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Established Facts

isolated hypogonadotropic hypogonadism (IHH).

o TAC3 and TACR3 have recently been shown to be causative genes for an autosomal recessive form of

Novel insights

tions.

o Hypothalamic dysfunction may be the primary cause for IHH in patients with biallelic TACR3 muta-

o Clinical phenotype may be exhibited by females with heterozygous TACR3 mutations.
o TAC3 and TACR3 mutations remain rare in patients with IHH.
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Abstract

Background/Aims: TAC3 and TACR3 have recently been
shown to be causative genes for an autosomal recessive
form of isolated hypogonadotropic hypogonadism (IHH).
Here, we report a Japanese female with IHH and compound
heterozygous TACR3 mutations and her heterozygous par-

ents, and discuss the primary lesion for IHH and clinical find-
ings. Case Report: This female was identified through muta-
tion analysis of TAC3 and TACR3 in 57 patients with IHH. At 24
years of age, an initial standard GnRH test showed poor go-
nadotropin response (LH <0.2-0.6 IU/l), whereas the second
GnRH test performed after GnRH priming (100 g i.m. for 5
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consecutive days) revealed ameliorated gonadotropin re-
sponses (LH 0.3-6.4 1U/I; FSH 2.2-9.6 1U/l). The mother exhib-
ited several features suggestive of mild IHH, whereas the fa-
ther showed an apparently normal phenotype. Results: She
had a paternally derived nonsense mutation at exon 1
(Y145X) and a maternally inherited single nucleotide (G) de-
letion from the conserved ‘GT’ splice donor site of intron 1
(IVS1+1delG). Conclusions: The results suggest hypothalam-
ic dysfunction as the primary cause for IHH in patients with
biallelic TACR3 mutations and clinical manifestation in het-
erozygous females, together with the rarity of TAC3 and
TACR3 mutations in patients with IHH.

Copyright © 2010 S. Karger AG, Basel

Introduction

Isolated hypogonadotropic hypogonadism (IHH) is a
genetically heterogeneous condition that lacks other pi-
tuitary hormone deficiency [1]. Recently, Topaloglu et al.
[2] and Guran et al. [3] have reported homozygous TAC3
or TACR3 missense mutations in 11 patients with IHH
from 5 Turkish or Kurdish families. TAC3 belongs to an
evolutionally conserved neuropeptide family,and TACR3
belongs to a G-protein-coupled receptor family [4]. To-
palogluetal. [2] and Guran et al. [3] also performed func-
tional studies using an intracellular calcium flux system,
successfully revealing markedly attenuated activities of
the TAC3 and TACR3 mutant proteins. These data pro-
vide the first evidence of genetic defects in TAC3/TACR3
signaling being involved in an autosomal recessive form
of IHH.

However, there is no other report of TAC3 or TACR3
mutations, and further studies are necessary to define the
underlying factor(s) for IHH and clinical findings in
TAC3 or TACR3 mutations. Here, we report a female with
IHH and TACR3 mutations, and discuss the primary
cause for IHH and the clinical phenotypes of the patient
and her heterozygous parents.

Methods

Mutation Analysis

This study was approved by the Institutional Review Board
Committees at the National Center for Child Health and Devel-
opment and Keio University School of Medicine. After obtaining
written informed consent, leukocyte genomic DNA samples from
57 Japanese cases with ITHH (38 with 46,XY and 19 with 46,XX)
were PCR-amplified with the previously reported primers [2], and
subjected to direct sequencing on a CEQ 8000 autosequencer
(Beckman Coulter, Fullerton, Calif.,, USA). To confirm a hetero-
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zygous mutation, the corresponding PCR products were sub-
cloned with a TOPO TA Cloning Kit (Invitrogen, Carlsbad, Calif.,
USA), and the two alleles were sequenced separately.

Prediction of Aberrant Splicing and Nonsense-Mediated

mRNA Decay

We utilized the splice site prediction program at the Berkeley
Drosophila Genome Project (http://www.fruitfly.org/seq_tools/
splice.html) to predict aberrant splicing. On the basis of the previ-
ous report [5], we also analyzed whether identified mutations
could be subject to nonsense-mediated mRNA decay (NMD) that
functions as an mRNA surveillance mechanism to prevent the
formation of aberrant proteins.

PCR-Based cDNA Screening for TACR3

Human cDNA samples from control subjects were prepared
by RT-PCR or purchased from Clontech (Palo Alto, Calif., USA).
PCR amplification was performed for TACR3 with primers for
exon 1 (5" TTGTGAACCTGGCTTTCTCC-3") and exon 3 (5'-
GGATTTCTCCTCCCCAGAGA-3'), as well as for GAPDH uti-
lized as an internal control with primers for the boundary of
exons 2/3 (5-TCGGAGTCAACGGATTTGGTCG-3’) and the
boundary of exons 4/5 (5" TTGGAGGGATCTCGCTCCTG-3").

Results

Mutation Analysis

Mutation analysis identified two heterozygous muta-
tions of TACR3 in a female patient, i.e. a nonsense muta-
tion at exon 1 (Y145X) and a single nucleotide (G) dele-
tion from the conserved ‘GT splice donor site of intron 1
(IVS1+1delG; fig. 1A, B). The father was heterozygous for
Y145X, and the mother was heterozygous for IVSi+1delG.
No demonstrable mutation was detected for TAC3 in this
patient and for TAC3 and TACR3 in the remaining 56
cases.

Prediction of Aberrant Splicing and NMD

The TVSI+1delG mutation was predicted to add a
1,153-bp intronic sequence to exon 1 and to cause aber-
rant splice formation between the added sequence and
the normal splice acceptor site of exon 2 (fig. 1C). Fur-
thermore, because of the presence of a stop codon on the
added intronic sequence, the IVS1+1delG mutation was
predicted to cause a premature termination at the 210th
codon. Thus, both IVS1+1delG and Y145X satisfied the
conditions for the occurrence of NMD.

PCR-Based cDNA Screening for TACR3

TACR3 expression was clearly identified in the hypo-
thalamus and the pituitary as well as in the whole brain,
the ovary, the placenta, and the fetal kidney, but not de-
tected in the testis and leukocytes (fig. 2).
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Case Report

This Japanese female patient was born as the sole child to non-
consanguineous parents at 42 weeks of gestation after an uncom-
plicated pregnancy and delivery. Her postnatal growth and devel-
opment were normal until pubertal age. At 19 years of age, she was
seen at a local clinic because of primary amenorrhea. She exhib-
ited poor pubertal development (breast, Tanner stage 1; pubic
hair, stage 2), with low basal gonadotropin and estradiol values
(table 1). Thus, she received cyclic estrogen and progesterone
therapy, and showed periodic withdrawal bleeding. She showed
markedly high educational achievement at a university.

