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and activating ERK proteins. A heterozygous missense mutation in
MAP2K] is known to be causal for CFCS or NS [Allanson and
Roberts, 2011; Rauen, 2012]. To date, all published MAP2K1
mutations occurred in exons 2, 3, and 6.

In this report, we present a patient clinically diagnosed with
NSML, who had a de novo 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 (4+2.6 SD). He
showed hypotonia and sucked poorly in the neonatal period. He
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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).

His growth was impaired with a weight of 8.25kg (—2.1 SD),
height 0£76.9 cm (—1.6 SD), and OFC 0f45.6 cm (—1.4 SD) 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 PTPN11, KRAS, HRAS, and
SOS1, exons 6 and 11-16 in BRAF, exons 7, 14, and 17 in RAFI,

cal Features of the Prese

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 (¢.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: PTPNII, 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.cf.ac.
uk/ac/index.php). In the COSMIC database, ¢.302_307delTG-
GAGA, resulting in an in-frame deletion (p.E102_I103delEI),
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-
Gonzalez, 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 otherhad 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
in the 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 MAP2K1 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 PTPNII 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 genome7 g

SUMMARY ANSWER: Monogenic and digenic mutations in known causative genes and cryptic CNVs account for >10% of cases w;th
non-syndromic hypospadias. While known susceptibility polymorphisms appear: to play a minor role in the development of th|s condition,
further studies are required to vahdate this observation.

WHAT IS KNOWRN ALREADY: Fifteen causative, three céhdidate, and 14 susceptible genes, and a few submicroscopic CNVs have been
implicated in non-syndromic hypospadias.

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

PARTICIPANTS/MATERIALS, SETTING, METHODS: The study group consisted of 57 Japanese and five Vietnamese patients with
non-syndromic hypospadias.'Systematic mutation screening was performed for 25 known causative/candidate/susceptibility genes using a
next-generation sequencer. Functional conseqUénces 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 CHANCE:! Seven of 62 patients with anterior or posterior hypospadias 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.
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 LIMITATIONS, REASONS FOR CAUTION: The patient group consisted solely of Japanese and Vietnamese individuals and clinical and
hormonial 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 thefirstreport

documenting possible oligogenicity of non-syndromic hypospadias.

STUDY FUNDING/COMPETING INTERESTS: This study was funded by the Grant-in-Aid from the Ministry of Education, Culture,
Sports, Science and Technology; by the Grant-in-Aid from the Japan Society for the Promotion of Science; by the Grants from the Ministry of
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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 | 0 000 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 al..
2004; Wang et al., 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 13 genes associated with
disease risk, together with one susceptibility gene CYPJA] 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 observed in 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, CYR61, DGKK, EGF, ESRI, ESR2, FGF8, FGFR2,
GSTMI, GSTTI, HOXA4, HOXBé, HSD3B2, HSDI7B3, MAMLDI, MIDI,
NR5AI (alias SF1), SRD5A2, and WTI (van der Zanden et al., 2012). The
coding regions of these genes were amplified from genomic DNA using
the Haloplex Target Enrichment System (Design [D 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% in the general population (dbSNP, http://www.ncbi.nim.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 | Nucleotide alterations identified in the present study.
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Ethnic
origin
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mutation

Putative risk variant

Probable benign
change

Copy-number
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HOXB6 (p.S2N)

BNC2 (p.M80IR)
SRD5A2 (p.R227Q)°
HSD3B2 (p.Al0T)

HSD 1 783 (p.G2895)
MAMLD (p.N662S)

HSD1783 (p.G2895)
SRD5A2 (pR227Q)°
HSD 1783 (p.G2895)
MAMLDI (p.N662S)
CYPIAI (p.Q75P)
CYPIAI (p.A62P)
BMP7 (p.T170M)
HSD17B3 (p.G289S)
HSD17B3 (p.G2895)
HSD17B3 (p.G289S)
HSD17B3 (p.G2895)
HSD17B3 (p.G2895)
HSD1783 (p.G289S)
HSD1783 (p.G289S)
HSD 1783 (p.G2895)
HSD17B3 (p.G289S)
HSD 1783 (p.G289S)
HSD17B3 (p.G289S)
HSD 1783 (p.G289S)
HSD17B3 (p.G2895)

