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Table 3 Comparison of the non-synonymous variant frequencies between the patients with CP and controls

Amino acid Genotype All CP (%) HGVD (%) P value (vs. HGVD)
change AICP  Alcoholic  Nonalcoholic  Idiopathic  Hereditary/
CP Cp cp familial CP
pR31C CT 3/193 (1.6) 12/1102 (1.1) 0.48 >0.99 0.41 0.18 >0.99
p-R31H GA 17193 (0.5) 0 - - - - -
pI125T TC 3/193 (1.6) 5/1102 (0.5) 0.11 >0.99 0.057 0.15 0.13
p-K411E AG 17193 (0.5) 0 - - - - -
p-V470M GA 97/193 (50.3) 573/1199 (47.8) 0.66 0.57 0.68 0.38 0.12
AA 25/193 (13.0) 185/1199 (15.4)
pI556V AG 10/193 (5.2) 78/1150 (6.8) 0.70 0.79 0.81 >0.99 0.45
GG 0/193 (0) 3/1150 (0.3)
p.E585X GT 1/193 (0.5) 0 - - - - -
p.LI9571s 1/193 (0.5) 0 - - - - -
p.L1156F GT 14/193 (7.3) 45/1136 (4.0) 0.04 0.06 0.07 0.11 0.30
TT 17193 (0.5) 1/1136 (0.1)
p.G1349S GA 1/193 (0.5) 4/1094 (0.4) 0.56 0.19 >0.99 >0.99 >0.99
p.Q1352H GC 20/193 (10.4) 57/1153 (4.9) 0.009 0.12 0.037 0.17 0.062
cC 0/193 (0) 1/1153 (0.1)
p.R1453W CcT 10/193 (5.2) 42/1144 (3.7) 0.32 0.25 0.49 0.45 >0.99
CP chronic pancreatitis, HGVB Human Genetic Variation Database
P values were determined versus HGVD by the Fisher’s exact test
Table 4 Synonymous variants in the exons of the CFTR gene detected in this study
Exon Synonymous Amino acid dbSNP135 Genotype Alcoholic Idiopathic Hereditary/
variant change CP (%) CP (%) familial CP (%)
4 ¢.372C>T p.Gl124= - CT 0/46 (0) 1/121 (0.8) 0/26 (0)
13 c.1731C>T p.YS77= 1s55928397 CT 0/46 (0) 1/121 (0.8) 0/26 (0)
15 ¢.2562T>G p.T854= rs1042077 TG 20/46 (43.5) 69/121 (57.0) 12/26 (46.2)
GG 6/46 (13.0) 18/121 (14.9) 0/26 (0)
23 ¢.3723C>A p-Gl241= rs185065886 CA 1/46 (2.2) 0/121 (O) 0/26 (0)
25 ¢.3975A>G p-R1325= - AG 0/46 (0) 1/121 (0.8) 0/26 (0)
27 c.4254G>A pE1418= - GA 0/46 (0) 1/121 (0.8) 0/26 (0)
27 ¢.4389G>A p.Q1463= rs1800136 GA 1/46 (2.2) 3/121 (2.5) 0/26 (0)

CP chronic pancreatitis

heterozygous form (Table 6). The nonsense variant
¢.1753G>T (p.E585X) was found in a patient with alcoholic
CP. He was diagnosed as having alcoholic CP at 28 years
old. The ¢.1231A>G (p411E) variant was found in a
19-year-old male with idiopathic CP. He had suffered from
pancreatitis attacks since 12 years old. ERCP showed mul-
tiple stones in the main pancreatic duct. He underwent
extracorporeal shock wave lithotripsy for the treatment of
pancreatic stones. The patient also had the c.3468G>T
(p.L1156F) variant in a heterozygous form. None of these
three patients had known pancreatitis susceptibility muta-
tions in the PRSSI, SPINKI, CTRC, or CPAI genes
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(Table 6). All of the patients carrying the novel synonymous
variants were idiopathic CP (Table 4).
The frequency of the ¢.4056G>C (p.Q1352H) variant

was higher in all patients with CP than that in controls
(P = 0.009; Table 3). Stratification based on the etiologies
showed that the association was significant in patients with
nonalcoholic CP (combination of cases with idiopathic,
hereditary, and familial CP) (P = 0.037). The frequency of
the ¢.3468G>T (p.L1156F) variant was also higher in
patients with CP than that in controls (P = 0.04). There
were no significant difference for any other non-synony-
mous or synonymous variants detected in the exons



Dig Dis Sci

Table 5 Comparison of the synonymous variant frequencies between the patients with CP and controls

Synonymous Genotype All CP (%) HGVD (%) P value (vs. HGVD)
variant AICP  Alcoholic  Nonalcoholic  Idiopathic  Hereditary/
CP Cp CP familial CP
c.C372T CT 1/193 (0.5) 0 - - - - -
c.1731C>T CT 1/193 (0.5) 0 - - - - -
¢.2562T>G TG 101/193 (52.3) 528/1154 (45.8) 0.22 0.81 0.11 0.045 0.033
GG 24/193 (12.4) 181/1154 (15.7)
¢.3723C>A CA 1/193 (0.5) 3/671 (4.5) >0.99 0.23 >0.99 >0.99 >0.99
¢.3975A>G AG 1/193 (0.5) 0 - - - - -
c.4254G>A GA 1/193 (0.5) 0 - - - - -
c.4389G>A GA 4/193 (2.1) 40/1112 (3.6) 0.48 >0.99 0.53 0.81 >0.99
AA 0/193 (0) 1/1112 (0.1)
CP chronic pancreatitis, HGVD Human Genetic Variation Database
P values were determined against HGVD by the Fisher’s exact test
Table 6 Total CFIR Case# Etiology  Ageat Rare Additional non- ¢.1210-34TG(9_13) Mutation in
sequencing results of patients onset  variant synonymous ¢.1210-12T(5_9) other pancreatitis
carrying rare non-synonymous variants susceptibility
CFTR variants genes®
Al Idiopathic 34 p.R31C/- p-R1453W/- TGIU/TGLL, 7T/7T -
A2 Idiopathic 8 p.R31C/- - TG11/TG12, 7T/7T -
A3 Idiopathic 16 p.R31C/- - TG11/TG12, 7T/7T -
A4 Idiopathic 10 p-R31H/- - TG11/TG12, 7T/7T -
A5 Idiopathic 16 p.J125T/- p.L1156F/- TG11/TG12, 7T/TT  CTRC p.R29QY/-
A6 Idiopathic 2 p.J125T/- — TGI11/TG12, 7T/7T -
A7 Hereditary 28 p.I125T/- p.R1453W/- TG1UTG12, 7T/7T ~
A8 Idiopathic 19 p.K411E/- p/LL1156F/- TG11/TG12, 7T/TT -~
2 pancreatitis-associated A9 Alcoholic 28 pES8SX/-  pJ5S6V/- TGII/TGIL, 7T/IT -
mutations in the PRSS], Al0 Idiopathic 21 p.L957fs/- p-Q1352H/- TG11/TG12, 7T/TT -
SPINKI, CTRC, and CPAI All  Alcoholic 40 p.G1349S/- — TGI/TG11, 7TT/TT -

genes

between all patients with CP and controls (Tables 3, 5).
The frequency of the ¢.2562T>G variant was different
between the controls and the patients with idiopathic or
hereditary/familial CP.

The 5T and, more rarely, 3T splicing variants of the
intron 9 acceptor splice site [c.1210-12T(5_9)] are con-
sidered to be variants associated with CFTR-RD [16]. The
5T or 3T allele is a polymorphic variant with variable
penetrance, causing less efficient exon 10 splicing and a
lower CFTR transcript level [28]. The splicing efficiency of
exon 10 is further affected by the length of the adjacent TG
repeat [c.1210-34TG(9_13)]. The distribution of the
¢.1210-34TG(9_13) and c.1210-12T(5_9) variants is
shown in Table 7. In our cohort, nine patients with CP had
the 5T allele, all in a heterozygous form. Four patients (two
alcoholic, one idiopathic, one hereditary) had the 5T-TG13.
No patient had the haplotype TG10-7T-M470, which was
reported to increase the risk of idiopathic CP [28].

