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Jacobsen syndrome refers to a congenital anomaly caused by deletion at 11q23.3-qter. We here describe two
siblings with the same 11q23.3-qter deletion. Both parents were healthy with a normal karyotype. Cytogenetic
microarray analysis revealed no mosaicism in either parent but the mother showed uniparental disomy en-
compassing the deleted region found in the two siblings. The pattern of X chromosome inactivation was almost
completely skewed in the mother. These data suggested that the mother was a carrier of the 11q23.3-qter
deletion but that this had been rescued by disomy formation during early embryogenesis except for her germinal

1. Introduction

Jacobsen syndrome (MIM#147791) is a contiguous gene deletion
syndrome caused by deletion of the 11qter region. The typical clinical
features of Jacobsen syndrome include pre- and postnatal physical
growth and psychomotor retardation, facial dysmorphic features, and
thrombocytopenia. Some patients with this syndrome also have mal-
formations of the heart, kidney, gastrointestinal tract, and central
nervous system. Ocular and hearing problems can be also present. The
estimated occurrence of Jacobsen syndrome is about 1/100,000 births
(Mattina et al., 2009).

About 85% of Jacobsen syndrome cases are caused by a simple de
novo terminal deletion. Other cases result from a variety of chromo-
somal abnormalities including segregation of a familial reciprocal ba-
lanced translocation, de novo unbalanced translocations, recombination
of a parental pericentric inversion, or other rearrangements such as ring
chromosomes. An 11q deletion has also been reported in the mosaic
form of this condition. The breakpoints in these deletions occur within
or distal to 11q23.3, and the deletions usually extend to the telomere
(Grossfeld et al., 2004). The deletion size ranges from 7 to 20 Mb. The
chromosomal region conferring specificity for the Jacobsen syndrome

phenotype is the 11q24.2 band, but the gene responsible for this phe-
notype is still unknown.

We here report on two siblings with the same 11q23.3-qter deletion,
one with Jacobsen syndrome and the other detected by amniocentesis
and terminated. The parents however showed a normal karyotype.
Cytogenetic microarray analyses revealed that the healthy mother had
uniparental disomy (UPD) encompassing the 11q22.3-ter region deleted
in the siblings. A possible mechanism for the recurrence of this deletion
is discussed.

2. Clinical report

A 4-year old Japanese male subject was the first child of a non-
consanguineous healthy 36-year old father and 28-year old mother after
having three miscarriages with no notable family history of disease
(Fig. 1A). At 22 weeks of pregnancy, a congenital heart defect, mitral
valve stenosis and aortic valve stenosis were suspected. He had been
born after a 41 week gestation by an induced labor with a birth weight
of 2644 g (—0.9SD), height of 47.5 cm (—0.7SD), head circumference
of 34.5 cm (+0.8SD), and chest circumference of 30 cm. He showed a
hypoplastic left heart, conductive auditory impairment in the left ear,
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Fig. 1. Deletion rescue on 11qter. (A) Pedigree of the study family. (B) Cytogenetic microarray results for the 11q region for the proband (pink), father (blue), and
mother (green). The copy number log2 ratio (top), copy number state (middle), and allele difference (bottom) are shown for each sample. The pink bar at the bottom
indicates the deleted region in the proband. The green bar indicates the UPD region in the mother. (C) HUMARA assay results. The electropherogram shows the
fragment analysis of the amplicons from undigested (left) and digested (right) genomic DNA from the proband (top), father (middle), and mother (bottom). The major
peaks depicted by the red arrows indicate the sizes of the PCR products with different numbers of short tandem repeats at the HUMARA locus. The two major peaks
found in the mother represent two X chromosome alleles (282bp, 288bp). Digestion of the DNA from the proband (son)'s and father's sample showed complete loss of
one allele, whereas a preferential loss of the short alleles was evident in the mother (282bp). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

widely spaced eyes, a short nose, a small ear lobe, thin vermilion of
upper lip and lower lip, shortness in both fifth fingers, and a bifid
scrotum. He also had an old cerebral hemorrhage in the nucleus basalis.