At 24 years of age, she was referred to us for further investiga-
tions. She measured 163 cm (+0.7 SD) and weighed 48.5 kg (-0.6
SD). Her breast development was at Tanner stage 3-4, and her
pubichair at stage 4. Magnetic resonance imaging delineated nor-
mal pituitary structure. Basal blood hormone values measured at
4 weeks after discontinuation of the hormone replacement thera-
py were consistent with IHH (table 1). Furthermore, while an ini-
tial standard GnRH test showed a poor gonadotropin response,
the second-time GnRH test performed after GnRH priming (100

TACR3 Mutation and
Hypogonadotropism

wg im. for 5 consecutive days) revealed obviously ameliorated
gonadotropin responses (table 1).

The 58-year-old mother had menarche at 14.6 years of age (the
menarchial age of Japanese females is 9.75-14.75 years). Subse-
quently, she had regular but long (~45 days) menstrual cycles
with occasionally slight intermenstrual bleeding. She had no
signs of androgen excess such as hirsutism. She married at 25
years of age, and failed to conceive for 3 years despite an ordinary
conjugal life. Basal body temperature records indicated frequent,
though not invariable, occurrence of monophasic cycles. Thus,
she was treated with chlomiphene citrate by a local medical doc-
tor, and became pregnant at the second cycle of this therapy. Poly-
cystic ovary was excluded by repeatedly performed ultrasound
studies during pregnancy. Her menses became irregular from
~45 years of age and ceased at 56 years of age (the menopausal
age of Japanese females is 45-56 years). She was otherwise healthy
with normal stature (150 cm, 0.5 SD for her age) and intelligence.
The 59-year-old father was clinically normal with normal stature
(168 cm, +0.9 SD for his age) and intelligence. Allegedly, he had
an age-appropriate pubertal development and started shaving at
16 years of age.

Horm Res Paediatr 2010;73:477-481 479



Table 1. Endocrine data of the mutation-positive Japanese female

Hormone Stimulus Patient - Reference values!
basal  peak basal peak
Examinations at 19 years of age
LH, mIU/ml 0.4 1.1-4.5
FSH, mIU/ml 1.7 2.0-6.0
Estradiol, pg/ml <4.0 11-82
Examinations at 24 years of age
LH, mIU/ml GnRH>? <0.2 0.6 1.1-4.5 2.0-9.2
LH, mIU/ml GnRH {after priming)** 0.3 6.4 1.1-4.5 2.0-9.2°
ESH, mIU/ml GnRH (after priming)®* 22 96 2.0-6.0 45-12.0°
Estradiol, pg/ml 15 11-82
Prolactin, ng/ml 12.6 2.4-18.7
TSH, mIU/1 0.75 0.30-4.50
GH, ng/ml 83 <0.1-10.0
ACTH, pg/ml 8.0 7-56
AMH, ng/ml 3.4 0.1-7.4

! Reference values in age-matched Japanese females.

2 Hormone replacement therapy was discontinued for 4 weeks before GnRH tests.

3 GnRH 100-1.g bolus i.v. and blood sampling at 0, 30, 60, 90, and 120 min; FSH was not measured.
* GnRH 100-pg bolus Lv. after priming with GnRH 100 pg i.m. for 5 consecutive days.

% Reference peak values in a standard GnRH test; there are no reference data after GnRH priming.
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Fig. 2. PCR-based human cDNA screening for TACR3. GAPDH =
Glyceraldehyde-3-phosphate dehydrogenase.

Discussion

This patient had compound heterozygous mutations
of TACR3. In this regard, both IVS1+1delG and Y145X
were predicted as a pathologic mutation missing most of
the transmembrane domains. Furthermore, although
mRNA was not studied because of absent TACR3 expres-
sion in available leukocytes, both Y145X and IVS1+1delG
were predicted to undergo NMD. Thus, the results pro-
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vide further support for TACR3 mutations being involved
in IHH. Furthermore, the results of the 57 cases suggest
the rarity of TAC3 and TACR3 mutations in IHH (none
for TAC3 and 1.8% for TACR3).

In this patient, it is notable that gonadotropin respons-
es to GnRH stimulation were ameliorated after GnRH
priming. This may suggest that the primary lesion for
IHH resides in the hypothalamus rather than in the pitu-
itary. Indeed, TACR3 protein is strongly expressed in the
human hypothalamus (fig. 2) [6]. Furthermore, rodent
Tacr3, Kisslr (Gpr54), and Gnrhl proteins are clearly ex-
pressed in the median eminence that regulates pulsatile
GnRH secretion [7, 8], and human TAC3, KISSI, and
ESR1 proteins are co-expressed in the infundibular nu-
cleus that modulates estrogen feedback for gonadotropin
secretion [9, 10]. In addition, hypertrophy of TAC3-posi-
tive neurons and increased TAC3 expression have been
observed in the hypothalamus of postmenopausal fe-
males with hypoestrinism [9]. These data suggest that a
molecular network involving TAC3/TACR3, KISS1/
KISSIR, and estrogen/ESR1 may underlie the regulation
of GnRH secretion in the hypothalamus.

The heterozygous mother exhibited several clinical
features suggestive of mild IHH [11]. While such mani-
festations are apparently absent from the previously re-
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ported females heterozygous for TACR3 missense muta-
tions (G93D, P353S, and H148L) [2, 3], this may be due to
the residual activity being retained by the missense muta-
tions but not by the splice donor site mutation of the
mother, or to the ethnic difference. Similarly, while the
heterozygous father of this patient apparently lacked dis-
cernible clinical features, this may be due to sex dimor-
phism that GnRH secretion remains fairly constant in
males and shows dynamic change with menstrual cycles
in fernales [11, 12].

In this study, it appears worthwhile to point out that
TACR3 was clearly expressed in the ovary, but not in the
testis. Although the role of TACR3 in ovarian tissue has
not been well studied, a possible involvement of TACR3

in the development of the corpus luteum has been sug-
gested [13]. Thus, TACR3 mutations may also have ex-
erted a direct impact on the ovarian function in this pa-
tient, independent of gonadotropin deficiency. In addi-
tion, the gonadal expression pattern of TACR3 may be
relevant to the phenotypic difference between the moth-
er and father.

In summary, the present study suggests a probable hy-
pothalamic dysfunction in patients with biallelic TACR3
mutations and heterozygous manifestation in females,
together with the rarity of TAC3 and TACR3 mutations
in patients with IHH. Further studies will help to clarify
the clinical and molecular characteristics in TACR3 mu-
tations.
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Diabetes Mellitus in a Japanese Girl with HDR Syndrome

and GATA3 Mutation
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Abstract. We report on a Japanese girl with HDR (hypoparathyroidism, sensorineural deafness, and renal dysplasia)
syndrome who developed diabetes mellitus (DM) at three years of age (blood glucose 713 mg/dL, HbA, 8.0%) in the
absence of anti-glutamic acid decarboxylase autoantibodies. Mutation analysis revealed a de novo heterozygous two base
pair deletion at exon 6 of the GATA3 gene (¢.1200_1201delCA; p.H400{sX506). GATA3 expression was identified by PCR
amplification for human pancreas cDNA., and mouse Gata3 was weekly but unequivocally expressed in pancreatic B cells.
The results, in conjunction with the previous findings indicating the critical role of GATA3 in lymphocyte function, suggest
that GATA3 haploinsufficiency may affect the function of B cells and/or lymphocytes, leading to the development of DM
in relatively exceptional patients with high susceptibility to DM.