It has been increasingly recognized that compound and
trans-heterozygosity in the pancreatitis susceptibility genes
are an overt risk factor for idiopathic CP [29-32]. Among
the 193 patients with CP enrolled in this study, 29 patients
had pancreatitis-associated mutations in the PRSSI,
SPINKI, CTRC, and CPAI genes. Among these, nine
patients had the non-synonymous CFTR variants, which
are probably damaging based on the SIFT and/or the
PolyPhen-2 prediction (Table 8).

Discussion

In this study, we performed comprehensive analysis of the
variants in the CFTR gene by targeted NGS. To our
knowledge, this is the first study to analyze pancreatitis
susceptibility genes by targeted NGS. Comprehensive
analysis by targeted NGS enabled us to identify novel and
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Table 7 Distribution of the

¢.1210-34TG(9_13), All CP Alcoholic CP Idiopathic CP Hereditary/

¢.1210-34TG(O_13) and c.1210- ¢ 1210.127T(5_9) (%) (%) (%) familial CP (%)

12T(5_9) variants in patients

with CP TGIO/TG11, 7T/9T 1/193 (0.5) 0/46 (0) 17121 (0.8) 0/26 (0)
TGI/TG11, TT/7T 46/193 (23.8) 15/46 (32.6) 23/121 (19.0) 8/26 (30.8)
TGLI/TGI1L, TT/9T 4/193 (2.1) 1/46 (2.2) 3/121 (2.5) 0/26 (0)
TGL/TG12, ST/TT 5/193 (2.6) 0/46 (0) 4/121 (3.3) 1726 (3.8)
TGI/TG12, 6T/7T 1/193 (0.5) 0/46 (0) 1/121 (0.8) 0/26 (0)
TGI/TG12, TT/IT 124/193 (64.2) 27/46 (58.7) 81/121 (66.9) 16/26 (61.5)
TG11/TG13, 6T/TT 1/193 (0.5) 1/46 (2.2) 0/121 (0) 0/26 (0)
TG11/TG13, 7T/1T 17193 (0.5) 0/46 (0) 1/121 (0.8) 0/26 (0)
TG12TG12, TT/1T 6/193 (3.1) 0/46 (0) 6/121 (5.0) 0/26 (0)
TG12/TG13, ST/1T 4/193 (2.1) 2/46 (4.3) 1/121 (0.8) 126 3.8)

CP chronic pancreatitis

rare variants in the CFTR gene. The ¢.1753G>T (p.E585X)
variant is a nonsense variant, and the ¢.2869delC
(p.L957fs) variant leads to a stop codon afterward at amino
acid 967. These variants result in a heavily truncated pro-
tein missing nearly two-thirds (p.E585X) or more than one-
third (p.L957fs) of its amino acids. Because we did not
perform functional assays, we do not have direct evidence
that these two variants cause loss of the CFTR expression
and/or function. However, a general acknowledgment has
been agreed that mutations of this type, called class I
mutations, are associated with complete loss or near
complete loss of the CFTR function (<3 % of wild-type
CFTR function) [33, 34]. The pathogenic potential of
another novel variant, c.1231A>G (p.K411E), is currently
unknown, but the in silico analyses suggest that this variant
is deleterious. Importantly, the clinical phenotype of this
patient might be complicated by the presence of another
variant, p.L.1156F. Noone et al. [30] reported that pancre-
atitis risk was increased approximately 40-fold by having
two CFTR mutations. This is also the case with the
¢.374T>C (p.I125T) variant. Two of the three patients
carrying this variant had other non-synonymous variants
(pI556V and p.R1453W). This p.I125T variant was orig-
inally reported in Chinese patients with idiopathic bron-
chiectasis and considered to be associated with CFTR-RD
[35].

There are considerable regional and ethnic variations in
the spectrum of the CFTR mutations [15]. Approximately
70 % of individuals with CF in the Caucasian population
are homozygous for the F508del mutation, and almost
90 % of the patients have at least one F508del allele [36].
This mutation is extremely rare in the Japanese population,
accounting for the rare presentation of classical CF in this
region (approximately 1/350,000 live births) [37]. It is not
surprising that the CF-causing mutations are frequently
found in Caucasians, but very rarely in East Asia. Audrézet
et al. [29] reported from France that at least 20 % of the
patients with idiopathic CP carried one of the most
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common CFTR mutations. Fujiki et al. [38] reported from
Japan that none of the 20 common CF-causing mutations
was found in 65 Japanese patients with CP (51 alcoholic
and 14 idiopathic). Wang et al. [39] reported comprehen-
sive screening of pancreatitis susceptibility genes including
CFTR in 75 pediatric patients with idiopathic CP from
China. They identified a novel 8-bp deletion in exon 4, but
not the common CF-causing mutations. In this study, we
found no common severe CF-causing mutations, in agree-
ment with these previous studies from East Asia.

We found a significant association between the
p.Q1352H variant and CP. This finding confirms the pre-
vious reports from Japan and Korea showing that this
variant was over-presented in patients with CP compared to
controls [38, 40]. Fujiki et al. [38] from Japan reported that
the frequency of this variant was higher in patients with CP
(8/65, 12.3 %) than in controls (6/162, 3.7 %). Lee et al.
[40] reported from Korea that 14.3 % (4/28) of the patients
with CP had this variant, whereas only 0.9 % (1/117) of the
controls did. Glutamine at 1,352 is located in the second
nucleotide-binding fold of CFTR, and its change to histi-
dine (p.Q1352H) causes reductions in both the protein
expression and channel activity of CFTR [40]. Similarly,
we found that the p.L1156F variant was overexpressed in
patients with CP. A functional study reported reduced C17/
HCO;™ permeability in the presence of the p.L1156F
variant [41].

Gene—gene interactions of known pancreatitis suscepti-
bility genes, especially between the CFTR and SPINKI
genes, have been increasingly recognized. Indeed, seven
out of 25 patients carrying the SPINKI variant(s) had the
CFTR p.Q1352H and/or p.LL1156F variants. One patient
was trans-heterozygous for the CTRC p.R29Q and CFTR
p.1125T/p.L1156F variants. Noone et al. [30] reported that
pancreatitis risk was increased approximately 40-fold by
having two CFTR mutations, 20-fold by having the
SPINKI p.N34S variant, and 900-fold by having both.
Trans-heterozygosity of the SPINKI p.N34S with the



Dig Dis Sci

Table 8 Total CFTR sequencing results of patients with SPINKI, PRSS1, CTRC, or CPAI mutations

