after transfection by the Dual Luciferase Reporter Assay
System (Promega), using a pRL-CMV vector (Takara Bio) as an
internal control. In addition, the same assays were carried out us-
ing different quantities of the expression vectors; we adjusted the
amount of each plasmid such that all MAMLDI1 proteins showed
similar expression levels relative to that of B-actin. In these cxper-
iments, protein expression levels were quantified by ImageJ (im-
agej.nih.gov/ij/). The relative expression levels were calculated by
dividing the signal inlensities of MAMLD1 by those of B-actin (on-
line suppl. fig. 1). Specifically, 8, 200, and 100 ng of the vectors for
the full-length wild-type, mutant, and variant proteins, respective-
ly, were used for transfection. Each experiment was performed in
triplicate and repeated 3 times.

Statistical Analysis

The results are expressed as the mean + SD, and statistical sig-
nificance was determined using the t test. p values <0.05 were con-
sidered significant.

Results

Mutation Analysis of MAMLDI

Ahemizygous nucleotide substitution (g.JVS4-2A>G)
was identified in a patient with hypospadias (fig. 1A). The
g.IVS4~-2A>G mutation affected the consensus sequence
at the splice acceptor site in intron 4. No pathogenic mu-
tations were identified in the remaining 179 patients. The
mutation-positive patient presented with penoscrotal hy-
pospadias (fig. 1B). He had no family history of hypospa-
dias. Ultrasonography at 1 month of age delineated 2 tes-
tes, each 10 x 10 x 14 mm, in the scrotum. Endocrine
evaluation at 2 years and 11 months of age showed age-
appropriate levels of gonadotropins and testosterone (LH
<0.5 TU/1; FSH 1.6 IU/L, and testosterone <0.17 nmol/l).

132 Sex Dev 2015;9:130-135
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mRNA and Protein Expression Analyses of Genital

Skin Samples

Representative results are shown in figure 1C. RT-PCR
of the control samples yielded bands of 3 different sizes,

which corresponded to the full-length transcript, the -

Aexon 4 variant, and a hitherto unreported variant lack-
ing exon 5 (Aexon 5). The Aexon 5 variant was predicted
to encode a protein of 991 amino acids (c.1822_2065del,
p.Q608£sX992). The majority of PCR products of the pa-
tient’s sample were found to be the full-length transcript
or the Aexon 5 variant. Furthermore, 4 of 17 clones of the
full-length transcript lacked the first 10 nucleotides of
exon 5, while the remaining clones had wild-type se-
quences. The full-length transcript with the 10-bp dele-
tion was predicted to encode an elongated protein of
1,069 amino acids (c.1822_1831delACTCATGTAG,
p-K609£sX1070). RT-PCR using specific primers for each
splice variant yielded almost similar amounts of the full-
length transcript and the Aexon 5 variant for all samples,
whereas the PCR product for the Aexon 4 variant was
barely detectable in the patient’s sample.

In the Western blot analysis, no. clear signals of
MAMLDI1 protein were detected in the genital skin sam-
ples of the patient or control individuals (data not shown).

In vitro Protein Expression Assays

Western blot analysis of cells transiently transfect-
ed with expression vectors for full-length wild-type
MAMLDI, the p.K609fsX1070 mutant and the Aexon 5
variant detected proteins of expected masses (fig. 2A).
However, the relative amounts of the mutant and Aexon
5variant proteins were significantly lower than that of the
wild-type protein (21.0% and 59.4% of the amount of
wild-type protein, respectively). The expression levels of
the wild-type and mutant proteins showed parallel in-
creases upon MG132 treatment, indicating that protea-
some-mediated degradation was unlikely in this case
(fig. 2B). Likewise, the expression of the wild-type and
mutant proteins decreased at a similar rate upon CHX
treatment, indicating normal stability of the mutant
MAMLDI1 protein (fig. 2C).