The subject also showed severely retarded psychomotor develop-
ment. The ability to hold up his head, roll over, and speak, were re-
cognized at 2 years and 7 months, 2 years and 7 months, and 3 years
and 3 months. Serial complete blood counts revealed transient throm-
bocytopenia. At the age of 4 years and 2 months, he showed a height of
—3.5S8D, weight of —2.2SD, and head circumference of —1.2SD. His
karyotype revealed 46,XY,del (11) (q23.3), which is known as Jacobsen
syndrome.

At 2 years after the birth of this first child, the mother again became

pregnant with a boy. The fetus was diagnosed with the same karyotype
as the brother by amniocentesis at 15 weeks and 4 days of gestation. At
20 weeks and 4 days, a hypoplastic left heart with severe atrioven-
tricular regulation was evident on ultrasound examination. At 21
weeks, the pregnancy was terminated and the fetus was found to weigh
344 g. Karyotype analysis of the parental peripheral blood lymphocytes
revealed 46, XY [20] and 46, XX [20].
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3. Materials and methods
3.1. Subjects

Peripheral blood samples were obtained from the study subject and
the parents. The research protocol for this study was approved by the
local ethics committee of Fujita Health University, Japan. Written in-
formed consent to participate in the study was obtained from the par-
ents.

3.2. DNA extraction

Genomic DNA was extracted from whole blood using QuickGene
610L (Fuji film, Tokyo, Japan). The concentration of the DNA was
measured using an ND-1000 spectrophotometer (NanoDrop,
Wilmington, DE) and the quality was determined by gel electrophoresis.

3.3. Cytogenetic microarray

High-resolution chromosomal microarray analysis using the
CytoScan HD array (Affymetrix, Santa Clara, CA) was performed. DNA
samples of 50 ng were used in this analysis in accordance with the
manufacturer's instructions. The genomic coordinates were based upon
genome build 37/hgl9 (2009). Hybridization, data extraction and
analysis were performed as per the manufacturer's protocols.
Chromosome Analysis Suite software 3.0 (ChAS, Affymetrix Santa
Clara, CA) was used for raw data analysis, review and reporting.
Regions of copy-number changes were extracted with 20 probes of
50 kb. All of the extracted regions containing a copy-number change
were confirmed by visual comparisons with the normal control data
from Database of Genomic Variants (http://dgv.tcag.ca). UPD regions
were extracted with 5Mb. Regions with a sparse SNP density were
carefully evaluated to exclude false calls.

3.4. FISH analysis

Peripheral blood lymphocytes and buccal samples were obtained by
standard methods. FISH analysis was performed using standard tech-
niques. The probes used for the FISH analysis were TelVysion 11p
SpectrumGreen (D11S2071), TelVysion 11q SpectrumOrange
(D11S1037) (Abbott Molecular, IL, USA). A hundred interphases nuclei
were analyzed for pter/qter of chromosome 11.

3.5. HUMARA assay

To assess skewing of the X chromosome inactivation, we performed
HUMARA assay according to the protocol described elsewhere (Beever
et al., 2003). Briefly, we digested the genomic DNA with methylation-
sensitive restriction enzyme Hpall. PCR primers, one of which was la-
beled with FAM, were designed across the polymorphic CAG repeat as
well as two Hpall sites in the androgen receptor gene on the X chro-
mosome. PCR amplification would be achieved only from the in-
activated allele having the Hpall sites methylated. PCR products were
analyzed by capillary electrophoresis (ABI3730 Genetic Analyzer) and
quantified the area under the curve using GeneMapper software.

4. Results

We performed cytogenetic microarray analysis to demarcate the
deleted region in our current case subject. A 15.4-Mb region was found
to have been deleted at 11q23.39q25-qter in this patient (arr [hgl9]
11923.3925 (119, 484, 933_134, 938, 470) X 1), which is consistent
with the typically deleted region in Jacobsen syndrome (Fig. 1B). The
deleted region was found to contain 128 Refseq genes, and 70 OMIM
genes. Single nucleotide polymorphism (SNP) genotyping indicated
that the deleted chromosome was derived from the mother (data not
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shown).