Case# Etiology CFTR variants® ¢.1210-34TG(9_13) SPINKI PRSS1 CTRC CPAI
¢.1210-12T(5_9)
Bl Familial p.Q1352H/- TG11/TG12, 7T/7T p.N34S/p.N34S
B2 Idiopathic - TGI12/TG12, 7T/TT p.N34S/p.N34S
B3 Idiopathic — TG11/TG12, 7T/TT p.N34S/p.N34S
B4 Idiopathic  p.L1156F/-, TG11/TG11, 7T/7T  p.N34S/-
p.Q1352H/-
B5 Idiopathic  p.QI1352H/- TGI11/TG12, 7T/TT p.N34S/-
B6 Idiopathic  p.Q1352H/- TG11/TG12, 7T/TT p.N34S/-
B7 Idiopathic — TG11/TG12, 7TT/TT p.N34S/-
B8 Idiopathic - TG11/TG12, 7T/TT p.N34S/-
B9 Idiopathic — TG11/TG12, TT/IT p.N34S/-
B10  Idiopathic - TG11/TG12, 7TT/IT p.N34S/-
B1l  Idiopathic - TG11/TG12, 7T/TT p.N34S/-
B12  Idiopathic - TG11/TG12, 7T/TT p.N34S/-
B13  Idiopathic - TG11/TG12, 7T/TT p.N34S/-
B14  Alcoholic - TG12/TG13, 5ST/TT p.N34S/-
B15  Idiopathic - TGI11/TG12, 7T/TT p.N34S/AVS3+2T>C
B16  Idiopathic p.R1453W/- TGI/TG11, 7T/TT p.N34S/IVS3+2T>C
B17  Idiopathic - TGIU/TGI12, 7TT/IT  IVS342T>C/AVS342T>C
B18  Idiopathic - TGIU/TG12, 7T/TT 1VS34+2T>C/IVS3+2T>C
B19  Hereditary p.J125T/-, TG11/TG12, 5ST/TT IVS3+2T>C/-
p.L1156F/-
B20  Familial p.L1156F/- TG11/TG12, 7T/IT 1IVS3+2T>C/-
B21  Idiopathic — TG11/TG12, 7T/7T IVS3+2T>C/-
B22  Alcoholic  p.QI352H/- TGIU/TG12, 7T/TT IVS3+2T>C/-
B23  Alcoholic - TG11/TG12, 7T/TT 1VS3+2T>C/-
B24  Idiopathic - TG11/TG12, 7T/TT p.P45S/-
B25  Idiopathic - TG12/TG12, 7T/IT IVS3+2T>C/- p.R122H/-
B26  Hereditary TG11/TG12, 7T/7T p.R122H/-
B27  Idiopathic p.J556V/- TG11/TG12, 7T/7T p.N29V/-
B28  Idiopathic p.J125T/-, p.L1156F/- TGI11/TG12, 7T/7T p.R29Q/-

B29 Idiopathic - TGI1/TG12, 7T/7T

p.T368_Y36%ins20/-

Nine patients had the non-synonymous CFTR variants, which are probably damaging based on the SIFT or the PolyPhen-2 prediction

The p.I556V variant appeared to be benign based on the SIFT or the PolyPhen-2 prediction

Case B28 is the same as AS in Table 6

* We excluded the p.V470M variant from the list because of its similar frequencies in patients and controls

CFTR p.R75Q wasreported toincrease CPrisk [31]. 6.5 % of
the patients with idiopathic or hereditary CP carried variants
in at least two pancreatitis susceptibility genes [32]. Whether
the coinheritance of variants/mutations in pancreatitis sus-
ceptibility gene is a bona fide example of digenic inheritance
or interaction between a disease-causing gene and a genetic
modifier is unclear in most cases [42].

We used targeted sequence capture and high-throughput
NGS to detect variants in the CFTR gene. Due to the large

size (27 exons, 1,480 amino acids), traditional technolo-
gies, such as PCR and capillary sequencing, are time- and
cost-consuming. A major advantage of the HaloPlex-tar-
geted enrichment system is the convenient workflow,
integrating both capture and library preparation. The pro-
tocol allows one person to prepare a set of finished libraries
within two working days and requires no larger specialized
instruments. Sequence capture eliminates the necessity of
setting up hundreds of PCR, instead allowing for parallel

_@__ Springer
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enrichment of target regions in a single experiment. A
weakness of this method is that the detection of larger copy
number variations would require different methods. We have
designed the HaloPlex platform for more than 70 genes,
including the known pancreatitis susceptibility genes such as
CFTR, PRSS1, SPINKI, CTRC, and CPA]. This system has
allowed us to perform rapid screening of the known suscep-
tibility genes simultaneously and gives an overview of
potentially pathogenic variants in patients with pancreatitis.
In addition, our HaloPlex platform includes candidates of
novel pancreatitis susceptibility genes such as pancreatic
digestive enzymes, those highly expressed in the pancreas and
those related to autophagy and endoplasmic reticulum stress.
This system might contribute to the identification of novel
pancreatitis susceptibility genes in the future.
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Noonan syndrome with multiple lentigines (NSML}, formerly
referred to as LEOPARD syndrome, s a rare autosomal-domi-
nant condition, characterized by multiple lentigines, electrocar-
diographic conduction asbnormalities, ocular hypertelorism,
pulmonary stenosis, abnormal genitalia, growth retardation,
and sensorineural deafness. To date, PTPNII, RAFI, and
BRAF have been reported to be causal for NSML. We report
on a 13-year-old Japanese boy, who was diagnosed with NSML.
He was found to have a novel heterozygous missense variant
{¢c.305A > G; p.EI02G) in MAPZKI, 2 gene mostly causal for
cardio-facio-cutaneous syndrome (CFCS). He manifested fetal
macrosomia, and showed hypotonia and poor sucking in the
neonatal peried. He had mild developmental delay, and multiple
lentigines appearing at approximately age 3 years, as well as
flexion deformity of knees bilaterally, subtle facial character-
istics including ocular hypertelorism, sensorineural hearingloss,
and precocious puberty. He lacked congenital heart defects or
hypertrophic cardiomyopathy, frequently observed in patients
with NSML, mostly caused by PTPNTI mutations, Healso lacked
congenital heart defects, characteristic facial features, or intel-
lectual disability, frequently observed in those with CFCS caused
by MAP2ZKI or MAP2KZ mutations. This may be the first patient
clinically diagnosed with NSML, caused by a mutation in
MAPIKI, © 2014 W iley Perindicals, fnc.

Key words: Noonan syndrome with multiple lentigines
{(NSML); MAPZKI; cardio-facio-cutaneous syndrome (CFCS)

INTRODUCTION

Noonan syndrome with multiple lentigines (NSML), formerly
referred to as LEOPARD syndrome, is a rare autosomal-dominant
multiple congenital anomaly condition, characterized by multiple
lentigines, electrocardiographic (ECG) abnormalities, ocular
hypertelorism, pulmonary stenosis, genital abnormalities, growth
retardation, and sensorineural deafness [Sarkozy et al.,, 2008;

© 2014 Wiley Periodicals, Inc.
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Gelb and Tartaglia, 2010; Martinez-Quintana and Rodriguez-
Gonzalez, 2012]. The diagnosis of NSML is made on clinical
grounds by observation of specific features. Standard diagnostic
criteria for NSML, proposed by Voron et al. [1976]; included
multiple lentigines and two other cardinal features.

Together with Noonan syndrome (NS), Costello syndrome,
cardio-facio-cutaneous syndrome (CFCS), and neurofibromatosis
type 1, NSML is classified as RASopathy, a disorder affecting the
RAS-MAPK signal transduction pathway [Aoki and Matsubara,
2013]. NSML is genetically heterogeneous and three causative genes
have been identified, accounting for approximately 95% of affected
individuals [Martinez-Quintana and Rodriguez-Gonzélez, 2012].
Approximately 85% of patients with NSML have heterozygous
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missense mutations in the protein-tyrosine phosphatase, non-
receptor type 11 (PTPNII) gene (OMIM#151100). To date, 11
different PTPN11 mutations, all localized in the protein-tyrosine
phosphatase (PTP) domain, have been reported in NSML, two of
which (p.T279C and p.T468M) constitute approximately 65% of
the cases [Martinez-Quintana and Rodriguez-Gonzalez, 2012].
Two unrelated patients with NSML were found to have heterozy-
gous missense mutations in the v-Raf-1 murine leukemia viral
oncogene homolog 1 (RAFI) gene (p.L613V and p.S257L)

(OMIM#611554) [Pandit et al., 2007]. The p.L613V mutation
increases kinase activity and enhances downstream ERK activation
[Pandit et al., 2007]. Two unrelated patients with NSML had
heterozygous missense mutations in the v-Raf murine sarcoma
viral oncogene homolog Bl (BRAF) gene (p.T241P and p.L245F)
(OMIM#613707) [Koudova et al., 2009; Sarkozy et al., 2009].
Mitogen-activated protein kinase 1 (MAP2K1) and MAP2K2 are
dual-specificity protein kinases, which function as effectors of the
serine/threonine kinase RAF family members by phosphorylating
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and activating ERK proteins. A heterozygous missense mutation in
MAP2K]1 is known to be causal for CFCS or NS [Allanson and
Roberts, 2011; Rauen, 2012]. To date, all published MAP2KI
mutations occurred in exons 2, 3, and 6.