In vitro Transactivation Analysis

The cells expressing the mutant and the Aexon 5 vari-
ant proteins showed lower luciferase activities than the
cells expressing the wild-type protein (fig. 3A). The mu-
tant and Aexon 5 variant proteins exerted apparently nor-
mal transactivating function when their expression was
adjusted to a level similar to that of the wild-type protein
(fig. 3B).
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Fig. 1. MAMLD! mutation identified in the present study. & Posi-
tion and sequence of the gIV84-2A>G mutation. The black and
white boxes indicate the coding and non-coding regions, respec-
tively. The asterisk depicts the mutated nucleotide. B Genital ap-
pearance of the mutation-positive patient. The arrow indicates the
urethral meatns. € Representative results of the RT-PCR analysis
of genital skin fibroblasts. Left panel: specific transcripts of
MAMLD] splice variants. As an internal control, a house-keeping
gene (GAPDH) was amplified. M = Molecular weight marker; C =

Discussion

We identified a hemizygous intronic mutation in
MAMLDI in 1 of 180 patients with hypospadias. These
results support the previously proposed notion that
MAMLDI mutations account for a small fraction of the
etiology of hypospadias [Fukami et al., 2006]. RT-PCR of
the patient’s skin sample showed markedly reduced ex-
pression of the Aexon 4 variant and apparently normal
expression of the full-length and Aexon 5 transcripts. Al-
though the cause of the reduced expression of the Aexon
4 variant remains to be clarified, there are several exam-

Novel MAMIDI Mutation

control individuals; Pt = patient. Middle panel: the full-length
transcript of the patient included the ¢.1822_1831del mutant. The
10-bp deletion can be ascribed to the activation of a cryptic splice
acceptor site in exan 5 (shaded in red). Right panel: predicted pro-
tein structure of the transcripts. The black and white boxes indicate
the coding and non-coding regions, respectively. The red box de-
picts the deleted region, and the blue boxes indicate aberrant ami-
no acids encoded by frameshift mutation/variation.

ples of point mutations in human genes that alter the bal-
ance of splice variants [Sterne-Weiler et al., 2011; Ward
and Cooper, 2010]. Disruption of a cis-acting splice en-
hancer or suppressor may underlie such a phenomenon
[Sterne-Weiler et al,, 2011]. Since the Aexon 4 variant of
MAMLD1 is known to retain normal transactivation ac-
tivity [Fukami et al., 2008], reduced expression of this
variant may have played a role in the development of hy-
pospadias in the patient.

Furthermore, the gIVS4-2A>G mutation generated
an mRNA lacking the first 10 nucleotides of exon 5. The
10-bp deletion can be explained by disruption of the