Key words: Diabetes mellitus, Expression, GATA3, HDR syndrome

HDR (hypoparathyroidism, sensorineural deafness,
and renal dysplasia) syndrome is an autosomal domi-
nant disorder first reported by Bilous ef al. [1]. This
condition is primarily caused by haploinsufficiency
of GATA3 on chromosome 10p15, aithough a GATA3
mutation has not been identified in several patients
with HDR syndrome-compatible clinical features [2,
3]. GATA3 consists of six exons, and encodes a tran-
scription factor with two transactivation domains and
two zinc finger domains [2]. GATA3 is expressed in
the developing parathyroid glands, inner ears, and kid-
neys, together with thymus and central nervous system
{4, 5]. While several non-triad features such as pylor-
ic stenosis, ventricular septal defect, polycystic ovary,
abnormal Millerian duct structures, and hemimegal-
encephaly have been described in several patients with
GATA3 mutations [3, 6-8], there is no report docu-

Received Oct. 26, 2009; Accepted Nov. 19, 2009 as KO9E-313
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menting diabetes mellitus (DM) in this condition.

Here, we report a patient with DM and a GATA3
mutation, and discuss a potential relationship between
DM and a GATA3 mutation.

Case Report

This Japanese girl was born at 37 weeks of gestation
after an uncomplicated pregnancy and delivery. At
birth, her length was 43.0 cm (—2.4 SD) and her weight
1.74 kg (-3.1 SD). The non-consanguineous parents
and the younger brother were clinically normal.

At 3 months of age, she was admitted to Osaka City
Medical Center because of frequent vomiting and ir-
ritability. Routine laboratory tests revealed hypocal-
cemia (7.8 mg/dL) (age- and sex-matched Japanese
reference value, 9.8—11.6 mg/dL) and hyperphos-
phatemia (8.3 mg/dL) (5.1-7.1 mg/dL), and subse-
quent biochemical studies showed parathyroid hor-
mone (PTH) deficiency (intact PTH, below 5 pg/mL)
(10-50 pg/mL). Thus, 1a-(OH) vitamin D therapy
was started, successfully normalizing serum calcium
and phosphate values. At 12 months of age, since she
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responded poorly to sounds, auditory brainstem re-
sponse was performed, indicating severe sensorineural
deafness with hearing levels being 80 dB for the right
ear and 100 dB for the left ear (normal range, below 25
dB). Thus, hearing aids were utilized in her daily life.

At 3 years of age, she showed polydipsia, polyuria,
and weight loss, and was diagnosed as having DM be-
cause of elevated blood glucose (713 mg/dL) (70-110
mg/dL) and HbA,, (8.0%) (4.3-5.8%). Serum insulin
was 8.0 pU/mL (1.7-10.4pU/mL) and C-peptide 1.1
ng/mL (0.6-1.8 ng/mL). She was immediately placed
on insulin therapy (~0.7 U/kg/day). Urine C-peptide
gradually decreased and became undetectable at eight
years of age; at that time, she required insulin thera-
py of 1.08 U/kg/day. Anti-glutamic acid decarboxy-
lase autoantibodies (anti-GAD Abs) were negative
throughout the clinical course. At nine years of age,
she was found to have elevated blood urea nitrogen
(61.3 mg/dL) (7.5-19.3 mg/dL) and creatinine (2.0
mg/dL) (0.4-0.8 mg/dL) at the time of periodical fol-
low-up examinations for DM. Thus, renal echography
and scntigraphy were performed, showing right renal
aplasia and left renal hypoplasia. Other abdominal
visceral organs including the pancreas exhibited ap-
parently normal structures on the ultrasound examina-
tions. Chromosome analysis revealed a 46,XX karyo-
type in all the 50 lymphocytes examined. On the basis
of the above findings, she was diagnosed as having
HDR syndrome and DM. At present, she is 12 years
old, and shows short stature (—4.5 SD) and some pu-
bertal development (breast, Tanner stage 2). Current
insulin dosage is 1.17 U/kg/day, and her DM has been
well controlled with HbAlc value being maintained
around 6.0%.

Methods

Mutation analysis of GATA3

This study was approved by the Institutional
Review Board Committee at National Center for Child
Health and Development. After obtaining informed
consent, leukocyte genomic DNA samples of the pa-
tient and the parents were PCR-amplified for the cod-
ing exons 2—6 and their splice sites, and the PCR prod-
ucts were subjected to direct sequencing from both
directions on a CEQ 8000 autosequencer (Beckman
Coulter, Fullerton, CA). The primer sequences and
the PCR conditions were as described previously [2, 3].
To confirm a heterozygous mutation, the correspond-

ing PCR products were subcloned with a TOPO TA
Cloning Kit (Invitrogen, Carlsbad, CA), and normal
and mutant alleles were sequenced separately.

PCR amplification of human pancreas cDNA
Human pancreas cDNA was purchased from
Clontech (Mountain View, CA), as well as fetal kidney
cDNA utilized as a positive control. PCR amplifica-
tion was performed with 0.5 ng of cDNA samples, us-
ing the forward primer for exon 5 (5’~GAATGCCA-
ATGGGGACCCTGT-3") and the reverse primer for
exon 6 (5-TTCATGCCTTACAGCTACCCAGA-3").

In situ hybridization (ISH) analysis for the mouse
pancreas

Fifteen-week-old female BDF1 mice (Clea Japan,
Tokyo) were anesthetized with sodium pentobarbi-
tal and fixed by cardiac perfusion with Mildform10N
(Wako Pure Chemical Industries, Osaka). Pancreatic
tissues were dissected and fixed with the same fixative
for 48 hours at room temperature. The tissues were
embedded in paraffin, and serial tissue sections were
prepared at 5 pm thickness. ISH analysis was per-
formed with BlueMap Kit and Discovery automatic
staining modules (Ventana Medical Systems, Tucson,
AZ) according to manufacturer’s instructions. ¢cDNAs
of mouse Ins-1 (an insulin-like peptide orthologous to
human insulin) (nt 653—1117, GenBank accession no.
X04725) and Gata3 (nt 15662002, GenBank acces-
sion no. NM_008091) were amplified by reverse tran-
scription PCR and subcloned into pCR4Blunt-TOPO
(Invitrogen). Sense and antisense digoxigenin-labeled
RNA probes were synthesized using T7 or T3 RNA
polymerase in the presence of digoxigenin-labeled
dUTP following the manufacturer’s protocol (Roche
Molecular Biochemicals, Indianapolis, IN).

Results

Mutation analysis of GATA3

This patient had a heterozygous two base pair de-
letion at exon 6 (c.1200 1201delCA) of GATA3 that
is predicted to cause a frameshift at the 400th codon
for the histidine and resultant termination at the 506th
codon (p.H400fsX506) (Fig. 1). This mutation was
absent from the parents.

PCR amplification of human pancreas cDNA
PCR products of 690 bp long were identified in fe-
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tal kidney after 25 cycles and in pancreas after 40 cy-
cles (Fig. 2A). This indicated relatively weak GATA3
expression in the pancreas.