In this report, we present a patient clinically diagnosed with
NSML, who had a denovo novel and heterozygous MAP2K1 variant
with probable pathogenicity.

CLINICAL REPORT

The patient, a 13-year-old Japanese boy, was the second child of a
healthy 30-year-old mother and a healthy 35-year-old nonconsan-
guineous father. His two brothers were healthy. He was born by
normal vaginal delivery at 41 weeks and 4 days of gestation after an
uncomplicated pregnancy. His birth weight was 4,350 g (+3.2 SD),
length was 51 cm (+1.0 SD), and OFC was 37 cm (+2.6 SD). He
showed hypotonia and sucked poorly in the neonatal period. He

(AT CEGGAG AT LA B AG
199 205 211

CATCTGG AGATCARA
199 205 211

Father

CFCS patients

__p.L42F
p.E44G
p.F53S
p.T55P
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raised his head at age 3 months, rolled over at 4 months, and sat
unsupported at 7 months. He showed no distinctive facial features
and only a few lentigines in infancy (Fig. 1A, B).
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height 0£76.9 cm (—1.6 SD), and OFC 0f45.6 cm (—1.4SD) at age 1
7/12 years. His weight was 11kg (—2.5 SD), height was 90.0 cm
(—2.4 SD), and OFC was 49 cm (—0.4 SD) at age 2 10/12 years.
Lentigines increased on the face and the limbs (Fig. 1C, D). He
walked unassisted at age 3 3/12 years, and spoke a two-word
sentence at 3 years. His intellectual quotient was 60 at 4 years,
and 82 at 7 years. He showed growth acceleration from age 8.5 years,
accompanied by a change in voice, and was diagnosed as precocious
puberty at 9 years with an advanced bone age of 11.5 years. At
age 10 years, his weight was 22.1kg (—1.5 SD), height was 130 cm
(—=1.28D),and OFCwas51.8 cm (—1.0 SD). He underwent surgical
elongation of his hamstrings, which reduced the limitation of
bilateral knee extension from —60° degrees to —20° degrees.
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Atage 11 years, his facial features included ocular hypertelorism,
a long philtrum, thick upper and lower lip vermilions, and thick-
ened ear helices (Fig. 1E, F). He had hyperextensible and dark skin
with multiple lentigines all over the body, several café-au-lait spots,
and fine wrinkles on the palms (Fig. 1G-J). He had a slender habitus
with pectus carinatum, mild scoliosis, slender extremities, and
limited extension of both elbows and knees (Fig. 1K). His weight
was 23.0kg (—1.8 SD) and height was 141 cm (—0.4 SD).

He had no abnormalities in the external genitalia. Resting or
24-hour ECG detected no conduction abnormalities. Echocardi-
ography showed no congenital heart defects, pulmonary valve
stenosis, or hypertrophic cardiomyopathy (HCM). Brain magnetic
resonance imaging showed no structural abnormalities. He had
bilateral mild sensorineural hearing loss with the threshold of 40 dB
at approximately 2 kHz. G-banded chromosomes were normal.

MOLECULAR INVESTIGATION

Genomic DNA wasisolated from the patient’s leukocytes and saliva
and his parents’ leukocytes after appropriate informed consent. All
coding exons and flanking introns in PTPN1I, KRAS, HRAS, and
SOS1, exons 6 and 11-16 in BRAF, exons 7, 14, and 17 in RAFI,

exons 2 and 3 in MAP2K1/2, and exon 1 in SHOC2 were amplified
by polymerase chain reaction (PCR) with primers based on Gen-
Bank sequences. The primer sequences are available on request.
PCR amplification was performed under standard condition using
Taq DNA polymerase. After amplification, the PCR products were
gel-purified and sequenced on the ABI 3500xL automated DNA
sequencer (Applied Biosystems, Carlsbad, CA). A heterozygous
missense variant (c.305A > G, p.E102G) was identified in exon 3 of
MAP2K1 in the patient’s DNA extracted from his leukocytes and
saliva. The variant was not detected in the parental samples (Fig.
2A). No mutation, other than ¢.305A > G in MAP2KI, was
identified by the analysis using custom HaloPlex panel (Agilent
Technologies, Santa Clara, CA) designed to identify mutations in
exons and exon-intron boundaries of the following RASopathy-
related genes: PTPNI11, HRAS, KRAS, NRAS, BRAF, RAFI,
MAP2K1/2, SOS1, SHOC2, CBL, RIT1, NF1, SPREDI, and RRAS.

DISCUSSION

The present patient had multiple lentigines, café-au-lait spots, ocular
hypertelorism, growth impairment, sensorineural hearing loss,
hypotonia, low average intelligence, and skeletal abnormalities.
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He lacked ECG conduction abnormalities, pulmonary stenosis, or
abnormal genitalia. These findings were compatible with the stan-
dard diagnosis of NSML by Voron et al. [1976]. The variant
¢.305A > G, p.E102G was found de novo and not detected in db
SNP Release 137 (http://www.ncbi.nlm.nih.gov/projects/SNP/),
the Exome Sequencing Project (NHLBI-ESP) database
(ESP6500SI-V2) (http://evs.gs.washington.edu/EVS/), the 1000
Genomes Project (1KGP) (http://www.1000genomes.org/), or
the Human Gene Mutation Database (http://www.hgmd.cfac.
uk/ac/index.php). In the COSMIC database, ¢.302_307delTG-
GAGA, resulting in an in-frame deletion (p.E102_T103delEI),
has been identified in two samples with malignant melanoma
and lung cancer (http://cancer.sanger.ac.uk/cancergenome/proj-
ects/cosmic/). The glutamine residue at codon 102 is located in the
kinase domain (residues 68-361) of MAP2AI (Fig. 2B) and is
conserved in higher organisms (Fig. 2C). Polymorphism Pheno-
typing v2 (PolyPhen-2) (http://genetics.bwh.harvard.edu/pph2/)
predicts the variant to be possibly damaging, with a score of 0.711.
In view of this evidence, the variant p.E102G may be causal for
various clinical features consistent with NSML in the patient.
However, no functional characterization of the variant was avail-
able and Sorting Intolerant From Tolerant (SIFT) (http://sift.jcvi.
org) predicts the variant to be tolerated, with a score of 0.09.