Sex Dev 2015,9:130-135
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Fig. 2. Representative results of in vitro
protein expression assays. A Western blot
analysis of cells transiently transfected with
the expression vectors for the full-length
wild-type  MAMLD1 (wild type), the
p.K609£sX 1070 mutant (mutant) and the
Aexon 5 variant (Acxon 5). MAMLDI pro-
teins were probed with an anti-myc-tag an-
tibody. B-Actin was analyzed as an internal
control. B, € Effects of MG132, a protea-
some inhibitor (B), and CHX, an inhibitor
for translation and NMD (€), on MAMLD1
protein expression.
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Fig. 3. Representative results of reporter assays. A Luciferase ac-
tivities of cells transiently transfected with the expression vectors
for the full-length wild-type MAMLDI1 (wild type), the p.K609f-
sX1070 mutant (mutant) and the Aexon 5 variant (Aexon 5). Rela-
tive transactivation activity for the pHes3-luc reporter vector was
measured. Significant differences are indicated by asterisks; * p =
0.02, ** p = 0.0003. B Luciferase activities of cells transfected with
different amounts of expression vectors for the wild type, mutant
and variant, The amount of each plasmid was adjusted such that
all MAMLDI1 proteins showed similar expression levels relative to
that of B-actin. No significant difference was observed between the
wild type and mutant or between the wild type and Aexon 5.
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splice acceptor site in intron 4 and subsequent activation
of the nearest cryptic splice site in exon 5 (fig. 1C), A sub-
stantial amount of the mutant mRNA was detected in the
patient’s cDNA, indicating that this transcript escapes
NMD. On the other hand, in vitro assays revealed low ex-
pression levels of the mutant MAMLDI protein. The cells
expressing the mutant MAMLD1 showed markedly de-
creased luciferase activity of the Hes3-lucreporter, which
was mostly ascribable to the reduced protein expression.
Since the proteasome inhibitor MG132 and the transla-
tion inhibitor CHX exerted similar effects on the expres-
sion levels of the mutant and wild-type proteins in cul-
tured cells, the gIVS4-2A>G mutation is more likely to
result in translation failure than in protein instability.
Nevertheless, it remains unknown whether the expres-
sion of MAMLD1 protein is actually decreased in the mu-
tation-positive patient. Western blot analysis did not
show clear signals of MAMLD1 in genital skin tissues of
the patient or control individuals. These findings may re-
flect the low expression of MAMLD1 in genital skin and/
or the low binding specificity of the anti-MAMLD] anti-
bodies used in this study. In this regard, it is known that
murine Mamld1 is strongly expressed in fetal testis, but
only weakly expressed in extragenital tissues [Fukami et
al., 2006]. Thus, further studies, such as Western blot
analyses of fetal testes of mutation-induced mice, are re-
quired to clarify the precise effect of this mutation.
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The cells expressing the g.IVS4-2A>G mutation ex-
hibited normal transactivating activity for the Hes3 pro-
moter after adjusting for protein expression levels. This
suggests that the mutant MAMLDI retains normal in vi-
tro function. Nevertheless, we cannot exclude the possi-
bility that the g.IVS4-2A>G mutation impairs in vivo
function of MAMLDI, because there may be other target
genes of MAMLDI besides HES3 [Fukami et al., 2008].
Indeed, a MAMLDI1 missense variant p.P286S + p.N589S
has been associated with the risk of hypospadias, although
this variant retains normal in vitro transactivation activ-
ity for Hes3-luc [Kalfa et al., 2011].

Our patient manifested severe hypospadias in which
the urethral opening was located at the penoscrotal re-
gion. Consistent with this, previously reported patients
with pathogenic MAMLDI mutations invariably mani-
fested severe hypospadias, except for 1 patient with a
p-E109fsX121 mutation who presented with moderate
hypospadias [Fukami et al., 2006, 2008; Kalfa et al., 2008,
2012; Chen et al., 2010; Metwalley and Farghaly, 2012}.
These data imply that partial impairment of MAMLD1

function would be sufficient to cause severe hypospadi-
as.

In conclusion, the results of the present study, in con-
junction with those of previous investigations [Fukami et
al., 2006, 2008; Kalfa et al., 2008, 2011, 2012; Chen et al.,
2010; Metwalley and Farghaly, 2012], imply that various
pathogenic events, including NMD, protein dysfunction
and splicing errors, arise from MAMLDI mutations. Fur-
ther analyses are necessary to clarify whether MAMLD]I
mutations can cause translation failure in vivo.
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Abstract

Y chromosomal azoospermia factor (AZF) regions AZFa,
AZFb and AZFc represent hotspots for copy number varia-
tions (CNVs) in the human genome; yet the number of re-
ports of AZFa-linked duplications remains limited. Nonallelic
homologous recombination has been proposed as the un-
derlying mechanism of CNVsin AZF regions. In this study, we
identified a hitherto unreported microduplication in the
AZFa region in a Japanese male individual. The 629,812-bp
duplication contained 22 of 46 exons of USP9Y, encoding the
putative fine tuner of spermatogenesis, together with all ex-
ons of 3 other genes/pseudogenes. The breakpoints of the
duplication resided in the DNA/TcMar-Tigger repeat and
nonrepeat sequences, respectively, and were associated
with a 2-bp microhomology, but not with short nucleotide

stretches. The breakpoint-flanking regions were not en-
riched with GC content, palindromes, or noncanonical DNA
structures. Semen analysis of the individual revealed a nor-
mal sperm concentration and mildly reduced sperm moatility.
The paternal DNA sample of the individual was not available
for genetic analysis. The results indicate that CNVs in AZF re-
gions can be generated by microhomology-mediated break-
induced replication in the absence of known rearrange-
ment-inducing DNA features. AZFa-linked microduplica-
tions likely permit production of a normal amount of sperm,
although the precise clinical consequences of these CNVs
await further investigation. ©2015S. Karger AG, Basel