ISH analysis for the mouse pancreas

Anti-sense probes for Gata3 detected weak but de-
finitive signals in cells with strong Ins-I expression
(Fig. 2B). This showed specific Gata3 expression in
the mouse pancreatic {§ cells.

Discussion

This patient had the triad of the HDR syndrome and
a heterozygous mutation of GA7A3. This is consis-
tent with the previous data indicating that GATA3 mu-
tations are usually identified in patients with two or
three of the HDR triad features [9, 10].

The salient feature of this patient is the development
of DM. This may be co-incidental, because DM has
not been identified in patients with GAT43 mutations.
However, human GATA3 was identified in the human
pancreas cDNA sample, and mouse Gata3 was weekly
but unequivocally expressed in pancreatic § cells. In
addition, GATA3 is known to play an important role in
lymphocyte development and function [11, 12]. Thus,
GATA3 haploinsufficiency may affect the function of §
cells and/or lymphocytes, leading to the development
of DM in relatively exceptional patients with high sus-

Fetal kidney
Pancreas

]
=
&
=

Fig. 2. Expression analyses of GATA3/Gata3.
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Fig. 1. Mutation analysis of GATA3.

Upper diagram: The genomic structure of GATA3.
The black and white boxes denote the coding and the
untranslated regions, respectively. TA1 and TA2 denote
two transactivation domains, and ZF1 and ZF2 represent
two zinc finger domains.

Lower diagram: The electrochromatograms delineate the
¢.1200_1201delCA (p.H400£fsX506) mutation at exon 6.
This mutation has been indicated by the direct sequencing,
and confirmed by the subsequently performed sequencing
of the subcloned normal and mutant alleles.

ceptibility to DM because of other genetic and envi-
ronmental factors. In this regard, the absence of anti-
GAD Abs may argue for possible B cell, rather than
lymphocyte, dysfunction [13].

ins-1 antisense

ins-1 sansé

A. PCR-amplification using human cDNA samples. GATA3 expression is identified after 25 cycles in the fetal kidney, and after

40 cycles in the pancreas.

B. ISH analysis using the mouse pancreas. The antisense probe for Gata3 detects weak but positive signals in the cells with
strong expression of Ins-1 (B cells). No signals have been identified by the sense probes.
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The frameshift mutation resided on the last cod-
ing exon 6. Since the position of the mutation sat-
isfies the condition for the escape from nonsense
mediated mRNA decay [14], it is possible that an ab-
errant GATA3 protein is produced, leading to the de-
velopment of DM due to a dominant negative effect.
However, this possibility is unlikely, because previ-
ously reported patients with nonsense or frameshift
mutations on exon 6 are free from DM [3, 10].

In summary, we observed a patient with a GATA3

mutation and DM. Further studies will clarify wheth-
er GATA3 mutations can be a risk factor for the devel-
opment of DM.
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Parthenogenetic chimaerism/mosaicism with
a Silver-Russell syndrome-like phenotype

K Yamazawa,'? K Nakabayashi,®> M Kagami,' T Sato," S Saitoh,* R Horikawa,’

N Hizuka,® T Ogata’

ABSTRACT

Introduction We report a 34-year-old Japanese female
with a Silver-Russell syndrome {SRS)-like phenotype and
a mosaic Turner syndrome karyotype (45,X/48,XX).
Methods/Results Molecular studies including
methylation analysis of 17 differentially methylated
regions {DMiRs) on the autosomes and the XIST-DMR on
the X chromosome and genome-wide microsatellite
analysis for 96 autosomal loci and 30 X chromosomal loci
revealed that the 46,XX cell lineage was accompanied by
maternal uniparental isodisomy for all chromosomes
{upid(AC)mat), whereas the 45X cell lineage was
associated with biparentally derived autosomes and

a matemally derived X chromosome. The frequency of
the 46,XX upidiAC)mat cells was calculated as 84% in
leukoeytes, 56% in salivary cells, and 18% in huccal
epithelial cells.

Discussion The results imply that a parthenogenstic
activation took place around the time of fertilisation of
& sperm missing a sex chromosome, resulting in the
generation of the upid{ACimat 46,XX cell fineage by
endoreplication of one blastomere containing a female
pronucleus and the 45X cell lineage by union of male
and female pronuciei. It is likely that the extent of overall
{epijgenetic aberrations exceeded the threshold level for
the development of SRS phenotyps, but not for the
occurrence of other imprinting disorders or recessive
Mendelian disorders.

Although a mammal with maternal uniparental
disomy for all chromosomes (upd(AC)mat) is
incompatible with life because of genomic
imprinting,' a mammal with a upd(AC)mat cell
lineage could be viable in the presence of a co-
existing normal cell lineage. In the human, Strain
et al’ have reported 46,XX peripheral blood cells
with maternal uniparental isodisomy for all chro-
mosomes (upid{(AC)mat) in a 1.2-year-old pheno-
typically male patient with aggressive behaviour,
hemifacial hypoplasia and normal birth weight.
Because of the 46, XX disorders of sex development,
detailed molecular studies were performed,
revealing the presence of a normal 46 XY cell
lineage in a vast majority of skin fibroblasts and
a upid(AC)mat 46, XX cell lineage in nearly all blood
cells. In addition, although the data are insufficient
to draw a definitive conclusion, Horike er 2* have
also identified 46,XX peripheral blood cells with
possible upd(AC)mat in a phenotypically male
patient through methylation analyses for plural
differentially methylated regions (DMRs) in 11
patients with Silver—Russell syndrome (SRS)-like
phenotype. This patient was found to have
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a normal 46,XY cell lineage and a triploid 69,XXY
cell lineage in skin fibroblasts.

However, such patients with a upd(AC)mat cell
lineage remain extremely rare, and there is no
report describing a human with such a cell lineage
in the absence of a normal cell lineage. Here, we
report a female patient with a upid(AC)mat 46,XX
cell lineage and a non-upd 45X cell lineage who
was identified through genetic screenings of 103
patients with SRS-like phenotype.

MATERIALS AND METHODS

Case report

This Japanese female patient was conceived naturally
and born at 40 weeks of gestation by a normal vaginal
delivery. At birth, her length was 44.0 cm (—3.1 5D},
her weight 2.1 kg (2.9 SD) and her occipitofrontal
head circumference (OFC) 30.5 cm (—2.3 SD). The
parents and the younger brother were clinically
normal (the father died from a traffic accident).

At 2 years of age, she was referred to us because
of growth failure. Her height was 77.7 cm (-2.5
SD), her weight 845kg (—2.6 SD) and her OFC
43.5 cm (—2.5 SD). Physical examination revealed
several SRS-like somatic features such as triangular
face, right hemihypoplasia and bilateral fifth finger
clinodactyly. She also had developmental retarda-
tion, with a developmental quotient of 56. Endo-
crine studies for short stature were normal as were
radiological studies. Cytogenetic analysis using
lymphocytes indicated a low-grade mosaic Turner
syndrome (IS) karyotype, 45X[3]/46XX[47].
Thus, a screening of TS phenotype® was performed,
detecting horseshoe kidney but no body surface
features or cardiovascular lesion. Chromosome
analysis was repeated at 6 and 32 vears of age using
lymphocytes, revealing a  45X[8]/46,XX[92]
karyotype and a 45,X{12]/46,XX[88] karyotype,
respectively. On the last examination at 34 years of
age, her height was 125.0 cm (—6.2 SD), her weight
37.5kg (—2.0 5D) and her OFC 51.2 cm (—2.8 SD).
She was engaged in a simple work and was able to
get on her daily life for herself.