We reviewed clinical features of the present patient, previously
reported patients with NSML caused by PTPN 11 mutations in most
(including two caused by RAFI mutations and two caused by BRAF
mutations), and patients with CFCS caused by MAP2KI or
MAP2K?2 mutations (Table I) [Pandit et al., 2007; Dentici et al.,
2009; Koudova et al., 2009; Sarkozy et al., 2009]. Patients with
NSML frequently had congenital heart defects and/or HCM, and
sometimes had pulmonary valve stenosis and/or ECG abnormali-
ties [Wakabayashi et al., 2011; Martinez-Quintana and Rodriguez-
Gongzalez, 2012], none of which were found in the present patient.
Both patients with NSML caused by RAFI mutations had HCM,
additionally, one had pulmonary valve stenosis, and the other had a
mitral valve anomaly [Pandit et al., 2007]. One of the two patients
with NSML caused by BRAF mutations had tetralogy of Fallot and
the other had mitral and aortic valve dysplasia [Koudova et al.,
2009; Sarkozy et al., 2009]. Patients with CFCS caused by MAP2K1
or MAP2K2 mutations frequently had congenital heart defects,
polyhydramnios, characteristic facial “coarseness” (sparse hair/
eyebrows, palpebral ptosis, and flat nasal bridge), and intellectual
disability [Dentici et al., 2009], which were not found in the present
patient. They rarely or sometimes had nevi, café-au-lait spots, or
sensorineural hearing loss [Dentici et al., 2009], which were found
inthe present patient. Fetal macrosomia, postnatal failure to thrive/
growth impairment, macrocephaly, hypotonia, developmental
delay, and facial features including hypertelorism and thickened
helices were shared by the present patient and over half of the
patients with CFCS caused by MAP2KI or MAP2K2 mutations.

In conclusion, the present patient may be the first to fit the
standard clinical diagnostic criteria for NSML by Voron et al
[1976]; associated with a MAP2KI mutation. He lacked congenital
heart defects or HCM, frequently observed in those with NSML,
mostly caused by PTPN1I mutations. He had fetal macrosomia,
postnatal failure to thrive/growth impairment, macrocephaly,
hypotonia, developmental delay, and hypertelorism but lacked

congenital heart defect, characteristic facial features, or intellectual
disability; which are frequently observed features in CFCS caused by
MAP2K1 or MAP2K2 mutations. These observations could offer
new insight into the phenotypic spectrum of RASopathies.
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STUDY QUESTION' What percentage of cases with non-syndromic hypospadias can be ascribed to mutations-in known causative/
candidate/susceptibility genes or submicroscopic copy—number variations (CNVs) in the genome?

SUMMARY ANSWER: Monogenic and digenic mutations in known causative genes and cryptic CNVS account for >10% of cases with
non-syndromic'hypospadias. While known susceptibility polymorphisms appear to play a minor role inthe development of this condition,
further stuches are requnred to vahdate this observation.

WHAT IS KNOWN ALREADY: Fifteen causative, three candidate, and 14 suscepnble genes, and a few submmroscoprc CNVs have been
lmphcated in non-syndromic hypospadias.

STUDY DESIGN, SIZE, DURATION: Systematic mutation screening' and genome-wide coypy-number analysis of 62 patients.

PARTICIPANTS/MATERIALS, SETTING, METHODS: The study group consisted of 57 Japanese and five Viethamese patients with
non-syndromic hypoSpadias.'Systematic mutation screening was performed for. 25 known causative/candidate/susceptibility. genes using a
next-generation sequéncer. Functional consequences of nucleotide alterations were assessed by in silico assays. The frequencies of polymorph-
isms in the patient group were compared with those in the male general population. CNVs were analyzed by array-based comparative genomic
hybridization and characterized by fluorescence in situ hybridization.

MAIN RESULTS AND THE ROLE OF CHARNCE:! Seven of 62 patients with anterior or posterior hypospadvas carried putative pathogenic

~ mutations, such as hemizygous mutations in AR, a heterozygous mutation in BNC2, and homozygous mutations in SRD5A2 and HSD3B2. Two of
the seven patients had mutations in multiple genes. We did not find any rare polymorphisms that were abundant specifically in the patient group.
One patient carried mosaic dicentric Y chromosome.

© The Author 2015. Published by Oxford University Press on behalf of the European Society of Human Reproduction and Embryology. All rights reserved.
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LIMITATIONS, REASONS FOR CAUTION: The patient group consisted solely of Japanese and Vietnamese individuals and c|inical'and :
hormonal information of the patients remained rather fragmentary. In addition, mutation analysis focused on protein-altering substitutions.
WIDER IMPLICATIONS OF THE FINDINGS: Our data provide evidence that pathogenic mutations can underlie both mild and severe
hypospadias and that HSD3B2 mutations cause non-syndromic hypospadias as a sole clinical manifestation. Mostimportantly, this is the first report

documenting possible oligogenicity of non-syndromic hypospadias.
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introduction

Hypospadias is a relatively common form of 46 XY disorders of sex de-
velopment (DSD) observed in ~4-40 per 10 000 live births (Kurahashi
et al., 2004; Nassar et al., 2007; Blaschko et al., 2012). Hypospadias
occurs either as an isolated anomaly or as a component of congenital
malformation syndromes (Wu et al., 2002; Kurahashi et al., 2004).
Although non-syndromic hypospadias is a multifactorial disorder
induced by both genetic and environmental factors, this condition can
also take place as a result of single gene mutations (Kurahashi et dl.
2004; Wang et dl., 2004; Chen et al., 2007; Kéhler et al., 2009). Previous
studies revealed familial aggregation of non-syndromic hypospadias
(Schnack et al., 2008; van Rooij et al., 201 3). In most cases, familial hypo-
spadias is equally transmitted from the paternal and maternal sides of the
family and shows similar recurrence risks between the brothers and sons
of patients, indicating a significant role of single gene mutations in the
development of the disease (Schnack et al., 2008).

In 2012, van der Zanden et al. (2012) reviewed |62 prior studies and
‘listed 15 causative genes and three candidate genes for this condition.
They also introduced 49 polymorphisms in |3 genes associated with
disease risk, together with one susceptibility gene CYP/A/ whose risk
allele is yet to be determined. To date, however, there is no single
report of systematic mutation analysis of the causative/candidate/
susceptible genes. Likewise, while a small number of submicroscopic
copy-number variations (CNVs) have been identified in patients with
non-syndromic hypospadias (Tannour-Louet et al., 2010), genome-wide
copy-number analysis has been performed only in exceptional cases.
Thus, the contribution of single gene mutations and submicroscopic
CNVs to the etiology of non-syndromic hypospadias remains unknown.

The aim of this study was to clarify the frequency and type of genetic
defects in patients with non-syndromic hypospadias. This study consisted
of systematic mutation screening using next-generation sequencing (NGS)
technology and cytogenetic analyses using comparative genomic hybridiza-
tion (CGH) and fluorescence in situ hybridization (FISH).

Materials and Methods

Patients

A total of 57 Japanese and 5 Vietnamese patients with hypospadias parti-
cipated in the study (Table ). All patients were referred to our clinics
because of hypospadias. Patients with additional clinical features except for

cryptorchidism and micropenis and those with cytogenetically detectable
chromosomal abnormalities were excluded from this study. The 62 patients
had no family history of 46,XY DSD. One of the 62 patients (case |8) was
born to consanguineous parents. Hospital records of genital features at
birth were obtained for 49 patients. Eleven patients manifested relatively
mild hypospadias with the urethral opening at the anterior portion of the
penis, while 14 and 24 patients presented with moderate (middle) and
severe (posterior) hypospadias, respectively. Cryptorchidism and micrope-
nis were observedin 5 and | | patients, respectively.

Ethical approval

This study was approved by the Institutional Review Board Committee at the
National Center for Child Health and Development and performed after
obtaining written informed consent from the parents of patients.

identification of nucleotide substitutions

Sequence analysis was carried out for 25 known causative/candidate/
susceptible genes for non-syndromic hypospadias, i.e. AR, ATF3, BMP4,
BMP7, BNC2, CTGF, CYPIAI, CYR6!, DGKK, EGF, ESRI, ESR2, FGF8, FGFR2,
GSTMI, GSTTI, HOXA4, HOXBé6, HSD3B2, HSDI7B3, MAMLD!, MIDI,
NR5AI (alias SFI), SRD5A2, and WTT (van der Zanden et al., 2012). The
coding regions of these genes were amplified from genomic DNA using
the Haloplex Target Enrichment System (Design ID 02185-1348467147)
(Agilent Technologies, Palo Alto, CA, USA), and were sequenced as
150 bp paired-end reads on a MiSeq sequencer (lllumina, San Diego, CA,
USA). The average read depth of each amplicon was 115.0. Subsequently,
nucleotide alterations in the samples were called by the Surecall system
(Agilent Technologies) and SAMtools 0.1.17 software (http://samtools.
sourceforge.net, 12 January 2015, date last accessed) (Li et al., 2009). In
the present study, we focused on non-synonymous substitutions in the
coding regions and nucleotide changes at splice sites. Substitutions detected
by NGS were confirmed by Sanger direct sequencing. The primers utilized in
the present study are available upon request.