A possible explanation for the abnormal 46,XY,del (11) (q23.3)
karyotype in two siblings from parents with a normal karyotype was
that one of the parents harbored FRA11B, a (CCG)n repeat expansion in
the 5’untranslated region of the CBL2 gene. In more than 70% of normal
individuals, this repeat is present in 11 copies but can be expanded to
several hundred copies and lead to genomic instability and a suscept-
ibility for terminal deletion (Mattina et al., 2009). However, the dele-
tion breakpoint of our current patient was at chr11:119, 484, 933
(hg19), which is approximately 400 kb distal from FRA11B.

Neither of the parents showed deletion mosaicism at the 11q23.3-
qter region. Interphase FISH on 100 peripheral blood lymphocytes and
100 buccal cells revealed no deletion for the 11q subtelomere-specific
probe (data not shown). It was notable however that SNP array analysis
of the patient's mother detected a 26.2-Mb region with a loss of het-
erozygosity at 11q22.3-qter consistent with uniparental disomy (UPD)
(arr [hgl19]11gq22.3q25 (108, 657, 506_134, 942, 626)x2 hmz)
(Fig. 1B). The deletion breakpoint in the son was 10-Mb distal from the
UPD boundary in the mother.

A HUMARA assay was performed to determine when the UPD was
generated in the mother. The patterns of X chromosome inactivation
(XCI) showed 99.2% skewing in the mother (Fig. 1C), suggesting that
she originally had the same deletion as her son and the chromosome
copy number loss was corrected by UPD after XCI occurred in the early
embryogenesis.

5. Discussion

Our analysis by cytogenetic microarray of our current case subject
with 11qter deletion syndrome and his family suggests that segmental
UPD corrected the chromosomal copy number of the deleted region and
thereby rescued the phenotype in his healthy mother. To our knowl-
edge, there have only been two previous reports of siblings showing a
deletion of 11q23.3-qter despite a normal parental karyotype (Afifi
et al., 2008; Johnson et al., 2014). One of those reports also provided
detailed molecular analyses showing a maternal UPD at the 11qter re-
gion (Johnson et al., 2014). A 22q13 deletion rescued by paternal UPD
has also been reported (Bonaglia et al., 2009). Such deletion rescue
event has not been reported for other terminal deletions. Our current
case is therefore the third report to describe a deletion rescued by post-
zygotic UPD generation.

It is likely that the mother of our current case subject originally
carried the 11q23-qter deletion that had been transmitted from a ga-
mete of a maternal grandfather or grandmother. After fertilization, this
deletion was likely rescued during the post-zygotic stage via a DNA
repair pathway for coincidental double-strand-breaks (DSBs) at the
proximal region of the deletion breakpoint, thereby generating the
segmental UPD. The UPD boundary in the mother is located 10 Mb
more proximal than the breakpoint of deleted region of the patient,
which is a strong evidence that the UPD developed after the deletion.
The principal molecular mechanisms that have been postulated to ex-
plain segmental UPD are mitotic recombination or break-induced re-
plication (BIR) (Costantino et al., 2014; Carvalho et al., 2015).

We observed an almost completely skewed XCI in the mother's DNA.
Generally, an XCI pattern increases the extent of skewing with age as a
consequence of hematopoietic stem cell senescence. At 20-39 years old,
mean skewing level is reported to be 70.6% (Hatakeyama et al., 2004).
Our current patient's mother was 30 years old at the time of genetic
testing and showed very high skewing at 99.2%. This indicated that her
blood cells were derived from a single clone after XCI (Kurahashi et al.,
1991). We speculated that the mother originally harbored the 11q23-
qter deletion as a zygote which was subsequently repaired in one of the
somatic cells by mitotic recombination or BIR after XCI has been
completed. The repaired cell likely obtained selective advantage during
embryonic development and unrepaired cells were eliminated (Fig. 2).
This resulted in a normal phenotype at birth and no evidence of
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Fig. 2. An illustration for the status of the mother and the two siblings.