The long arm of the Y chromosome contains the azo-
ospermia factor (AZF) regions AZFa, AZFb and AZFc
that represent hotspots of copy number variations (CNVs)
in the human genome [Vogt et al., 1996; Jobling, 2008;
Krausz et al., 2011]. The high frequency of CNVs in AZF
regions have been ascribed to the presence of multiple lo-
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cus-specific repeats that serve as substrates for nonallelic
homologous recombination (NAHR) [Repping et al,
2002; Vogt, 2005]. For example, NAHR between 2 human
endogenous retroviral sequences underlies CNVs in the
AZFaregion [Kamp etal., 2000; Sun et al., 2000; Bosch and
Jobling, 2003]. CN'Vs in the human genome are known to
be caused not only by NAHR but also by microhomology-
mediated break-induced replication (MMBIR) and non-
homologous end joining (NHEJ) [Gu et al., 2008; Hastings
et al., 2009; van Binsbergen, 2011]. MMBIR and NHE]
produce CNVs whose fusion junctions are accompanied
by microhomologies and short nucleotide stretches, re-
spectively [Hastings et al,,-2009; Ottaviani et al.,, 2014].
However, MMBIR and NHE] have not yet been implicat-
ed in the development of AZF-linked CNVs, although
Costa et al. [2008] proposed nonhomologous recombina-
tion as a possible mechanism of some microdeletions in
the AZFb and AZFc regions. Furthermore, it remains un-
known whether AZF-linked CNVsare triggered by known
rearrangement-inducing DNA features, such as high GC
content, palindromes, and noncanonical DNA structures
[Kurahashi etal., 2006; Gu et al., 2008; Cooper et al., 2011;
Froyen et al., 2012].

Deletions and duplications in the AZFb and AZFc re-
gions frequently result in oligo/azoospermia and astheno-
zoospermia [Repping et al., 2002; Eloualid et al.,, 2012;
Rozen etal., 2012], while deletions in the AZFa region lead
to complete germ cell aplasia [Kamp et al., 2000]. AZF-
linked deletions were found in about 7% of infertile men
[Simoni etal., 1999]. In contrast, duplications in the AZFa
region were suggested to be compatible with male fertility
[Bosch and Jobling, 2003; Arruda et al.,, 2008]. However,
since there have been only 2 reports of duplications in the
AZFa region, the functional neutrality of such CNVs re-
mains rather speculative. Here, we present a hitherto un-
reported microduplication in the AZFa region identified
in a male individual with mild asthenozoospermia.

Case Report

Patient

A 37-year-old Japanese man visited our clinic because of infer-
tility after 4 years of regular intercourse. He manifested no addi-
tional clinical features. His stature was 177 cm (+0.96 SD). He had
normal pubic and axillary hair, and his testicular volumes were
within the normal range (right, 14 ml; left, 16 ml). His semen sam-
ples were obtained by masturbation after 5 days of abstinence, kept
at room temperature, and analyzed within a few hours after collec-
tion. Motility was assessed directly after liquefaction. The semen
parameters were assessed according to the WHO laboratory man-
ual (4th edition). As a result, a normal sperm concentration and

286 Cytogenet Genome Res 2014;144:285-289
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Table 1. Semen findings of the patient

Samples Reference
a
first second '"EC
Ejaculate volume, ml 3.2 4.4 >1.5
Sperm concentration, x10%/ml 49 23 >15
Total motility, % 163 217 >40.0
Normal morphology, % 6.1 5.7 >4.0
? Based on WHO data.

mildly decreased sperm motility were observed in 2 independent
samples (table 1). Endocrine examinations revealed normal blood
levels of LH (2.0 mIU/ml; reference range, 1.0-8.4 mIU/ml), FSH
(8.6 mIU/ml; reference range, 1.0-10.5 mIU/ml), prolactin (6.4
ng/ml; reference range, 1.5-9.7 ng/ml), and testosterone (4.0 ng/
ml; reference range, 2.5-11.0 ng/ml). His karyotype was 46,XY. He
was diagnosed with mild asthenozoospermia and subjected to
copy number analysis of AZF regions.