Characterization of nucleotide substitutions

Functional consequences of nucleotide alterations were predicted by in silico
analyses. Single nucleotide polymorphisms (SNPs) with allele frequencies of
> 1.0%inthe general population (dbSNP, http://www.ncbinim.nih.gov/, 12
January 2015, date last accessed), except for those that have been reported
as risk alleles (van der Zanden et al., 2012), were excluded from further
analyses. The effects of missense substitutions on protein function were
predicted using Polyphen2 (http://genetics.bwh.harvard.edu/pph2/, 12
January 2015, date last accessed) (Adzhubei et al., 2010), and those of
intronic substitutions on splicing were assessed using Genome Project
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Table I Nucleotide alterations identified in the present study.

Case®

Ethnic

origin

Putative pathogenic

mutation

Putative risk variant

Probable benign
change

Copy-number
alteration

Position of urethral
opening®

Cryptorchidism

Micropenis

W

AV« -BEN B NIV |

o
I
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

27
28
29
30
31
32

L G VU VO G G . et bt

— e e e e e

AR (p.SI76R)
AR (p.A403Y)

AR (p.R841S)

AR (delins®)

HOXB6 (p.S2N)

BNC2 (p.M80IR)
SRD5A2 (p.R227Q)¢
HSD3B2 (p.A10T)

HSD 1783 (p.G2895)
MAMLD (p.N662S)

HSD 1783 (p.G2895)
SRD5A2 (p.R227Q)°
HSD 1783 (p.G2895)
MAMLDI! (p.N662S)
CYPIAI (p.Q75P)
CYPIAT (p.AG2P)
BMP7 (p.T170M)

HSD 1 783 (p.G2895)
HSD 1 783 (p.G2895)
HSDI17B3 (p.G289S)
HSD 1783 (p.G289S)
HSD 1 783 (p.G2895)
HSD 783 (p.G289S)
HSD 1783 (p.G289S)
HSD 1783 (p.G2895)
HSDI17B3 (p.G289S)
HSD 1783 (p.G2895)
HSD178B3 (p.G289S)
HSD 1783 (p.G2895)
HSD 1783 (p.G2895)

HSD1783 (p.G289S)
MAMLDI (p.N662S)

HSD 1783 (p.G289S)
HSD 1783 (p.G2895)
MAMLDI (p.N662S)
HSD 1783 (p.G2895)
HSD 783 (p.G2895)
MAMLDI (p.N662S)

e

CYPIAI (p.TI73R) Y chromosome’

BNC2 (p.M539V)
BNC2 (p.P614S)
EGF (p.SI6R)
FGFR2 (p.M97V)
EGF (p.SI6R)

HSD3B2 (p.5284l)
EGF (pSI6R)

Anterior
No data
Posterior

No data

Posterior
Posterior
Posterior
Posterior
Anterior
Middle
Middle
Middle
No data
Posterior
Posterior
Posterior
Posterior
Posterior
Middle
Middle
Middle
Anterior
No data
No data
No data
Middle

No data
No data
Posterior
Anterior
Middle

Posterior
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No data

No

No

Yes (right)
No

No

No data
No

Yes (right)
No

Yes (right)
No data
No

No

No data
No data
No data
No

No data
No data
No
No data
No
No

No data
Yes
No data

No data
No

Yes
No data
Yes
No
No data
No data
No data
No

No data
No data
No
No data
No
No

Continued
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Table I Continued

Micropenis

Cryptorchidism

Position of urethral

opening®

Copy-number
alteration

Probable benign
change

Putative pathogenic Putative risk variant
mutation

Ethnic

Case®

origin

HSD3B2 (p.R362W)

HSD 1783 (p.G2895)

No data
No data

Yes

No data
No data

No

Anterior

33

Posterior

NRSAT (gIV52-5G>A)
HOXB6 (p.P405)

34
35

Posterior

No data
No

No data
No

Posterior

MAMLDI (p.N675K)

ESR2 (p.G675)
EGF (p.SI6R)

36
37
38

Posterior
Middle

No data

No data

I e mm wem, o o —

BNC2 (p.1974V)

], Japanese; V, Vietnamese.

Homozygous or hemizygous mutations/variations are boldfaced, and heterozygous substitutions are fightfaced.

“Cases 39-62 carried no nucleotide alterations in the target genes.

"Detailed clinical information was obtained only from 49 of the 62 patients.

¢.1995delTGAAGGCTATGAATGTCinsCAGAA, p.666delEGYECQinsRK.

YHomozygosity and heterozygosity of this mutation were described as a pathogenic defect and a disease-susceptible alteration, respectively.

“Copy-number gain of the region from Ypter to-Yql 1.223 and copy-number:loss of the remaining Y chromosomal region.

Data (htep://www.fruitfly.org/seq_tools/splice.html, 12 January 2015, date
last accessed) (Reese et al., 1997). Nucleotide deletions and insertions in the
coding regions were assessed as ‘probably damaging'.

Nucleotide alterations were classified into the following three groups:
(i) putative pathogenic mutations: mutations that have been associated
with 46,XY DSD or hitherto unreported nucleotide changes in causative
genes that were assessed as ‘probably damaging’ or ‘possibly damaging’
by in silico analyses; (i) putative risk variants: previously reported risk SNPs
or novel substitutions in susceptibility genes, or rare SNPs in causative
genes that were assessed as ‘probably damaging’ or ‘possibly damaging’;
and (iii) probable benign changes: nucleotide substitutions in causative/
susceptible/candidate genes that were assessed as ‘benign’. To determine
the possible association between the SNPs (putative risk variants and prob-
able benign changes) and disease risk, we compared allele frequencies in the
patient group with those in the male general population. In the SNP analysis,
we focused on Japanese patients, for whom the allele frequencies in the
general population were available in the public database (dbSNP, http://
www.nebi.nim.nih.gov/, 12 January 2015, date last accessed).

Statistical analysis
The statistical significance of the comparison of allele frequency in the patient

group and the general population was evaluated using ,\/2 and Fisher's exact
probability tests.

Copy-number analyses

CNVs in the genome were screened by CGH using a catalog human array
(8 x 60 k format, catalog number G4450A, Agilent Technologies), accord-
ing to the manufacturers’ instructions. In this study, we focused on copy-
number alterations affecting genomic intervals larger than 1.5 Mb, which
have a higher probability of being associated with disease phenotypes
(Cooper et al., 201 1). We referred to the Database of Genomic Variants
(htep://projects.tcag.ca/variation/, |2 January 2015, date last accessed) to
exclude known benign variants. Genomic structures of CNVs were charac-
terized by FISH analysis.

Results

{dentification and characterization
of nucleotide substitutions

Eight putative pathogenic mutations were identified in seven patients
(Table | and Fig. 1). The eight mutations consisted of three hemizygous
missense mutations and one hemizygous deletion/insertion in AR, one
heterozygous missense mutation in HOXB6, one heterozygous missense
mutation in BNC2, and apparent homozygous mutations in SRD5A2 and
HSD3B2. Ofthese, the ARmutation in case 3 and the SRD5A2 mutationin
case 6 were previously identified in patients with 46,XY DSD (Melo et dl.,
2003 in which the p.R841S mutation in AR was described as p.R840S;
Sasaki et al., 2003; van der Zanden et al, 2012), while the other
mutations were first identified in the present study.