HSD17B3 (p.G289S)
MAMLDI (p.N662S)

HSD 1783 (p.G2895)
HSD 1 783 (p.G289S)
MAMLDI (p.N662S)
HSD 1783 (p.G2895)
HSD 1783 (p.G2895)
MAMLD (p.N662S)

C]

CYPIAI (p.TI73R) Y chromosome

BNC2 (p.M539V)
BNC2 (p.P614S)
EGF (p.SI6R)
FGFR2 (p.M97V)
EGF (p.SI6R)
HSD3B2 (p.52841)
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Micropenis
No data

Yes
No data

No
No data

No data

Cryptorchidism
No data

No data

No

No data

No
No data

Position of urethral

opening®
Anterior
Posterior
Posterior
Posterior
Posterior
Middle

Copy-number
alteration

MAMLD] (p.N675K)

ESR2 (p.G675)

NRSA! (2IVS2-5G>A)
EGF (p.SI6R)

Probable benign
HOXB6 (p.P40S)

change
HSD382 (p.R362W)
BNC2 (p.1974V)

Putative risk variant
HSD 1783 (p.G289S)

Putative pathogenic
mutation

Ethnic
origin

D e e e e

9Homozygosity. and heterozygosity of this mutation were described as a pathogenic defect and a disease-susceptible alteration, respectively.

Homozygous or hemizygous mutations/variations are boldfaced, and heterozygous substitutions are lightfaced.
*Copy-number gain of the region from Ypter to Yql 1,223 and copy-number loss of the remaining Y chromosomal region.

*Cases 39-62 carried no nucleotide alterations in the target genes.
"Detailed clinical information was obtained only from 49 of the 62 patients.
c.1995delTGAAGGCTATGAATGTCinsCAGAA,; p.666delEGYECQinsRK.

Table | Continued

J, Japanese; V, Vietnamese.

Case®
33
34
35
36
37
38

Data (http://www.fruitfly.org/seq_tools/splice.html, 12 January 2015, date
last accessed) (Reese et al., 1 997). 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 (jii) 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 fast accessed).

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

group and the general population was evaluated using x* 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 dl., 201 1). We referred to the Database of Genomic Variants
(http://projects.tcag.ca/variation/, 12 January 2015, date last accessed) to
exclude known benign variants. Genomic structures of CNVs were charac-
terized by FISH analysis.

Results

Identification 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 mutationin HOXB6, one heterozygous missense
mutation in BNC2, and apparent homozygous mutations in SRD5A2 and
HSD3B2. Ofthese, the AR mutation in case 3 and the SRD5A2 mutation in
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 Sl). These variants included three known risk
alleles for hypospadias and/or micropenis: rs2066476 in HSDI7B3,
rs2073043 in MAMLD | and rs9332964 in SRD5A2 (Sasaki et af., 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 I Putative pathogenic mutations identified in the present study. Genomic positions and chromatograms of the nucleotide substitutions are

shown. Asterisks indicate the mutated nucleotides.

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 Si). 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.IVS2-5G>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 Yq! 1.223 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 +1.0 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 If). 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 al., 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; Boehmeretal., 2001; Audi et al., 201 0) 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 dl., 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 HOXBé. Likewise, case 7 with a homozy-
gous missense mutation in HSD3B2 had an additional heterozygous
missense mutation in SRD5A2 that retains 3% of enzymatic activity
(Makridakis et al., 2000; Sasaki et al., 2003). These data imply for the
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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 (Yp 1 1.3), respectively. The thin arrows in the left panel indicate
signals of X centromeric probe.
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Table I Molecular and clinical findings of patients with putative pathogenic abnormalities. g

<

Case | Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 ;

Affected gene/region AR AR AR AR/HOXB6  BNC2 SRD5A2 HSD3B2 Y chromosome® (,%

Ethnic origin Japanese  Japanese  Japanese Japanese Japanese  Vietnamese  Vietnamese Japanese g

Family history of DSD No Nodata  No No data No No No No Océ;