Jacobsen syndrome. It appears however that although her somatic cells
had all been rescued by UPD her germ cells retained the 11q23-qter
deletion. Such monoclonality has been described previously in trisomy
rescue of chromosome 15 (Butler et al., 2007). Thus, this mother had no
Jacobsen syndrome phenotype but transmitted the causative deletion to
her two sons.

As far as we are aware, there have been only two other case reports
of ‘deletion rescue’ (Bonaglia et al., 2009; Johnson et al., 2014). It
would be intriguing if 11q23.3-qter was found to be a hotspot for de-
letion rescue. One possible explanation for this phenomenon is a strong
negative selection process as a result of gene loss. An alternative pos-
sibility is that there might be a DSB hotspot that induces mitotic re-
combination or BIR at the region proximal to the 11q23.3 breakpoint. If
this is indeed the case, the recurrence risk in the affected siblings would
be slightly higher than in the general population. SNP array analysis of
the parents might be advisable even in an apparent de novo case of
Jacobsen syndrome.

In conclusion, we speculate that the maternal 11q23.3-qter deletion
was repaired in our current study family via mitotic recombination or
BIR leading to UPD generation. As a consequence of this DNA repair,
the chromosomal copy number was corrected in the mother resulting in
a normal phenotype. On the other hand, some of maternal germline
cells retained 11q23-ter deletion, leading to a recurrence of Jacobsen
syndrome in her offspring. Careful genetic counseling is therefore
warranted regarding the recurrence of Jacobsen syndrome.
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ARTICLE INFO ABSTRACT

Background: Supravalvular aortic stenosis (SVAS) is a congenital heart disease affecting approximately 1:25,000
live births. SVAS may occur sporadically, be inherited in an autosomal dominant manner, or be associated with
Williams-Beuren syndrome, a complex developmental disorder caused by a microdeletion of chromosome
7q11.23. ELN on 7q11.23, which encodes elastin, is the only known gene to be recurrently mutated in less than
half of SVAS patients.

Methods: Whole-exome sequencing (WES) was performed for seven familial SVAS families to identify other
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Elastin Results: Three truncating mutations and three intragenic deletions affecting ELN were identified, yielding a diag-

nostic efficiency of 6/7 (85%). The deletions, which explained 3/7 of the present cohort, spanned 1-29 exons,
which might be missed in the course of mutational analysis targeting point mutations. The presence of such
deletions was validated by both WES-based copy number estimation and multiplex ligation-dependent probe
amplification analyses, and their pathogenicity was reinforced by co-segregation with clinical presentations.

Conclusions: The majority of familial SVAS patients appear to carry ELN mutations, which strongly indicates that
elastin is the most important causative gene for SVAS. The frequency of intragenic deletions highlights the need
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Whole exome sequencing

for quantitative tests to analyze ELN for efficient genetic diagnosis of SVAS.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Supravalvular aortic stenosis (SVAS; MIM #185500) is a congenital
heart disease affecting approximately 1:25,000 live births [1]. Congeni-
tal narrowing of the lumen of the ascending aorta or peripheral pulmo-
nary arteries provokes increased resistance to blood flow and causes
elevated ventricular pressure and hypertrophy resulting in heart failure.
Peripheral pulmonary stenosis (PPS) is known to occasionally coexist
with SVAS [2]. Approximately 30% to 50% of patients with SVAS have
Williams-Beuren Syndrome (WBS; MIM #194050) [2-4], which is a
complex genetic disorder caused by 7q11.23 microdeletion and
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characterized by growth failure, a characteristic facial appearance (so-
called “Elfin face”), mental retardation, and SVAS [5].

On the other hand, Eisenberg et al. first reported non-syndromic
“familial SVAS” with autosomal dominant inheritance in 1964 [3],
accounting for 20% of SVAS cases (approximately 1:125,000 live births)
[6]. These patients showed normal intelligence and lacked the dysmor-
phic features of WBS. Genetic analysis including linkage analysis identi-
fied ELN, which encodes elastin, as a causative gene of non-syndromic
familial SVAS [1,7-17]. In harmony with the genetic findings, luminal
obstruction of the aorta was shown in a transgenic mouse model
carrying homozygous or heterozygous elastin gene deletion [18,19].