Putative risk variants were identified in 30 patients (Table | and
Supplementary Table SI). These variants included three known risk
alleles for hypospadias and/or micropenis: rs2066476 in HSD/7B3,
rs2073043 in MAMLD | and rs9332964 in SRD5A2 (Sasaki et dl., 2003;
Fukami et al., 2008; Sata et al., 2010; Kalfa et al,, 201 |; van der Zanden
et al, 2012). The SNPs in HSD/7B3 and MAMLD| were identified in
the Japanese patient group and the male general population at similar
frequencies. We also identified a rare SNP in the causative gene
CYPIAI which was shared by the Japanese patients and the male
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Figure [ Putative pathogenic mutations identified in the present study. Genomic positions and chromatograms of the nucleotide subststutlons are

shown. Asterisks indicate the mutated nuclectides.

general population at a similar frequency, together with a SNP in BMP4
whose frequency in the general population is unknown.

Probable benign changes were found in |3 patients (Table | and
Supplementary Table Sl). These substitutions included a rare SNP in
EGF which was identified in the patient group and in the general popula-
tion at similar frequency. We also detected SNPs in ESR2 and BNC2
that had unknown frequencies in the general population, together with
a novel substitution in intron 2 of NR5A/ (g.V§2-5G>A) that was
predicted to not affect splicing.

Copy-number analyses

One of the 62 patients (case 8) carried CNVs on the Y chromosome
(Fig. 2A). These alterations consisted of copy-number gain of a
~23 Mb region from Ypter to Yql .223 and copy-number loss of the
remaining Y chromosomal region. The log2 signal ratios of most
probes corresponding to the amplified and deleted regions were lower
than + (.0 and higher than —2.0 respectively, indicating mosaicism of
these CNVs. FISH analysis using a SRY-containing probe showed that
case 8 had mosaic dicentric Y (Fig. 2B). CGH analysis-for case 6 with
an apparently homozygous SRD5A2 mutation and case 7 with an
apparently homozygous HSD3B2 mutation excluded compound hetero-
zygosity for a mutation and deletion (data not shown).

Clinical findings of patients with putative
pathogenic defects

Putative pathogenic defects were associated with both anterior and
posterior hypospadias (Table ll). Endocrine evaluation of cases |-8

remained fragmentary; blood hormone levels in cases 3 and 7 were
within the normal range (Table ).

Discussion

Systematic mutation screening identified putative pathogenic mutations
in 7 of 62 patients with non-syndromic hypospadias. These results, in
conjunction with previous studies showing that ~30% of cases with
severe hypospadias are ascribable to specific defects such as mutations
inAR or SRD5A2 (Albers et dl., 1997; Boehmeretal., 2001), demonstrate
the significant role of mutations in known causative genes in the etiology
of non-syndromic hypospadias. Furthermore, our results support the
previously proposed notion that genetic defects in AR account for a sub-
stantial percentage of cases with various types of 46,XY DSD (Albers
etal., 1997; Boehmer et al., 2001; Audi et al., 2010) and that mutations
in HSD3B2 can lead to non-syndromic hypospadias as a sole clinical
manifestation, although HSD3B2 plays an essential role in adrenal func-
tion (Boehmer et al, 2001; Codner et al, 2004; Audi et al., 2010).
Case 3 carried the p.R841S mutation in AR, which have been identified
in patients with ambiguous genitalia (Melo et al., 2003), suggesting the
phenotypic diversity of missense mutations in AR. Notably, two of our
patients had putative pathogenic mutations in multiple genes. Case 4
carried a hemizygous in-frame deletion/insertion in AR and a heterozy-
gous missense substitution in HOXB6. Likewise, case 7 with a homozy-
gous missense mutation in HSD3B2 had an additional heterozygous
missense mutation in SRD5AZ2 that retains 3% of enzymatic activity
(Makridakis et al., 2000; Sasaki et al., 2003). These data imply for the
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A Y chromosome
+2.0]
O 2
'2.0 #§ B
B B
SRY DYZ3

dicentric Y

Figure 2 Copy-number alterations identified in case 8. Results of array-based comparative genomic hybridization (CGH) (A) and fluorescence in situ
hybridization (FISH) analysis and schematic representation of the dicentric Y chromosome (B) are shown. The black, red and green dots in CGH
denote signals indicative of the normal, increased (>>+0.4) and decreased (<< —0.8) copy-numbers, respectively. The arrowhead and thick arrows in
FISH indicate a signal of DYZ3 (Y centromeric probe) and signals of SRY-containing probe (Yp11.3), respectively. The thin arrows in the left panel indicate

signals of X centromeric probe.

Table Il Molecular and clinical findings of patients with putative pathogenic abnormalities.

Case | Case 2 Case 3
Affected gene/region AR AR AR
Ethnic origin Japanese  Japanese  Japanese
Family history of DSD No Nodata  No
Clinical features
Hypospadias® Anterior  No data Posterior
Cryptorchidism No No data No
Micropenis No Nodata  Yes
Other features No No data No
Endocrine findings
Age at examination No data No data 15 months
LH (lu/1)© Nodata  Nodata  <0.2(<0.2-0.3)
FSH (1U/1)° Nodata  Nodata  <1.0(<!.0-1.5)
Testosterone (nmol/l)°  No data Nodata  0.17(0.10-0.45)

Case 4 Case 5 Case 6 Case 7 Case 8

AR/HOXB6  BNC2 SRD5A2 HSD3B2 Y chromosome?®

Japanese Japanese  Vietnamese  Vietnamese Japanese

No data No No No No

No data Posterior  Posterior Posterior Posterior

No data No No Yes (right) No

No data No Yes Yes No

No data No No No Borderline MR

No data Nodata  No data 3.5 years No data

No data No data No data No data No data

No data No data No data No data No data

No data No data No data 0.16 No data
(0.10-0.45)

DSD, disorders of sex deVéloprnent; MR, mental retardation; LH, luteinizing hormone; FSH, follicle stimulating hormone:

*Copy-number alterations on Y chromosome.
®Position of urethral opening.

“Hormone values in parentheses indicate the reference ranges of age- and sex-matched control individuals.

first time that non-syndromic hypospadias results from digenic muta-
tions. On the other hand, we did not observe the accumulation of rare
SNPs in the patient group. Our data suggest that previously reported sus-
ceptibility SNPs play no or only minor roles in the development of non-
syndromic hypospadias in the Japanese population. However, we cannot
exclude the possibility that oligogenicity of these SNPs increases the risk

ofthe disease, because a small number of our patients carried these SNPs
as biallelic or digenic substitutions. Considering the small number of par-
ticipants of this study, further investigations are necessary to clarify the
possible association between rare SNPs and the disease phenotype.
Genome-wide copy-number analysis identified cryptic CNVs only in
one patient. Case 8 carried a copy-number gain of a ~23 Mb region

S107 ‘01 Areniga uo 3sans £q /Sio-spumolpiojxo danunyydyny woy papeojumo



Molecular abnormalities in hypospadias

on Yp and Yq and copy-number loss of the remaining Y chromosomal
region. FISH analysis revealed that case 8 had mosaic dicentric
Y, which has been described in multiple patients with hypospadias
(Drummond-Borgetdl., 1988; Kojimaet al., 2001). Ithas been proposed
that dicentric Y results in hypospadias by mosaic loss of the rearranged
Y chromosome or by aberrant expression of Y chromosomal genes
(Drummond-Borg et al., 1988; Kojima et al., 2001). The lack of patho-
genic CNVs in the remaining 61 cases suggests the rarity of cryptic
CNVs as genetic causes of non-syndromic hypospadias.