Molecular Analyses

This study was approved by the Institutional Review Board
Committee at the National Center for Child Health and Develop-
ment. After taking written informed consent, a genomic DNA
sample was obtained from the patient. We also attempted to obtain
DNA samples from the patient’s parents. CNVsin the AZF regions
were analyzed by multiplex ligation-dependent probe amplifica-
tion (MLPA) (SALSA MLPA probe-mix kit P360-A1, MRC-Hol-
land, Amsterdam, the Netherlands). A CNV identified by MLPA
was further characterized by array-based comparative genomic
hybridization (CGH) usinga human catalog array (8 x 60 k format,
Agilent technologies, Palo Alto, Calif,, USA). We also investigated
the presence or absence of additional CNVs in the Y chromosome.
CNVs were called using the Genomic Workbench Software (ver-
sion 7.0.4.0) with the default settings of the aberration detection
algorithm (ADM-2; Agilent Technologies). The fusion junction of
the AZF-linked CNV was determined by long-range PCR using
serial primers that hybridized to the breakpoint-flanking regions
(fig. 1c; online suppl. table 1, for all online suppl. material, sce
www.karger.com/doi/10.1159/000377649). To clarify whether the
breakpoints of the CNV were associated with repeat sequences or
known rearrangement-inducing DNA features, we analyzed 150-
bp regions around the breakpoints using RepeatMasker (http://
www.repeatmasker.org), geecee (http://emboss.bioinformatics.nl/
cgi-bin/emboss/geecee), palindrome (http://mobyle.pasteur.fr/
cgi-bin/portal. py#forms:palindrome), and non-B DB (http://
nonb.abce.nciferf.gov),

Results

MLPA showed increased relative peak areas of 5 probes
for a genomic locus in the AZFa region (fig. 1a). CGH con-
firmed a copy number gain of a ~0.6-Mb genomic interval
in the AZFa region and excluded the presence of other
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Fig. 1. The CNV in the AZFa region. a MLPA. Increased relative
peak areas (>1.5) of 5 probes indicate a copy number gain of the
corresponding loci. The relative peak area of each probe was cal-
culated by dividing the actual peak area of the subject by the aver-
age of the areas of 5 reference samples. b CGH. The black, red, and
green dots denote signals indicative of the normal, increased

CNVs in the Y chromosome (fig. 1b). Although CGH
yielded signals that were indicative of CN'Vs in several Y
chromosomal regions, all positive signals except for those
in the AZFa region were not assessed as CNVs. Character-
ization of the fusion junction indicated that the CNV in the
AZFa region was a simple tandem duplication of 629,812
bp (chrY:14,264,798-14,894,609; hg19, build 37) (fig. 1;
online suppl. fig. 1). This duplication encompassed 22 of
46 exons of USPI9Y (accession number NM_004654), to-
gether with all exons of TTTY15 (NR_001545) and 2 pseu-
dogenes RPS24P1 (NG_000893) and ARSEP (NG_000880).

Microduplication in AZFa Region

(>+0.4), and decreased (<~0.8) copy numbers, respectively. Ge-
nomic positions refer to Human Genome Database (hgl9, build
37). All positive signals except for those in the AZFa region were
notassessed as CN'Vs. ¢ Schematic representation of the rearrange-
ment and the DNA sequences at the fusion junction. P1-P6 indi-
cate PCR primers shown in online supplementary table 1.