Sample preparation

This study was approved by the Institutional
Review Board Committees at National Center for
Child health and Development. After obtaining
written informed consent, genomic DNA was
extracted from leukocytes of the patient, the
mother and the brother and from salivary cells,
which comprise ~40% of buccal epithelial cells and
~60% of leukocytes,® of the patient. Lymphocyte
metaphase spreads and leukocyte RNA were also

J Med Genet 2010;47:782~785. doi:10.1136/jmg.2010.079343
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obtained from the patient. Leukocytes of healthy adults and
patients with imprinting disorders were utilised for controls.

Primers and probes
The primers utilised in this study are summarised in supple-
mentary methods and supplementary tables 1-5.

DHR analysss

We first performed bio-combined bisulfite restriction analysis
(COBRA)® and bisulfite sequencing of the H79-DMR (A) on
chromosome 11p15.5 by the previously described methods” and
methylation-sensitive PCR analysis of the MEST-DMR (A) on
chromosome 7G32.2 by the previously described methods® with
minor modifications (the methylated and unmethylated allele-
specific primers were designed to yield PCR products of different
sizes, and the PCR products were visualised on the 2100 Bioa-
nalyzer {Agilent, Santa Clara, California, USA)). This was
because hypomethylation (epimutation) of the normally meth-
ylated H19-DMR of paternal origin and maternal uniparental
disomy 7 are known to account for 35~65% and 5~10% of SRS
patients, respectively” '° In addition, fluorescence in situ
hybridisation (FISH) analysis was performed with a ~84-kb
RP5-998N23 probe containing the H19-DMR (BACPAC
Resources Center, Qakland, California, USA). We also examined
multiple other DMRs by bio-COBRA. The ratio of methylated
clones (the methylation index) was calculated using peak
heights of digested and undigested fragments on the 2100
Bicanalyzer using 2100 expert software.

Genome-wide microsatellite analysis

Microsatellite analysis was performed for 96 autosomal loci and
30 X chromosomal loci. The segment encompassing each locus
was PCR-amplified, and the PCR product size was determined
on the ABI PRISM 810 autosequencer using GeneScan software
(Applied Biosystems, Foster City, California, USA).

PCR analysis for Y chromosemal loci
tandard PCR was performed for six Y chromosomal loci. The
PCR products were electrophoresed using the 2100 Bioanalyzer.

Expression analysis

Quantitative real-timne reverse transcriptase PCR analysis was
performed for three paternally expressed genes (JGF2, SNRPN
and ZACY) and four maternally expressed genes (H79, MEGS,
PHLDAZ and CDKN1C) that are known to be variably (usually
weakly) expressed in leukocytes (UniGene, http://www.ncbi.
nim.nih.gov/sites/entrez ?db=unigene), using an ABI Prism 7000
Sequence Detection System: (Applied Biosystems). TBP and
GAPDH were utilised as internal controls.

RESULTS

DMA analyses

In leukocytes, the bio-COBRA indicated severely hypomethy-
lated H79-DMR, and bisulfite sequencing combined with
152254375 SNE typing for 30 clones revealed maternal origin of
29 hypomethylated clones and non-maternal {paternal) origin of
a single methylated clone in this patient (figure 1A). Thus, the
marked hypomethylation of the H79-DMR was caused by
predominance of maternally derived clones rather than hypo-
methylation of the H19-DMR of paternal origin. FISH analysis
for 100 lymphocyte metaphase spreads excluded an apparent
deletion of the paternally derived H19-DMR or duplication of
the maternally derived H19-DMR (Supplementary figure 1).

J Med Genet 2010;87:782—785. doiz10.1136/jmg.2010.078343

Methylation-sensitive PCR amplification for the MEST-DMR
delineated a major peak for the methylated allele and a minor
peak for the unmethylated allele (figure 1B). This also indicated
the predominance of maternally derived clones and the co-
existence of a minor portion of paternally derived clones.
Furthermore, autosomal DMRs invariably exhibited markedly
abnormal methylation patterns consistent with predominance
of maternally inherited DMRs, whereas the methylation index
of the XIST-DMR on the X chromosome remained within the
female reference range (figure 1C). The abnormal methylation
patterns were less obvious in salivary cells (thus, in buccal
epithelial cells) than in leukocytes, except for the methylation
index for the XIST-DMR that mildly exceeded the female
reference range (figure 1A-C).

Micresatellite analysis

Major peaks consistent with maternal uniparental isodisomy
and minor peaks of non-maternal (paternal) origin were identi-
fied for at least one locus on each autosome, with the minor
peaks of non-maternal origin being more obvious in salivary cells
than in leukocytes (figure 1D and supplementary table 4).
Purthermore, the frequency of the upid(AC)mat cells was
calculated as 84% in leukocytes, 56% in salivary cells and 18% in
epithelial buccal cells, using the area under curves for the
maternally and the non-maternally inherited peaks (supple-
mentary note). Such minor peaks of non-maternal origin were
not detected for all the 30 X chromosomal loci examined.

PCR analysis for Y chromesomal loci

PCR amplification failed to detect any trace of Y chromosome-
specific bands in leukocytes and salivary cells (Supplementary
figure 2).

Expression analysis

Expression analysis using control leukocytes indicated that, of
the seven examined genes, SNRPN expression alone was strong
enough to allow for a precise assessment (Supplementary
figure 3). SNRPN expression was extremely low in this patient
{figure 1E).

DISCUSSION

These results imply that this patient had a upid(AC)mat 46,XX
cell lineage and a non-upd 45 X cell lineage. Indeed, methylation
patterns of the XIST-DMR is explained by assuming that the
two X chromosomes in the upid(AC)mat cells undergo random
X-inactivation and that 45X cells with the methylated XIST-
DMR on a single active X chromosome!'" are relatively prevalent
in buccal epithelial cells. Furthermore, lack of non-maternally
derived minor peaks for microsatellite loci on the X chromosome
is explained by assuming that the two X chromosomes in the
upid(ACymat cells and the single X chromosome in the 45X
cells are derived from a common X chromosome of maternal
origin, with no paternally derived sex chromosome. It is likely,
therefore, that a parthenogenetic activation tock place around
the time of fertilisation of a sperm missing a sex chromosome,
resulting in the generation of the 46, XX cell lineage with upid
{ACymat by endoreplication (the replication of DNA without
the subsequent completion of mitosis) of one blastomere
containing a female pronucleus and the 45X cell lineage with
biparentally derived autosomes and a maternally derived X
chromosome by union of male and female pronuclei (figure 2},
although it is also possible that a paternally derived sex chro-
mosome was present in the sperm but was lost from the normal
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for methylated and unmethylated alleles are delineated, and the unequal amplification is consistent with a short product being more easily amplified
than a long product. In a previously reported patient with upd{7imat,’ the methylated allele only is amplified. In this patient, major peaks for the
methylated allele and minor peaks for the unmethylated allele {red asterisks) are detected. C. Methylation patterns for the 18 DMHs examined. The
DMRs highlighted in blue and pink are methylated after patornal and maternal transmissions, respectively. The black vertical bars indicate the reference
data {maximum—minimum) in 20 normal control participants, using leukocyte genomic DNA {for the XIST-DMR, 16 female data are shown).