Metcalfe et al. sequenced ELN exons of patients with non-syndromic
SVAS, which showed truncating mutations in 35 cases, but no causative
variants were found in the remaining 64 patients (of which 8 were
familial cases) [20]. Micale et al. also investigated ELN gene mutations
in 14 familial and 10 sporadic cases of SVAS, resulting in 7 novel
mutations, including 5 frameshift and 2 donor splice site mutations, but
found no ELN gene abnormality in the remaining 17 cases [21]. Therefore,
less than half of the cases could be explained by ELN mutations, whereas it
still remains unclear whether ELN could explain the remaining cases
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Abbreviations

SVAS supravalvular aortic stenosis
WES whole-exome sequencing
PPS peripheral pulmonary stenosis

WBS Williams-Beuren syndrome
FISH fluorescence in situ hybridization
MLPA  Multiplex ligation-dependent probe amplification

with SVAS, or there are unidentified causative genes. In this study, whole-
exome sequencing (WES) was performed with careful assessment of ELN
mutations, including copy number analysis, to elucidate the genetic back-
ground of SVAS.

2. Methods
2.1. Sample collection

This study included seven families of Japanese ancestry with autosomal dominant in-
heritance of SVAS. There was no developmental delay or dysmorphic features suggestive
of WBS or positive fluorescence in situ hybridization (FISH) on 7q11.23 in any family
members. The vascular malformation (SVAS and PPS) was diagnosed if the sinotubular
junction of the aorta was smaller than the diameter of the aortic annulus and significant
pressure gradients were measurable by echocardiogram and/or angiographically [6].
Written, informed consent was obtained from patients or their parents, and whole
blood or saliva was collected. Saliva samples were collected using an Oragene DNA
self-collection kit (DNA Genotek, Ottawa, Canada). Genomic DNA was extracted from
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whole blood or saliva using the QIAamp DNA Blood Mini kit (Qiagen, Hilden, Germany),
according to the manufacturer's instructions. The study was approved by the Ethics
Committee of the Nagoya University Graduate School of Medicine (approval number
2015-0032).

2.2. Whole-exome sequencing analysis

Exome capture was performed on each proband using SureSelect Human All Exon V5
(Agilent Technologies, Santa Clara, CA), according to the manufacturer's instructions.
Generated libraries were sequenced on a HiSeq 2500 platform (Illumina, San Diego, CA).
Sequence data were analyzed using an in-house pipeline [22]. Briefly, reads were aligned
to UCSC build hg19 reference genome using the Burrows-Wheeler Aligner [23]. Picard
tools (http://broadinstitute.github.io/picard) were utilized to remove PCR duplicates.
Variants were called using VarScan2, where a variant allele frequency of >0.20 was used
as a cutoff [24]. ANNOVAR was used together with in-house scripts to annotate genetic
variants [25]. The average depth of coverage across the whole exome for each sample
achieved was 111.14 (range 90.68 to 127.66), and the number of mutations found per
sample ranged from 25,534 to 25,920.

2.3. Mutational analysis

Mutational analysis to define each variant's pathogenicity was essentially based on
the latest release of the American College of Medical Genetics (ACMG) guideline [26].
Briefly, variants outside of coding regions and common variants with >1% minor allele fre-
quency in the National Heart, Lung, and Blood Institute ESP (Exome Sequencing Project)
6500 [27], 1000 Genomes Project [28], EXAC (Exome Aggregation Consortium) [29],
HGVD (Human Genetic Variation Database) [30], or the in-house database were excluded.
Variants expected to cause the disorders (eg, missense variants with reported pathogenic-
ity and nonsense, frameshift insertion/deletion, and splice-site variants on genes known to
cause a disease by inactivation) were validated by Sanger sequencing using PrimeSTAR
GXL DNA polymerase (Takara, Shiga, Japan) and the Big Dye Terminator 3.1 Cycle
Sequencing Kit (Thermo Fisher Scientific Inc., Waltham, MA) with ABI PRISM 3130xL
(Applied Biosystems, Foster City, CA). Primer sequences are listed in Table S1.
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Fig. 1. Pedigree chart of families with familial supravalvular aortic stenosis Arrows indicate probands for whom whole-exome sequencing was performed. SVAS, supravalvular aortic
stenosis; PPS, peripheral pulmonary stenosis; VSD, ventricular septal defect; ASD, atrial septal defect; AS, aortic stenosis.
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2.4. Copy number analysis