Clinical features §

Hypospadias® Anterior  No data Posterior No data Posterior  Posterior Posterior Posterior §

Cryptorchidism No Nodata  No No data No No Yes (right) No é

Micropenis No Nodata  Yes No data No Yes Yes No %

Other features No Nodata  No No data No No No Borderline MR ;

Endocrine findings S
Age at examination No data No data 15 months No data No data No data 3.5years No data
LH (1U/h)° No data No data <0.2(<0.2-03) Nodata No data No data No data No data
FSH (U/1)¢ No data No data <1.0(<1.0~1.5) Nodata No data No data No data No data
Testosterone (nmol/1)¢  No data Nodata  0.17 (0.10-0.45) No data No data No data 0.16 No data

(0.10-0.45)

DSD, disorders of sex development; MR, mental retardation; LH, luteinizing hormone; FSH, follicle stimulating hormone.
*Copy-number alterations on Y chromosome.

bPosition 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
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on Yp and Ygand 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
(DrummondBorget al., 1988; Kojimaetal., 2001). lthas been proposed
that dicentricY results in hypospadias by mosaic loss of the rearranged
Y chromosome or by aberrant expression of Y chromosomal genes
(DrummeondBorg et al., 1988; Kojima et al., 2001). The lack of patho-
genic CNVsin the remaining 61 cases suggests the rarity of cryptic
CNVs as geretic causes of non-syndromic hypospadias.

In this stuly, putative pathogenic defects were identified predomin-
antly in patients with severe (posterior) hypospadias, while an AR
mutation wasdetected 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 dl, 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 predit 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 pateent group consisted of only Japanese and Vietnamese indi-
viduals. Since the prevalence of hypospadias varies among countries
(Nassar et af,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 al., 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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ARTICLE INFO ABSTRACT

Article history: We have reported that telomere fluorescence units (TFUs) of established induced pluripotent stem cells
Received 10 May 2014 (iPSCs) derived from human amnion (hAM933) and fetal lung fibroblasts (MRC-5) were significantly
Received in revised form 2 August 2014 longer than those of the parental cells, and that the telomere extension rates varied quite significantly

Accepted 16 August 2014

Available online 27 August 2014 among clones without chromosomal instability, although the telomeres of other iPSCs derived from

MRC-5 became shorter as the number of passages increased along with chromosomal abnormalities
from an early stage. In the present study we attempted to clarify telomere dynamics in each individual

f;g::ggf: chromosomal arm of parental cells and their derived clonal human iPSCs at different numbers of passages
iPSC using quantitative fluorescence in situ hybridization (Q-FISH). Although no specific arm of any particular
Q-FISH chromosome appeared to be consistently shorter or longer than most of the other chromosomes in any of
TFU the cell strains, telomere elongation in each chromosome of an iPSC appeared to be random and stochastic.
Chromosome arm However, in terms of the whole genome of any specific cell, the telomeres showed overall elongation
associated with iPSC generation. We have thus demonstrated the specific telomere dynamics of each
individual chromosomal arm in iPSCs derived from parental cells, and in the parental cells themselves,

using Q-FISH.
© 2014 Elsevier Ltd. All rights reserved.
1. Introduction to play a key role in preventing genomic instability (Blackbum,
. L . . 2001). The end-to-end chromosome fusions observed in some
Normal human cells exhibit a limited capacity for prolifera-  ¢mors could play a role in genetic instability associated with

tion in culture (Hayflick, 1965). This phenomenon is considered tumorigenesis, and may be the result of telomere loss (Blackburn,
to be attributable to reduction of telomere length as an indicator 1991). The human telomere is a simple repeating sequence of six
of the number of divisions a cell has undergone. Telomeres pro- bases, TTAGGG, located at the ends of chromosomes (Moyzis et al.,
tect chromosomes against degeneration, reconstruction, fusionand  19gg) Telomere lengths of cultured fibroblasts (Takubo et al., 2010)
loss, as well as contributing to pairing of homologous chromosomes and human tissues (Aida et al., 2008) show marked heterogene-
(Blackburn, 1991). Telomeres are repetitive G-rich DNA sequences ity among individual telomeres, and in terms of mean or median
found at the ends of linear eukaryotic chromosomes and appear  yajues in individual cells. Heterogeneity of telomere length and