D. Representative microsatellite analysis. Minor peaks {red asterisks) have been identified for 0787824 and D778804 but not for DXS986 of the patient.
Since the peaks for 0757824 and D715804 are absent in the mother and clearly present in the brother, they are assessed to be of paternal origin.
E. Relative expression level (mean = SD) of SMRPN on chromosome 15. The data have been normalised against TBP. SRS, an SRS patient with an
epimutation (hypomethylation) of the H19-DMR; BWS1, a BWS patient with an epimutation (hypermethylation) of the H79-DMR; BWSZ, a BWS
patient with upd{11)pat; PWS1, a PWS patient with upd{15)mat; PWS2, a PWS patient with an epimutation {hypermethylation} of the SNAPN-DMR;
AS1, an Angelman syndrome (AS) patient with upd{15)pat; and ASZ, an AS patient with an epimutation {hypomethylation} of the SNRPN-DMR.

cell lineage at the very early developmental stage. Hence, in
a strict sense, this patient is neither a chimera resulting from the
fusion of two different zygotes nor a mosaic caused by a mitotic
error of a single zygote. In this regard, a triploid cell stage is
assumed in the generation of a upid(AC)mat cell lineage, and
such triploid cells may have been detected in skin fibroblasts of
the patient reported by Horike ef al.®

The upid(AC)mat cells accounted for the majority of leukocytes
even in adulthood of this patient, despite global negative selective
pressure.? ' This phenomenon, though intriguing, would not be
unexpected in human studies because leukocytes are usually
utilised for genetic analyses. Rather, if the upid(AC)mat cells were
barely present in leukocytes, they would not have been detected.
It is likely, therefore, that upid(AC)mat cells have occupied
a relatively large portion of the definitive haematopoietic tissues
primarily as a stochastic event. Furthermore, parthenogenetic
chimera mouse studies have revealed that parthenogenetic cells
are found at a relatively high frequency in some tissues/organs
including blood and are barely identified in other tissues/organs
such as skeletal muscle and liver.* Such a possible tissue-specific
selection in favour of the preservation of parthenogenetic cells in
the definitive haematopoietic tissues may also be relevant to the
predominance of the upid(AC)mat cells in leukocytes. In addition,
a reduced growth potential of 45X cells'® may also have
contributed to the skewed ratio of the two cell lineages.

784

Clinical features of this patient would be determined by several
factors. They include: (1) the ratio of two cell lineages in various
tissues/organs, (2) the number of imprinted regions or DMRs
relevant to the development of specific imprinting disorders (eg,
plural regions/DMRs on chromosomes 7 and 11 for SRS” ' and
a single region/DMR on chromosome 15 for Prader—Willi
syndrome (PWS)),* (3) the degree of clinical effects of dysregu-
lated imprinted regions/DMRs (an (epi)dominant effect has been

Figure 2 Schematic representation of the generation of the upid{AC)
mat 46,XX cell lineage and the non-upd 45X cell fineage. Polar bodies
are not shown. PA, parthenogenetic activation; and E, endoreplication of
one blastomere containing a female pronucleus.

J Med Genet 2010;47:782—785. doi:10.1136/jmg.2010.079343
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assumed for the 11p15.5 imprinted regions including the
IGF2—H19 domain on the basis of SRS or Beckwith—Wiedemann
syndrome (BWS) phenotype in patients with multilocus hypo-
methylation’® and BWS like phenotype in patients with a upid
(AC)pat cell lineage,”” a mirror image of a upid(AC)mat cell
lineage), (4) expression levels of imprinted genes in upid(AC)mat
cells (although SNRPN expression of this patient was consistent
with upid(AC)mat cells being predominant in leukocytes,
complicated expression patterns have been identified for several
imprinted genes in androgenetic and parthenogenetic fetal mice,
probably because of perturbed cis- and trans-acting regulatory
mechanisms)’® and (5) unmaskmg of possible maternally
inherited recessive mutation(s) in upid(AC)mat cells.'® Collec-
tively, it appears that the extent of overall (epi)genetic aberrations
exceeded the threshold level for the developmem of SRS pheno-
type and horseshoe kidney characteristic of TS* but remained
below the threshold level for the occurrence of other imprinting
disorders or recessive Mendelian disorders.

In summary, we identified a upid(AC)mat 46,X3{ cell lineage
in a woman with an SRS-like phenotype and a 45X cell lineage
accompanied by autosomal haploid sets of biparemai origin.
This report will facilitate Further identification of patients with
a upid(ACymat cell lineage and better clarification of the clinical
phenotypes in such patients.
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TO THE EDITOR:

Human chromosome 14q32.2 carries a cluster of imprinted genes
including paternally expressed genes such as DLKI and RTLI
and maternally expressed genes such as MEG3 (alias GTL2) and
RTL1as(RTL!antisense), together with the germline-derived inter-
genic differentially methylated region (IG-DMR) and the
postfertilization-derived MEG3-DMR [da Rocha et al., 2008; Ka-
gami et al., 2008a]. Consistent with this, paternal uniparental
disomy 14 (upd(14)pat) results in a unique phenotype character-
ized by facial abnormality, small beli-shaped thorax with coat-
hanger appearance of the ribs, abdominal wall defects, placento-
megaly, and polyhydramnios [Kagami et al., 2008a,b], and mater-
nal uniparental disomy 14 (upd(14)mat) leads to less-characteristic
but clinically discernible features including growth failure [Kotzot,
2004; Kagami et al., 2008a].

For upd(14)pat, this condition has primarily been identified by
the pathognomonic chest roentgenographic findings that are ob-
tained immediately after birth because of severe respiratory dys-
function [Kagami et al., 2008a]. However, upd(14)pat has also
been suspected prenatally by fetal radiological findings suggestive
of small thorax and other characteristic findings [Curtis et al.,
2006; Yamanaka et al., 2010]. Here, we report on prenatal findings
in a hitherto unreported upd(14)pat patient. The results will
serve to the prenatal identification of similarly affected
patients and appropriate neonatal care including respiratory
management.