The telomeric breakpoint of the duplication was located
within the DNA/TcMar-Tigger repeat, while the centro-
meric breakpoint resided in a nonrepeat sequence (fig. 1c).
The breakpoints had no long-sequence similarity, but
shared microhomology of 2 bp. Nucleotide stretches were
not observed at the fusion junction. In silico analysis
showed that the breakpoint-flanking regions were not en-
riched with GC content or palindromes and that only one
of the 4 regions contained multiple noncanonical DNA
structures {table 2). Parental DNA samples of the patient
were not available for molecular analysis.

Cytogenet Genome Res 2014;144:285-289 287
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Table 2. In silico analyses of the breakpoint-flanking regions

Breakpoiats .
: i  centromeric . telomeric o
Genomicposition 14,264,647 14264797 14,894,458~ 14,894,608 -

4264797 14,264,947 - 14894608 14,894,758

GC content® 32% 38% 39% 40%
Palindrome 210 bp 0 0 0 0
Noncanonical structure

A-phased repeat 0 0 0 0
Direct repeat 0 2 0 0
G-quadruplex motif 0 0 0 0
Inverted repeat 1 1 0 1
Mirror repeat 0 2 0 0
Short tandem repeat 0 2 [ ]
Z-DNA motif 0 2 0 0

Genomic positions are referred to Human Genome Database (hg19,
build 37). ® Average GC content in the human genome is ~40% [Li, 2011].

Discussion

We identified a tandem microduplication involving
a ~0.6-Mb genomic interval of the AZFa region in a
male individual. Telomeric and centromeric break-
points of the duplication resided in repeat and nonre-
peat sequences, respectively, and shared a 2-bp micro-
homology. The fusion junction was not accompanied by
short nucleotide stretches. Collectively, these findings
suggest MMBIR as the underlying mechanism of the
duplication. The breakpoint-flanking regions of the
present case were not enriched with known rearrange-
ment-inducing DNA features, indicating that hitherto
unknown genomic motifs may play a role in the devel-
opment of this duplication. To our knowledge, thisis the
first example of AZF-linked CNVs generated by replica-
tion-based mechanisms. In this context, recent studies
have shown that MMBIR is involved in several simple
and complex rearrangements in the human genome
[Zhang et al., 2009; van Binsbergen, 2011; Ottaviani et
al., 2014]. Thus, it is possible that MMBIR represents a
rare etiology of AZF-linked CNVs. MMBIR-mediated
CNVs may be more common in the AZFa region than
in the AZFb/c regions because the AZFa region contains
less long repeats that could lead to NAHR [Gu et al,
2008; Jobling, 2008]. -

Clinical analyses of our patient suggested that the
~0.6-Mb duplication permits production of a normal
amount of sperm. On the other hand, the association be-
tween the duplication and asthenozoospermia in this pa-
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tient remains uncertain. Notably, the telomeric break-
point of this duplication was located at intron 22 of
USP9Y. Since the USPSY protein is predicted to act asa
fine tuner of the human spermatogenic process [Krausz
etal,, 2006], disruption of one copy of this gene may exert
anegative effect on sperm motility. However, itis possible
that the duplication is a functionally neutral polymor-
phism. If this is the case, asthenozoospermia of the pa-
tient would be ascribed to other genetic or environmental
factors. Furthermore, we cannot exclude the possibility
that the mildly impaired sperm motility of the patient is
a laboratory artifact. Since the paternal DNA sample of
the patient was not available for molecular analysis, it re-
mains unknown whether the duplication is shared by the
fertile father. In this regard, previous studies suggested
that ~0.8-Mb duplications encompassing the major part
of the AZFa region are compatible with male fertility
[Bosch and Jobling, 2003; Arruda et al., 2008], although
sperm motility was not evaluated in the previously re-
ported microduplication-positive individuals. Thus, fur-
ther studies are necessary to clarify whether asthenozoo-
spermia is a consistent feature in individuals with micro-
duplications in the AZFa region.