telomerase expression has also been reported previously among

induced pluripotent stem cells (iPSCs) and cultured fibroblasts

* Corresponding author at: Department of Judotherapy, Faculty of Health Sciences, (Wang et al., 2012). In the present study we attempted to clarify
Tokyo Ariake University of Medical and Health Sciences, 2-9-1 Ariake, Koto-ku, telomere dynamics in each individual chromosomal arm of both
Tokyo 135-0063, Japan. Tel.: +81 3 6703 7061; fax: +81 3 6703 7061. parental cells and their derived clonal human iPSCs after differ-

** Corresponding author. Fax: +81 3 3579 4776. . s . .
E-mail addresses: terai@tauvacjp, teramasa@agateplalaorjp (M. Terai), ent numbers of passages using quantitative fluorescence in situ

Takubo@tmig.or.jp (K. Takubo). hybridization (Q-FISH).
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0040-8166/© 2014 Elsevier Ltd. All rights reserved.
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Q-FISH and image analyses were performed as described pre-
viously. The Q-FISH method we have developed and employed is
highly accurate and reproducible, having already been used in a
number of published studies (Jzumiyama-Shimomura et al,, 2014;
Nakamura et al., 2014; Poon and Lansdorp, 20014, 2001b; Takubo
et al., 2010; Terai et al., 2013).

Previously we have measured individual telomere lengths of
chromosomal arms in human fibroblast strains using Q-FISH to
clarify the morphologic signs of chromosomal instability (Takubo
et al., 2010). We have demonstrated a linear correlation between
telomere fluorescence units (TFUs) estimated by Q-FISH and telo-
mere length measured by Southern blotting (Takubo et al., 2010).
We have reported that TFUs of iPSCs derived from human amnion
(hAM933) and fetal lung fibroblasts (MRC-5) were significantly
longer than those of the parental cells, and that the telomere exten-
sion rates varied quite significantly among clones without chro-
mosomal instability, although the telomeres of other iPSCs derived
from MRC-5 became shorter as the number of passages increased,
along with chromosomal abnormalities from an early stage (Terai
et al., 2013). Here, using Q-FISH, we investigated the specific
telomere dynamics of each individual chromosomal arm in iPSCs
cloned from parental cells, and also the parental cells from which
they were derived, after different numbers of passages in culture.

2. Materials and methods
2.1. Ethics statement

Human amnion cells were collected by scraping tissue from sur-
gical specimens, with signed informed consent from the donors
concerned, and under ethical approval from the Institutional
Review Board of the National Institute for Child Health and
Development, Japan. The surgical specimens were irreversibly de-
identified. All experiments involving the handling of human cells
and tissues were performed in line with the tenets of the Declara-
tion of Helsinki.

2.2. Human cell culture

Human amniotic membrane (hAM)-derived cells were inde-
pendently established in our laboratory (Cui et al, 2007, 2011;
Fukawatase et al., 2014; Makino et al.,, 2009; Nagata et al., 2009;
Nishino et al., 2010,2011). hAM-derived cells and MRC-5 cells were
maintained in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% fetal bovine serum and penicillin-streptomycin.
Human iPSCs were generated in our laboratory using the proce-
dures described by Yamanaka and colleagues (Cui et al., 2007,
2011; Fukawatase et al.,, 2014; Makino et al,, 2009; Nagata et al,,
2009; Nishino et al., 2010, 2011; Takahashi and Yamanaka, 2006;
Takahashi et al,, 2007). The iPSCs were established from hAM-
derived cells and MRC-5, and designated hAM933 iPSCs and MRC-5
iPSCs, respectively. Briefly, to produce VSV-G (vesicular stoma-
titis virus G glycoprotein) retroviruses, 293FT cells (Invitrogen)
were plated at 2 x 108cells per 10-cm culture dish in DMEM
supplemented with 10% FBS, and incubated overnight. On the
following day, the cells were co-transfected with pMXs-OCT4,
SOX2, KLF4 or ¢-MYC, pCL-GagPol, and pHCMV-VSV-G vectors
using the TransIT-293 reagent (Mirus Bio LLC, Madison, WI, USA).
The virus-containing supernatants were collected 48 h after incu-
bation. The supernatants were filtered through a 0.45-mm pore
size filter, centrifuged, and then resuspended in DMEM supple-
mented with 4mg/ml polybrene (Nakarai Tesque, Kyoto, Japan).
The parental cells were seeded at 1x 10°cells per well in 6-
well Plates 24h before infection. A 1:1:1:1 mixture of OCT4,
SOX2, KLF4 and c-MYC viruses was then added to the parental