Copy number analysis was performed by comparing the number of reads conveying
each exon normalized by the mean depth of the entire sample with that of unrelated nor-
mal DNA samples, as we have previously shown [22]. Exons of normalized coverage >3
standard deviations (SDs) or less than —3 SDs from the mean coverage of reference
samples were considered to be candidates for copy number variants. Multiplex ligation-
dependent probe amplification (MLPA) according to the manufacturer's protocol with
the SALSA MLPA P029-WBS probemix (MRC Holland, Amsterdam, Netherlands), which
includes 10 exons of the ELN gene (Exon 1, 3,4, 6,9, 16, 20, 26, 27 and 33), was performed
to validate candidate exonic deletions detected in the ELN gene by WES analysis. MLPA
analysis software Coffalyser (MRC Holland) was used to identify CNVs.
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3. Results

WES-based detection of point mutations and copy number alterations
was performed in seven families of Japanese ancestry with SVAS showing
an autosomal dominant mode of inheritance (Fig. 1). Three heterozygous
pathogenic mutations in ELN (c.370delT, p.Ser124Leufs*13 in family A,
¢.572-1G > A splice site mutation affecting the acceptor of exon 12 in fam-
ily B, and ¢.218_219insTG, p.Gly74Valfs*49 in family C) were identified.
All of these mutations were novel, and they were validated on all available
family members by Sanger sequencing (Fig. S1). Mutations were present
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Fig. 2. Copy-number analysis The estimated copy number of each exon based on the number of reads in each exon in whole-exome sequencing. Each bar represents an exon, and the
vertical axis represents the estimated copy number. Arrows indicate estimated deleted regions.
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Table 1
Phenotype and segregation of ELN mutations.

Family Subject Phenotype ELN mutation

A 11-2 - -
1I-3 - ¢.370delT, p.Ser124Leufs*13
1I-1 - -
11-2 SVAS ¢.370delT, p.Ser124Leufs*13
-3 SVAS ¢.370delT, p.Ser124Leufs*13

B 11-3 PPS, VSD ¢.572-1G > A splice site
1I-5 SVAS ¢.572-1G > A splice site
11-6 - -
V-4 - -
V-5 SVAS, PPS ¢.572-1G > A splice site
V-6 - -

C -2 - -
1I-1 SVAS, PPS €.218_219insTG, p.Gly74Valfs*49
11-2 - -
11-3 - €.218_219insTG, p.Gly74Valfs*49

D 1I-1 SVAS -

E I-1 Valvular AS Microdeletion (exon 33)
-2 - -
1I-1 SVAS Microdeletion (exon 33)
-2 SVAS Microdeletion (exon 33)
1I-3 - -

F I-1 - -
I-2 SVAS Microdeletion (exon 5-33)
II-1 SVAS, PPS Microdeletion (exon 5-33)
11-2 SVAS, PPS Microdeletion (exon 5-33)
11-3 SVAS, PPS Microdeletion (exon 5-33)

G -1 - -
I-2 SVAS Microdeletion (exon 1-5)
1I-1 SVAS Microdeletion (exon 1-5)
11-2 SVAS Microdeletion (exon 1-5)

All mutations were heterozygous.
SVAS, supravalvular aortic stenosis; PPS, peripheral pulmonary stenosis; VSD, ventricular
septal defect; AS, aortic stenosis.
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in all patients and several family members without SVAS, indicating
incomplete penetrance (Table 1).

Copy number aberrations in ELN were identified in three other
families, all of which were deletions (exon 33 in family E, exons 5-33
in family F, and exons 1-5 in family G, Fig. 2). Such deletions were
validated by MLPA (Fig. S2). All microdeletions showed complete co-
segregation with clinical symptoms (Table 1).