In conclusion, we identified a hitherto unreported mi-
croduplication in the AZFa region. This duplication ap-
peared to be caused by MMBIR in the absence of known
rearrangement-inducing DNA features. Further studies
are necessary to clarify the clinical consequences of
AZFa-linked duplications.
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Endocrinopathies in a boy with cryptic copy-number

variations on 4q, 7q and Xp

Misako Okuno'?, Tsutomu Ogata'®, Kazuhiko Nakabayashi®, Tatsuhiko Urakami?, Maki Fukami® and Keisuke Nagasaki'®

: ;We report a mal patient w:th‘ hree opy—number vanat:ons (CNVS) and unsque phenotype He camed ~ ‘H 2 Mb termmal

8/hgv.2015.20; ¢

Molecular cytogenetic technologies, including array-based
comparative genomic hybridization, are useful to identify cryptic
copy-number variations (CNVs) in individuals with an apparently
normal karyotype.'” Recent cytogenetic studies have shown that
cryptic CNVs account for a certain fraction of the etiologies of
congenital disorders.'™ Cryptic CNVs can underlie complex
phenotypes that are not explainable by monogenic mutations,
although they can also occur as benign polymorphisms 2?

Here, we report a male patient with unique endocrine
abnormalities and additional clinical features, in whom we
identified three cryptic CNVs. This study was approved by the
Institutional Review Board Committee at the National Center for
Child Heaith and Development and performed after obtaining
informed consent. The patient was born to non-consanguineous
Japanese parents at 40 weeks of gestation. The patient’s parents
were clinically normal, whereas two sisters and two of three
maternal uncles of the patient had mild mental retardation.
Endocrinological assessments were not performed for the family
members. At birth, the patient. showed mild genital skin
pigmentation, mild joint contractures and muscle hypertonia. He
had no episodes of hypoglycemia or seizure. His mental
development was markedly delayed. He started walking on his
own at 6 years of age. At 8 years of age, he was referred to our
hospital for the evaluation of early sexual maturation. Physical

assessment showed pubic hair of Tanner stage 2, penis of stage 5 -

and bilateral testes of 8ml (+9.1 s.d.). He manifested  skin
pigmentation in the external genitalia, gingiva and fingers. In
addition, he showed scoliosis and restricted joint extension of the
limbs. He had no facial dysmorphism, except for strabismus, a
broad nasal base and platycephaly. He spoke multiple words but
no sentences, and was unable to run. His height and weight were
1182 cm {~1.6 s.d) and 20.8 kg (~1.1 s.d.), respectively. He had a
significantly advanced bone age {14 years and 1 month); his
predicted final height was around 130cm (~7.0 sd). Skeletal
radiography showed Madelung-like deformity of the forearm

pul ,Lshédb#éli‘n‘éi? wly2015

and scoliosis. Brain magnetic resonance imaging detected mild
ventricular dilatation and mild atrophy of the anterior lobe. No
abnormalities were observed in the hypothalamus or pituitary.
Abdominal ultrasonography and computed tomography showed
no abnormalities. Endocrine assessment revealed an elevated
testosterone level and increased gonadotropin responses fto
gonadotropin-releasing hormone stimulation, which collectively
indicated central precocious puberty (Table 1). He showed a mildly
elevated level of insulin-like growth factor 1, which was consistent
with the accelerated sexual maturation,® Adrenocorticotropic
hormone (ACTH). levels were elevated before and after
corticotropin-releasing factor stimulation, while cortisol levels
remained normal (Table 1). These data were consistent with a
condition referred to as ‘overproduction of ACTH, not associated
with Cushing disease’ (International Statistical Classification of
Diseases and Related Health Problems 10th Revision). Blood
levels of glucose and electrolytes were within the normal range.
G-banding analysis showed a normal 46,XY karyotype. Array-based
comparative genomic hybridization using a human catalog array
{(4x 180 k format, Agilent Technologies, Santa Clara, CA, USA)
delineated three heterozygous CNVs, ie., ~11.2Mb terminal
duplication on 4q34.3-352, ~134Mb terminal deletion on
7g35-36.3 and ~1.7Mb interstitial duplication on Xp2231
{Figure 1; Supplementary Table S1). These CNVs were not found