cells (Cui et al, 2007, 2011; Fukawatase et al, 2014; Makino
et al, 2009; Nagata et al, 2009; Nishino et al., 2010, 2011;
Takahashi and Yamanaka, 2006; Takahashi et al,, 2007). In a
separate experiment, infection with the retrovirus carrying the
EGFP gene was performed to estimate the infection efficiency.
One half of the medium was changed every day, and colonies
were picked up at around day 28. They were maintained on irra-
diated mouse embryonic fibroblasts (MEFs) in iPSellon medium
(Cardio Incorporated, Kobe, Japan) supplemented with 10ng/ml
recombinant human basic fibroblast growth factor (bFGF, Wako
Pure Chemical Industries, Ltd., Osaka, Japan). We used iPSCs
that had been chosen randomly from stable lines in our labora-
tory.

We measured telomere lengths of each individual chromosomal
arm in the parental cells (hAM933 and MRC-5), two iPSC lines
(hAM933iPSCs-2, hAM933 iPSCs-3) derived from different colonies
originating from hAM933, and two iPSC lines (MRC-5 iPSCs-16 and
MRC-5 iPSCs-40) cloned from the same iPSCs (MRC-5 iPSCs) at dif-
ferent numbers of passages (MRC-5 iPSCs-16; passages 22 and 59;
MRC-5 iPSCs-40; passages 21 and 62).

We checked cell contamination by short tandem repeat (STR)
genotyping of the parental cells (hAM933 and MRC-5), two iPSC
lines (hAM933 iPSCs-2, hAM933 iPSCs-3) derived from different
colonies originating from hAM933, and two iPSC lines (MRC-5
iPSCs-16 and MRC-5 iPSCs-40) cloned from the same iPSCs (MRC-5
iPSCs) after different numbers of passages (data not shown) (Cui
et al,, 2007, 2011, Fukawatase et al., 2014; Makino et al., 2009;
Nagata et al,, 2009; Nishino et al., 2010, 2011; Takahashi and
Yamanaka, 2006; Takahashi et al., 2007). Genomic DNA was iso-
lated from samples of the cultured cells using DNeasy columns
(Qiagen). This DNA was used as a template for STR analysis
employing the PowerPlex 16 System (Promega) and ABI PRISM
instrumentation. Numbers shown denote the bp lengths of the
15 autosomal fragments. The analysis was carried out at BEX Co.,
Ltd.

2.3. Measurement of telomere lengths of individual arms in
metaphase spreads using Q-FISH and image analysis

For karyotype analysis and quantitative analysis of telomeres,
metaphase chromosomes were fixed and then hybridized using
the peptide nucleic acid-FISH preparation method described pre-
viously (Poon and Lansdorp, 2001a; 2001b).

A Cy3-labeled (CCCTAA)3 peptide nucleic acid probe (telo C)
(Fasmac, Atsugi, Catalog No. F1002, Japan) was used to label the
telomeres, and a FITC-labeled CTTCGTTGGAAACGGGGT peptide
nucleic acid probe (CENP1; a non-specific centromere probe; Fas-
mac, custom made, Japan) was used for labeling the centromere.
The chromosome preparations were counterstained with 4',6-
diamidino-2-phenylindole (DAPI, Molecular Probes, Eugene, OR,
USA).