A 4]-year-old gravida 1, para 0 Japanese woman was referred to
Nagoya City University Hospital because of polyhydramnios at
24 weeks of gestation. The polyhydramnios was severe and required
repeated amnioreduction (1,600 ml at 26 weeks, 1,800 ml at 29
weeks, 2,000 ml at 32 weeks, and 2,100 ml at 35 weeks). The fetal
urine volume was normal (5—12 ml per hr). At 28 weeks of gesta-
tion, 3D ultrasound studies were performed, delineating dysmor-
phic face, anteverted nares, micrognathia and small thorax
characteristic of upd(14)pat (Fig. 1), although the differential
diagnosis included Beckwith—~Wiedemann syndrome and several

© 2010 Wiley-Liss, Inc.
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types of skeletal dysplasia. Thereafter, ultrasound studies were
weekly carried out, indicating almost normal fetal growth and
normal umbilical artery Doppler.

At 37 weeks of gestation, a 2,778 g male infant was delivered by
cesarean because of fetal distress. The placenta was 1,384 ¢
(gestational age-matched reference, 510+98g) [Kagami et al,,
2008b]. The patient had severe asphyxia, and immediately received
appropriate management including mechanical ventilation for
6 days and nasal directional positive airway pressure at the neonatal
intensive care unit. At birth, physical examination revealed
hairy forehead, blepharophimosis, depressed nasal bridge,
anteverted nares, small ears, protruding philtrum, puckered lips,
micrognathia, short webbed neck, joint contractures, and diastasis
recti, and roentgenograms showed typical bell-shaped thorax
with coat-hanger appearance of the ribs (Fig. 2). Coax valga or
kyphoscoliosis was uncertain. Discharge from hospital was 35 days
after birth. On the last examination at 8 months of age, the patient
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required regular oropharyngeal suction and nasogastric tube feed-
ing due to a poor swallowing reflex, and showed developmental
delay. At the time of the last evaluation there was no seizure
disorder.

To confirm the findings, cytogenetic and molecular studies were
performed for the cord blood of the patient by the previously
described methods [Kagami et al., 2008a]. This study was approved
by the Institutional Review Board Committees at National Center

for Child Health and Development and Nagoya City University,

and performed after obtaining written informed consent. The
karyotype was normal, and metaphase fluorescence in situ hybrid-
ization (FISH) analysis with a 202 kb BAC probe containing DLK1
(RP11-566]3) and a 165 kb BAC probe containing MG3and RTL1/
RTLlas (RP11-123M6) (hitp://bacpac.-chori.org/) delineated two
signals with a similar intensity, respectively. Methylation analysis
for bisulfite-treated genomic DNA indicated the presence of pater-
nally derived hypermethylated IG-DMR (CG4 and CG6) and
MEG3-DMR (CG7) and the absence of maternally derived hypo-

methylated DMRs. Furthermore, microsatellite analysis was per-
formed using leukocyte genomic DNA of patient and parents,
revealing uniparental paternal isodisomy for chromosome 14
(Table I, Fig. 3).

In this patient with molecularly confirmed upd(14)pat, ultra-
sound studies unequivocally showed typical upd(14)pat pheno-
types such as thoracic abnormality and facial dysmorphic features.
While this is the first report documenting the facial appearance of
the affected fetus, small thorax has been suspected prenatally in five
patients with upd(14)pat or epimutations of the IG-DMR and the
MEG3-DMR, with coat-hanger appearance of the ribs being delin-
eated in one patient [Curtis et al., 2006; Yamanaka et al., 2010]. In
this regard, it is notable that polyhydramnios has invariably been
identified in upd(14)pat by the second trimester [Kagami et al.,
2008a]. It is recommended, therefore, to perform radiological
studies for pregnant women with polyhydramnios, to suspect
upd(14)pat-compatible clinical features of the fetus. This will
permit appropriate counseling and delivery planning at a tertiary
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center with neonatal intensive care as well as pertinent molecular
studies using cord blood.
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Androgenetic/biparental mosaicism in a girl with
Beckwith-Wiedemann syndrome-like and

upd(14)pat-like phenotypes

Kazuki Yamazawa'>, Kazuhiko Nakabayashi?, Kentaro Matsuoka®, Keiko Masubara!, Kenichiro Hata?,

Reiko Horikawa* and Tsutomu Ogata'

This report describes androgenetic/biparental mosaicism in a 4-year-old Japanese girl with Beckwith-Wiedemann syndrome
(BWS)-like and paternal uniparental disomy 14 (upd(14)pat)-like phenotypes. We performed methyiation analysis for 18
differentially methylated regions on various chromosomes, genome-wide microsatellite analysis for a total of 90 loci and
expression analysis of SNRPN in leukocyles. Consequently, she was found o have an androgenetic 46,XX cell lineage and a
normal 46,XX cell lineage, with the frequency of the androgenetic cells being roughly calculated as 91% in leukocytes, 70%
in tongue tissues and 79% in tonsil tissues. It is likely that, afier a normal fertilization between an ovum and a sperm, the
paternally derived pronucleus alone, but not the maternally derived pronucleus, underwent a mitotic division, resulting both in
the generation of the androgenetic cell lineage by endoreplication of one blastomere containing a paternally derived pronucleus
and in the formation of the normal cell lineage by union of paternally and maternally derived pronuclei. It appears that the
extent of overall (epi)genetic aberrations exceeded the threshold level for the development of BWS-like and upd(14)pat-like
phenotypes, but not for the occurrence of other imprinting disorders or recessive Mendelian disorders.

Journal of Human Genetics (2011) 56, 91-93; doi:10.1038/jhg.2010.142; published online 11 November 2010

Keywords: androgenesis; Beckwith-Wiedemann syndrome; mosaicism; upd(14)pat

INTRODUCTION
A pure androgenetic human with paternal uniparental disomy for
all chromosomes is incompatible with life because of genomic
imprinting.l* However, a human with an androgenetic cell lineage
could be viable in the presence of a normal cell lineage. Indeed, an
androgenetic cell lineage has been identified in six liveborn individuals
with variable phenotypes.*” All the androgenetic cell lineages have
a 46,XX karyotype, and this is consistent with the lethality of an
androgenetic 46,YY cell lineage.

Here, we report on a girl with androgenetic/biparental mosaicism,
and discuss the underlying factors for the phenotypic development.

CASE REPORT

This patient was conceived naturally to non-consanguineous and
healthy parents. At 24 weeks gestation, the mother was referred to
us because of threatened premature delivery. Ultrasound studies
showed Beckwith-Wiedemann syndrome (BWS)-like features,® such
as macroglossia, organomegaly and umbilical hernia, together with

polyhydramnios and placentomegaly. The mother repeatedly received
amnioreduction and tocolysis.

She was delivered by an emergency cesarean section because of
preterm rupture of membranes at 34 weeks of gestation. Her birth
weight was 3730g (+4.8s.d. for gestational age), and her length
45.6cm (+0.7s.d.). The placenta weighed 1040g (+7.3s.d.).” She
was admitted to a neonatal intensive care unit due to asphyxia.
Physical examination confirmed a BWS-like phenotype. Notably,
chest roentgenograms delineated mild bell-shaped thorax character-
istic of paternal uniparental disomy 14 (upd(14)pat),!? although coat
hanger appearance of the ribs indicative of upd(14)pat was absent
(Supplementary Figure 1). She was placed on mechanical ventilation
for 2 months, and received tracheostomy, glossectomy and tonsillect-
omy in her infancy, due to upper airway obstruction. She also had
several clinical features occasionally reported in BWS?® (Supplementary
Table 1). Her karyotype was 46,XX in all the 50 lymphocytes analyzed.
On the last examination at 4 years of age, she showed postnatal growth
failure and severe developmental retardation.
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MOLECULAR STUDIES tonsil tissues than in leukocytes (Figure 1b and Supplementary
This study was approved by the Institutional Review Board Commit-  Table 2). There were no loci with three or four peaks indicative of
tee at the National Center for Child health and Development, and  chimerism. The frequency of the androgenetic cells was calculated

performed after obtaining informed consent. as 91% in leukocytes, 70% in tongue cells and 79% in tonsil cells,
although the estimation apparently was a rough one (for details, see
Methylation analysis Supplementary Methods).