" in the database of Genomic Variants (http://dgv.tcag.ca/dgv/app/

home?ref =GRCh37/hg19) or in the University of California Santa
Cruz Genome Browser (https://genome.ucsc.edu/}). The mother of
the boy had the same duplication on Xp22.31, but no other CNV.
DNA samples of other family members were not available for
genetic testing. ) B

These data suggest that the boy carried de novo or paternally
inherited CNVs on 4q and 7q, and a maternally inherited
duplication on Xp (Supplementary Table S1). CNVs on 4q and 7g
appear to be pathogenic, because they affected more than 10 Mb
regions and have been reported exclusively in individuals
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Table 1. Endocrine findings of the patient at 8 years of age
Hormone Stimulus {dosage) Patient Reference values® Coversion factor to the S unit
Baseline Peak Baseline Peak

Growth hormone (ng/mi) GRF (20 ug)® 13 35.1 >15 1.0 (ng/h)
Luteinizing hormone (miU/mi) GnRH (80 ug)* 28 61.8 0.0-04 04-6.0 1.0 (U1

Follicle stimulating hormone {miU/ml) GnRH (80 ug)* 1.1 46.3 0.6-3.0 6.3-15.6 1.0 ({uh
Thyroid stimulating hormone (miU/ml) TRH (140 pg)© 23 24.5 0.2-5.4 3.6-26.8 1.0 (miUA)

Prolactin {(ng/mi) TRH (140 pg)* 7.1 315 14-11.8 43.48 (pmoi/t)

Adrenocorticotropic hormone {pg/ml) CRF (20 pcg)b 158 486 10-25 28~131 0.22 {(pmol/l)

Cortisol (pg/dl) CRF (20 ug)® a1 15.4 6.1-123 10.6-26.9 27.59 (nmol/l)

Cortisol (pg/dl) ACTH (0.2 mg)® 7.1 18.5 6.1-12.3 22.7-259 2758 (nmol/l)

170-Hydroxypregnenolone (ng/ml) ACTH (0.2 mg)® 0.95 239 0.26-143 1.29-3.92 0.301 (pmol/l)

17-Hydroxyprogesterone (ng/mf) ) ACTH (0.2 mg)® 04 1.8 0.2-05 1.1-1.8 0303 (pmol/l)

Dehydroepiandrosterone sulfate {ug/dl) 121 4.41-24.4 0.02714 {umol/t}

Insutin-like growth factor 1 {(ng/ml) 240 114-225 0.131 (nmol/f)
Testosterone (ng/dl) 300 1-13 0.03467 (nmol/l)

Free triiodothyronine {pg/mi) . 3.1 3.1-5.1 1.536 {pmol/l)

Free thyroxine (ng/dl) 1.1 1.1-16 0.1287 (pmol/l)
Abbreviations: ACTH, adrenacorticotropic hormone; CRF, corticotropin-releasing factor; GnRH, gonadotropin-releasing hormone; GRF, growth hormone
releasing factor; TRH, thyrotropin-releasing hormone. Hormone values below the reference range are boldfaced and those above the reference range are
underlined. Stimulus dosage was administered i.v. *Reference values in age-matched males. "Bload sanpling at 0, 15, 30, 60, 90 and 120 min. “Blood sampling
at 0, 30, 60, 90 and 120 min. “Blood sampling at 0, 30 and 60 min.
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Log rativ
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¥ ¥ i 1
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Figure 1. Cryptic copy-number variations (CNVs) in the patient. The black, red and green dots denote signals indicative of the normal, the
increased (log ratio > + 0.5) and the decreased {log ratio < ~ 1.0) copy-numbers, respectively. Genomic positions correspond to the human
genome reference assembly (UCSC Genome Browser, hg19, build 37). The red and green arrows indicate the duplicated and deleted regions,
respectively. The names of the genes affected by the CNVs are shown in Supplementary Table 51,
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