Analysis of fluorescence images was performed as described
previously (Takubo et al., 2010). Digital images were recorded
with a CCD camera, AxioCam MRm (Zeiss, Oberkochen, Germany),
mounted on an Axio Imager M1 (Zeiss) epifluorescence microscope
equipped with a triple band-pass filter for Cy3/FITC/DAPI (61010
Chroma Technology, Corp., Rockingham, VT, USA) and a 63x oil
objective lens (Zeiss EC Plan-NEOFLUAR 63x/1.25 oc/0.17). Micro-
scope control and image acquisition were performed with the ISIS
system (MetaSystems, GmbH, Altlussheim, Germany).

A calibration system was used to ensure reliable quantitative
estimation of telomere length in the various samples. To correct
for daily variations in lamp intensity and alignment, images of
fluorescent beads (orange beads, size 0.2 wm, Molecular Probes
Inc.) were imaged just prior to acquisition of images from the sam-
ples. The fluorescence intensities of the beads and the telomeres
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Fig. 1. Mean values of the median arm-specific telomere lengths (TFUs) of each individual chromosomal arm for 20 metaphase spreads in hAM933 parental cells, and two
iPSCs (hAM933 iPSCs-2, hAM933 iPSCs-3) derived from different colonies originating from hAM933. The telomere fluorescence units (TFUs) of the p-arms (A) and g-arms (B)
of each chromosome in the spread were measured individually. Mean values of the median telomere lengths (TFUs) of 20 metaphase spreads in the parental cells (hAM933,
passage 3), hAM933 iPSCs-2 (passage 25) and hAM933 iPSCs-3 (passage 27) are shown as box plots (hAM933, passage 3; red box plots, hAM933 iPSCs-2, passage 25; blue box
plots, and hAM933 iPSCs-3, passage 27; green box plots) for all analyzed data. Raw data for the subjects overall are listed in Supplementary Information (A). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

were analyzed using the TFLTelo-V2 software package (Terry Fox
Laboratory, BC Cancer Research Centre, Canada).

Using the ISIS karyotyping system, we analyzed the karyotypes
of 20 metaphase spreads at early passage (hAM933, passage 3,
MRC-5, and MRC-5 iPSCs-16 and 40, passages 22 and passages
21, respectively) and late passage (hAM933 iPSCs-2, passage 25,
hAM933 iPSCs-3, passage 27, MRC-5 iPSCs-16, passage 59 and
MRC-5 iPSCs-40, passage 62). We then measured the telomere flu-
orescence intensities of the p- and g-arms of all the chromosomes
in the spread individually.

The median TFU value was defined as a representative value
for a metaphase spread (184 telomeres), and the mean value of
the median values of the p- and g-arms from the karyotyped
metaphase spreads was calculated to determine whether there was
any chromosome-specific extension or shortening of telomeres
related to specific p- or g-arms. Differences in mean values were
assessed for significance by Student’s t-test and correlations by
Fisher's test, using the methods reported previously (Izumiyama-
Shimomura et al,, 2014; Nakamura et al., 2014; Takubo et al., 2010;
Terai et al,, 2013).
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Fig. 2. Mean values of the median arm-specific telomere lengths (TFUs) of each individual chromosomal arm for 20 metaphase spreads in MRC-5 parental cells, and MRC-5
iPSCs-16 cloned from MRC-5 iPSCs after different numbers of passages (passages 22 and 59). The telomere fluorescence units (TFUs) of the p-arms (A) and g-arms (B) of
each chromosome in the spread were measured individually. Mean values of the median telomere lengths (TFUs) of 20 metaphase spreads in MRC-5 and MRC-5 iPSCs-16
(passages 22 and 59) are shown as box plots (MRC-5; red box plots, MRC-5 iPSCs-16, passages 22; blue box plots, and MRC-5 iPSCs-16, passages 59; green box plots) for all
analyzed data. Raw data for the subjects overall are listed in Supplementary Information (B). (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

3. Results

Arm-specific telomere lengths (TFUs) of each individual chro-
mosomal arm in the parental cells (hAM933), and two iPSC
lines (hAM933 iPSCs-2, hAM933 iPSCs-3) derived from dif-
ferent colonies originating from hAM933, are summarized in
Fig. 1.