We first performed bisulfite sequencing for the H19-DMR (differen-

tially methylated region) and KVDMR1 as a screening of BWS''2and  Expression analysis

that for the IG-DMR and the MEG3-DMR as a screening of We examined SNRPN expression, because SNRPN showed strong
upd(14)pat,!® using leukocyte genomic DNA. Paternally derived expression in leukocytes (for details, see Supplementary Data).
clones were predominantly identified for the four DMRs examined SNRPN expression was almost doubled in the leukocytes of this
(Figure 1a). We next performed combined bisulfite restriction analysis  patient (Figure 1c).

for multiple DMRs, as reported previously.!® All the autosomal

DMRs exhibited markedly skewed methylation patterns consistent DISCUSSION

with predominance of paternally inherited clones, whereas the XIST-  These results suggest that this patient had an androgenetic 46,XX cell
DMR on the X chromosome showed a normal methylation pattern lineage and a normal 46,XX cell lineage. In this regard, both the

(Figure 1a). androgenetic and the biparental cell lineages appear to have derived
from a single sperm and a single ovum, because a single haploid
Genome-wide microsatellite analysis genome of paternal origin and that of maternal origin were identified

Microsatellite analysis was performed for 90 loci with high hetero-  in this patient by genome-wide microsatellite analysis. Thus, it is likely
zygosities in the Japanese population.!* Major peaks consistent with  that after a normal fertilization between an ovum and a sperm,
paternal uniparental isodisomy and minor peaks of maternal origin  the paternally derived pronucleus alone, but not the maternally
were identified for at least one locus on each chromosome, with the  derived pronucleus, underwent a mitotic division, resulting both in
minor peaks of maternal origin being more obvious in tongue and  the generation of the androgenetic cell lineage by endoreplication of
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Figure 1 Representative molecular results. (a) Methylation analysis. Upper part: Bisulfite sequencing data for the H19-DMR and the KvDMR1 on 11p15.5,
and those for the IG-DMR and the MEG3-DMR on 14q32.2. Each line indicates a single clone, and each circle denotes a CpG dinucleotide; filled and open
circles represent methylated and unmethylated cytosines, respectively. Paternally expressed genes are shown in blue, maternally expressed gene in red, and
the DMRs in green. The HI19-DMR, the IG-DMR, and the MEG3-DMR are usually methylated after paternal transmission and unmethylated after maternal
transmission, whereas the KvDMR1 is usually unmethylated after paternal transmission and methylated after maternal transmission.1%11 Lower part:
Methylation indices (the ratios of methylated clones) obtained from the COBRA analyses for the 18 DMRs. The DMRs highlighted in blue and pink are
methylated after paternal and maternal transmissions, respectively. The black vertical bars indicate the reference data (maximum — minimum) in leukocyte
genomic DNA of 20 normal control subjects (the X/ST-DMR data are obtained from 16 control females). (b) Representative microsatellite analysis. Major
peaks of paternal origin and minor peaks of maternal origin (red arrows) have been identified in this patient. The minor peaks of maternal origin are more
obvious in tongue and tonsil tissues than in leukocytes (Leu.). (c) Relative expression level (mean+s.d.) of SNRPN. The data are normalized against TBP.
SRS: an SRS patient with an epimutation (hypomethylation) of the HI9-DMR; BWS1: a BWS patient with an epimutation (hypermethylation) of the H19
DMR; BWS2: a BWS patient with upd(11)pat; PWS1: a Prader-Willi syndrome (PWS) patient with upd(15)mat; PWS2: a PWS patient with an epimutation
(hypermethylation) of the SNRPN-DMR; AS1: an Angelman syndrome (AS) patient with upd(15)pat; and AS2: an AS patient with an epimutation
(hypomethylation) of the SNRPN-DMR. The data were obtained using an ABI Prism 7000 Sequence Detection System (Applied Biosystems).
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Figure 2 Schematic representation of the generation of the androgenetic/
biparental mosaicism. Polar bodies are not shown.

one blastomere containing a paternally derived pronucleus and in the
formation of the normal cell lineage by union of paternally and
maternally derived pronuclei (Figure 2). This model has been pro-
posed for androgenetic/biparental mosaicism generated after fertiliza-
tion between a single ovum and a single sperm.”!>!¢ The normal
methylation pattern of the XIST-DMR is explained by assuming that
the two X chromosomes in the androgenetic cell lineage undergo
random X-inactivation, as in the normal cell lineage. Furthermore, the
results of microsatellite analysis imply that the androgenetic cells were
more prevalent in leukocytes than in tongue and tonsil tissues.

A somatic androgenetic cell lineage has been identified in seven
liveborn patients including this patient (Supplementary Table 1).>”
In this context, leukocytes are preferentially utilized for genetic
analyses in human patients, and detailed examinations such as
analyses of plural DMRs are necessary to detect an androgenetic cell
lineage. Thus, the hitherto identified patients would be limited to
those who had androgenetic cells as a predominant cell lineage in
leukocytes probably because of a stochastic event and received detailed
molecular studies. If so, an androgenetic cell lineage may not be
so rare, and could be revealed by detailed analyses as well as
examinations of additional tissues in patients with relatively complex
phenotypes, as observed in the present patient.

Phenotypic features in androgenetic/biparental mosaicism would be
determined by several factors. They include (1) the ratio of two cell
lineages in various tissues/organs, (2) the number of imprinted
domains relevant to specific features (for example, dysregulation
of the imprinted domains on 11p15.5 and 14q32.2 is involved in
placentomegaly®!”), (3) the degree of clinical effects of dysregulated
imprinted domains (an (epi)dominant effect has been assumed for the
11p15.5 imprinted domains'®), (4) expression levels of imprinted
genes in androgenetic cells (although SNRPN expression of this
patient was consistent with androgenetic cells being predominant in
leukocytes, complicated expression patterns have been identified for
several imprinted genes in both androgenetic and parthenogenetic
fetal mice, probably because of perturbed cis- and trans-acting
regulatory mechanisms'®) and (5) unmasking of possible paternally
inherited recessive mutation(s) in androgenetic cells. Thus, in this
patient, it appears that the extent of overall (epi)genetic aberrations
exceeded the threshold level for the development of BWS-like and
upd(14)pat-like body and placental phenotypes, but remained below

the threshold level for the occurrence of other imprinting disorders or
recessive Mendelian disorders.
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