In this study, putative pathogenic defects were identified predomin-
antly in patients with severe (posterior) hypospadias, while an AR
mutation was detected in case |, who manifested mild (anterior) hypo-
spadias without micropenis or cryptorchidism. In this regard, previous
studies have shown that syndromic hypospadias often arises from
known gene mutations or chromosomal rearrangements (van der
Zanden et al., 2012). These data imply that monogenic mutations can
underlie various types of hypospadias, although they are more strongly
associated with severe or syndromic hypospadias than with mild non-
syndromic hypospadias. Since identification of pathogenic defects can
help to predict disease outcomes and improves the accuracy of genetic
counseling, genetic analyses should be considered in patients with
hypospadias of various clinical severities.

It should be pointed out that the present study has some limitations.
First, the patient group consisted of only Japanese and Vietnamese indi-
viduals. Since the prevalence of hypospadias varies among countries
(Nassar et dl., 2007; Serrano et al., 201 3), there may be ethnicity-specific
causes of hypospadias. For example, mutations in ATF3, which account
for ~10% of cases in the USA (Kalfa et al., 2008), were absent from
our cohort. In contrast, the p.AlOT mutation in HSD3B2 and the
p.R227Q mutation in SRD5A2 were detected exclusively in Vietnamese
patients in homozygous state. Thus, our results are not simply applicable
to other ethnic groups. Second, the frequency of monogenic defects may
be underestimated in this study, because we focused on protein-altering
mutations in 25 genes. Mutations/variations in regulatory regions, de-
fects in unexamined genes and epigenetic abnormalities may be hidden
in our mutation-negative patients. Lastly, clinical information of our
patients remained fragmentary. Although previous studies have revealed
that several factors such as low birthweight, placental insufficiency and
maternal hypertension are associated with the risk of hypospadias
(Stoll et al., 1990; Weidner et al., 1999; Fredell et dl., 2002; Brouwers
et al., 2010), the contributions of such factors to the disease phenotype
of our patients are yet to be studied. Moreover, since endocrine data
were unavailable for most of our mutation-positive cases, further
studies are needed to elucidate the hormonal characteristics of each
monogenic disorder.

Conclusion

The present study indicates that mutations in known causative genes and
submicroscopic CNVs account for > 0% of cases with non-syndromic
hypospadias. Pathogenic defects appear to underlie both severe and mild
hypospadias. On the other hand, previously reported risk SNPs are
unlikely to play a major role in the development of the disease; further
studies are required to validate this observation. Most importantly,
this is the first report documenting the possible oligogenicity of
non-syndromic hypospadias.

Supplementary data

Supplementary dataare available athttp://humrep.oxfordjournals.org/.
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CCAAT/enhancer binding protein-mediated regulation of TGF(
receptor 2 expression determines the hepatoblast fate decision

Kazuo Takayama'??, Kenji Kawabata®, Yasuhito Nagamoto??, Mitsuru Inamura®, Kazuo Ohashi®,
Hiroko Okuno', Tomoko Yamaguchi*, Katsuhisa Tashiro?, Fuminori Sakurai', Takao Hayakawa®,
Teruo Okano®, Miho Kusada Furue’® and Hiroyuki Mizuguchi'?3%+*

ABSTRACT

Human embryonic stem cells (hESCs) and their derivatives are
expected to be used in drug discovery, regenerative medicine and the
study of human embryogenesis. Because hepatocyte differentiation
from hESCs has the potential to recapitulate human liver
development in vivo, we employed this differentiation method to
investigate the molecular mechanisms underlying human hepatocyte
differentiation. A previous study has shown that a gradient of
transforming growth factor beta (TGF) signaling is required to
segregate hepatocyte and cholangiocyte lineages from hepatoblasts.
Although CCAAT/enhancer binding proteins (c/EBPs) are known to
be important transcription factors in liver development, the
relationship between TGF@ signaling and c¢/EBP-mediated
transcriptional regulation in the hepatoblast fate decision is not well
known. To clarify this relationship, we examined whether c/EBPs
could determine the hepatoblast fate decision via regulation of TGFf3
receptor 2 (TGFBR2) expression in the hepatoblast-like cells
differentiated from hESCs. We found that TGFBR2 promoter activity
was hegatively regulated by ¢/EBPa and positively regulated by
c/EBPB. Moreover, c/EBPa overexpression could promote
hepatocyte differentiation by suppressing TGFBR2 expression,
whereas c/EBPB overexpression could promote cholangiocyte
differentiation by enhancing TGFBR2 expression. Our findings
demonstrated that ¢/EBPa and c/EBPB determine the lineage
commitment of hepatoblasts by negatively and positively regulating
the expression of a common target gene, TGFBR2, respectively.

KEY WORDS: Hepatoblasts, ¢/EBP, CEBP, Human ESCs

INTRODUCTION

Many animal models, such as chick, Xenopus, zebrafish and mouse,
have been used to investigate the molecular mechanisms of liver
development. Because many functions of the key molecules in liver
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development are conserved in these species, studies on liver
development in these animals can be highly informative with respect
that in humans. However, some functions of important molecules in
liver development might differ between human and other species.
Although analysis using genetically modified mice has been
successfully performed, it is not of course possible to perform
genetic experiments to elucidate molecular mechanisms of liver
development in human. Pluripotent stem cells, such as human
embryonic stem cells (hESCs), are expected to overcome some of
these problems in the study of human embryogenesis, including
liver development, because the gene expression profiles of this
model are similar to those in normal liver development (Agarwal et
al., 2008; DeLaForest et al., 2011).

During liver development, hepatoblasts differentiate into
hepatocytes and cholangiocytes. A previous study has shown that a
high concentration of transforming growth factor beta (TGFpB) could
give rise to cholangiocyte differentiation from hepatoblasts
(Clotman et al., 2005). To transmit the TGFpB signaling, TGFB
receptor 2 (TGFBR2) has to be stimulated by TGFB1, TGFB2 or
TGEFB3 (Kitisin et al., 2007). TGFB binding to the extracellular
domain of TGFBR2 induces a conformational change, resulting in
the phosphorylation and activation of TGFBR1. TGFBRI
phosphorylates SMAD2 or SMAD3, which binds to SMAD4, and
then the SMAD complexes move into the nucleus and function as
transcription factors to express various kinds of differentiation-
related genes (Kitisin et al., 2007). Although the function of
TGFBR2 in regeneration of the adult liver has been thoroughly
examined (Oe et al., 2004), the function of TGFBR2 in the
hepatoblast fate decision has not been elucidated.

CCAAT/enhancer binding protein (¢/EBP) transcription factors
play decisive roles in the differentiation of various cell types,
including hepatocytes (Tomizawa et al., 1998; Yamasaki et al.,
2006). The analysis of ¢/EBPa (Cebpa) knockout mice has shown
that many abnormal pseudoglandular structures, which co-express
antigens specific for both hepatocytes and cholangiocytes, are
present in the liver parenchyma (Tomizawa et al., 1998). These data
demonstrated that ¢/EBPa plays an important role in hepatocyte
differentiation. It is also known that the suppression of ¢/EBPq
expression in periportal hepatoblasts stimulates cholangiocyte
differentiation (Yamasaki et al., 2006). Although the function of
¢/EBPo in liver development is well known, the relationship
between TGFP signaling and ¢/EBPo-mediated transcriptional
regulation in the hepatoblast fate decision is poorly understood.
¢/EBP is also known to be an important factor for liver function

(Chen et al., 2000), although the function of ¢/EBPB in the cell fate

decision of hepatoblasts is not well known. ¢/EBPa and ¢/EBPB
bind to the same DNA binding site. However, the promoter activity

of hepatocyte-specific genes, such as those encoding hepatocyte
nuclear factor 6 (HNF6, also known as ONECUT1) and UGT2B1,
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