Chromosomal arms of hAM933 iPSCs-2 showed significant
extension in the order 1p, 1q, 2p, 2q,3p, 34, 4p, 4q, 5q, 6p, 64, 7p, 7q,

8p,9p,9q,10p, 11p, 11q, 13p, 14p, 14q, 15p, 15q, 16p, 17p, 17q, 18p,
18q, 19p, 19q, 20p, 20q, 21p, 21q, 22p, 22q, Xq and Yq, in compari-
son with the parental hAM933 cells. Chromosomal arms of hAM933
iPSCs-3 showed significant extension in the order 4q, 8p, 10p, 11p,
11q, 16p, 17q and 22q, in comparison with the parental hAM933
cells. Chromosomal arms of hAM933 iPSCs-2 showed significant
differences in the order 2p, 2q, 3p, 6p, 17p and 17q, in comparison
with hAM933 iPSCs-3. Raw data for the subjects overall are listed
in Supplementary Information (A).



. 474

M. Terai et al. / Tissue and Cell 46 (2014) 470-476

(A) TFUs
80000 ~
- 90%
I“75%
;4-50%
i .- 25%
60000 - - 10%
40000 - f
20000 % g u B g é Y
| | ﬁ | (i
i 3
L B o o o o e g e
oo 2 o8 20022 2 0 090 29202 002 292 03 2
I A LTl R V-CR S S - < T Ve
Chromosome No
(B) TFUs
80000 1
- 90%
.- 75%
- 509
- 25%
60000 A - 109
40000 -
» ¥
| | ‘
20000‘% T Iy ’; g 'i u
0 ‘é
288 §¥8 85835?5533885%%55@35

Chromosome No

Fig. 3. Mean values of the median arm-specific telomere lengths (TFUs) of each individual chromosomal arm for 20 metaphase spreads in MRC-5 parental cells, and MRC-5
iPSCs-40 cloned from MRC-5 iPSCs after different numbers of passages (passages 21 and 62). The telomere fluorescence units (TFUs) of the p-arms (A) and g-arms (B) of
each chromosome in the spread were measured individually. Mean values of the median telomere lengths (TFUs) of 20 metaphase spreads in MRC-5 and MRC-5 iPSCs-40
(passages 21 and 62) are shown as box plots (MRC-5; red box plots, MRC-5 iPSCs-40, passages 21; blue box plots, and MRC-5 iPSCs-40, passages 62; green box plots) for all
analyzed data. Raw data for the subjects overall are listed in Supplementary Information (C). (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

Arm-specific telomere lengths (TFUs) of each individual chro-
mosomal arm in the parental cells (MRC-5), and in MRC-5 iPSCs-16
and MRC-5 iPSCs-40 cloned from the same iPSCs (MRC-5 iPSCs) at
different numbers of passages (MRC-5 iPSCs-16; passages 22 and
59; MRC-5 iPSCs-40; passages 21 and 62) are summarized in Fig. 2
(MRC-5 iPSCs-16) and Fig. 3 (MRC-5 iPSCs-40), respectively.

Chromosomal arms of MRC-5 iPSCs-16 (P22) showed significant
extension in the order 4p, 7p, 9p, 9q, 13q, 14p, 15q, 16p, 17q, 21q,
22q, Xp, Xq and Yq, in comparison with the parental MRC-5 cells.
Chromosomal arms of MRC-5 iPSCs-16 (P59) showed significant

extension in the order 6p, 7p, 9p, 14p, 16p, 17q, 22q, Xp and Yq,
in comparison with the parental MRC-5 cells. The arms of chromo-
some 12q in MRC-5 iPSCs-16 (P22) showed a significant difference
from those in MRC-5 iPSCs-16 (P59). Raw data for the subjects
overall are listed in Supplementary Information (B).
Chromosomal arms of MRC-5 iPSCs-40 (P21) showed significant
extension in the order 7q, 9p, 10p, 12p, 14p, 15q, 16p, 17q, 18q,
19q, 22q, Xq and Yq, in comparison with the parental MRC-5 cells.
Chromosomal arms of MRC-5 iPSCs-40 (P62) showed significant
extension in the order 14p, 16p, 17q, 21p, 22q, Xq and Yq, and a
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significant reduction in the order 4q and 8q, in comparison with
the parental MRC-5 cells. Chromosomal arms of MRC-5 iPSCs-40
(P62) showed significant reduction in the order 1q, 2p, 4p, 7q, 10p,
13p, 15q and 18p, in comparison with MRC-5 iPSCs-40 (P21) as the
number of passages increased (21 and 62). Raw data for the subjects
overall are listed in Supplementary Information (C).

No specific arm of any particular chromosome appeared to be
consistently shorter or longer than most of the other chromosomes
in any of the cell strains, except for the 16p, 17q and 22q arms.
Although telomere elongation did not appear to be random and
stochastic in these three arms, telomere elongation in each chro-
mosome of an iPSC appeared to be almost random and stochastic.

4. Discussion

The establishment of iPSCs appears to be associated with telo-
mere elongation and activation of telomerase (Takahashi and
Yamanaka, 2006; Takahashi et al., 2007). Human iPSCs are derived
from a patient’s own cells, and thus present no immunological or
ethical problems. It is believed that it will be possible to obtainiPSCs
in sufficient numbers for treatment and reconstruction of extensive
defects. Development of human iPSCs is at an advanced stage, and
their clinical application is expected.

We have already reported that TFUs of iPSCs established from
hAM933 were significantly longer than those of the parental cells,
and that the telomere extension rates varied quite significantly
among clones withoutany apparent chromosomal instability (Terai
et al., 2013). Although no specific arm of any particular chromo-
some appeared to be consistently shorter or longer than most of the
other chromosomesin any of the cell strains among the clones, telo-
mere elongation in each chromosome of an iPSC was random and
stochastic. However, in terms of the whole genome of any specific
cell, the telomeres showed overall elongation associated with iPSC
generation. This suggests that there is TFU heterogeneity among
the various chromosomes in iPSC clones.

We have already reported that TFUs of iPSCs established from
MRC-5 cells were significantly longer than those of the parental
cells, and that the telomere extension rates varied quite signifi-
cantly withoutany apparent chromosomal instability, although the
telomeres of other iPSCs derived from MRC-5 became shorter as the
number of passages increased, along with chromosomal abnormal-
ities from an early stage (Terai et al., 2013). Significant extension
of chromosome 12q in MRC-5 iPSCs-16 was observed from an
early stage as the number of passages increased, in the absence
of any chromosomal abnormalities. However, eight chromosomal
arms of MRC-5 iPSCs-40 showed a significant reduction in length
as the number of passages increased and also the minimum TFU
of MRC-5 iPSC-40 (passage 62, TFU; 371) was smaller than that
of MRC-5 (TFU; 380). These results indicate that MRC-5 iPSC-40
with telomere shortening would be more susceptible to karyotype
abnormality (Terai et al., 2013).iPSCs are heterogeneous, and indi-
vidual iPSCs also show a wide range of telomerase expression and
telomere length (Wang et al., 2012). Telomeres become elongated
upon establishment of iPSCs, which also acquire telomerase activity
and epigenetic changes. Establishment of iPSCs requires a process
of epigenetic reprogramming (Reik, 2007). The culture conditions
used for iPSCs would influence random methylation and conver-
gence, and telomere activation might be influenced by epigenetic
regions of hTERT transcription (Reik, 2007). This process would be
dependent on the epigenetic information in each individual iPSC.
Epigenetic information is present in the form of DNA methyla-
tion, and culture of iPSCs under various conditions can result in
stochastic de novo methylation (Nishino et al,, 2010, 2011).

Here, using Q-FISH, we were able to demonstrate the arm-
specific telomere dynamics of each of the individual chromosomal

arms in cloned iPSCs derived from parental cells, and in the parental
cells themselves, after different numbers of passages in culture. If
iPSCs are applied for cell therapies in the future, reprogramming
techniques will be critical to control the expression of specific genes
in individual cells, and standardization of the basic biology of iPSCs
will also be needed to ensure their practical application. Measure-
ment of telomeres in individual chromosomes of a cell would also
be needed for guaranteeing the quality of iPSCs. Further studies
will be necessary to clarify the telomere dynamics responsible for
controlling the genetic expression of individual iPSCs.
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