In the remaining family D, no diagnostic mutations associated
with SVAS could be identified in the proband (D:II-1) either by WES
or MLPA (Table S2, Fig. S3).

4. Discussion

Pathogenic mutations or deletions in ELN gene were identified in six
of seven families with autosomal dominant inheritance of SVAS, includ-
ing three novel point mutations and three intragenic deletions. These
findings suggest that intragenic deletions in ELN gene could explain the
genetic cause in half of so-far unexplained cases with familial SVAS
in Japan. Updated by these findings, a comprehensive list of reported
pathogenic SVAS mutations is provided (Fig. 3) [7-9,12,17,20,21,31-38].

ELN encodes elastin, which is expressed in various tissues and or-
gans, including smooth muscle cells of the great arteries, and contrib-
utes to tissue elasticity [39,40]. The molecular mechanism of the
pathogenesis of SVAS is not fully elucidated. However, considering accu-
mulating knowledge from patients and transgenic mice [18,19,21,41], it
seems likely that mutations of ELN impair vascular elasticity, and
increased shear stress in the vascular wall could result in SVAS [39,40].

The microdeletions of ELN gene shown in the present study were not
identified with existing FISH probes for WBS. There are a few case
reports showing that microdeletions of ELN gene are the cause of
SVAS [8,9]. The present finding raises the necessity to investigate the
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Fig. 3. ELN cDNA showing the exons and mutations detected This figure summarizes previously reported and newly identified mutations for familial and sporadic SVAS. The numbers

above open boxes indicate the exon numbers. The present findings are shown in bold letters.
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exon-spanning deletions affecting ELN using MLPA, array-CGH, or other
methods to establish sufficient coverage for its mutations.

The present analysis showed co-segregation of symptoms and ELN
mutations in the majority of analyzed individuals. The three mutations
identified in this study (¢.370delT in family A, ¢.572-1G > A splice site
in family B, and ¢.218_219insTG in family C) were highly pathogenic
truncating mutations that result in premature stop codons (PTCs). A
number of PTC mutations have actually been shown to be substrates
of ELN mRNA insufficiency through nonsense-mediated decay in previ-
ous studies [17,21,35].

A highly variable phenotype within families with SVAS has been re-
ported for large studies with many families with point mutations
[20,21], and even for a family with apparently damaging 30 kb deletion
involving multiple exons [7], ranging from asymptomatic mutation
carrier to severe stenosis with multiple arteries. There were also two
asymptomatic persons carrying ELN mutations (A:II-3 and C:II-3) in
the present study. Factors affecting the variability of cardiovascular
phenotypes in patients with ELN mutation are not yet fully understood,
and there has as yet been no clear genotype-phenotype correlation re-
ported for SVAS. Our comprehensive list of reported pathogenic SVAS
mutations and deletions showed a universal distribution of variants
over the entire ELN gene with no significant hotspot.

The primary mechanism for the pathogenesis of SVAS is proposed to
be haploinsufficiency of ELN, as hemizygosity of ELN is established as the
mechanism of SVAS in WBS [5]. Incomplete penetrance and a broad
range in severity of cardiovascular phenotype are also seen in patients
with WBS in whom one copy of ELN gene is totally lost [42,43].
Among possible causes affecting the severity of symptoms, the effect
of the mutations in the remaining allele of ELN is very limited, as only
two rare missense changes were identified through exon sequencing
of 49 patients with WBS [44]. Currently, there is no definite explanation
for the phenotypic variability associated with ELN mutations.

The present study showed that microdeletions of ELN gene could ac-
count for additional cases, around a half of previously unexplained
cases, of familial SVAS, which would strengthen the causative role of
ELN mutations in this disease entity. Therefore, quantitative genetic
tests such as MLPA or array-CGH of ELN gene should be performed to
genetically diagnose patients with familial SVAS to obtain satisfactory
sensitivity. Further investigations of a larger cohort and so-far
unexplained cases will be needed to elucidate the remaining molecular
pathogenetic mechanisms of SVAS.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2018.09.032.
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Abstract

duplication of the OTC gene (exons 1-6).

Background: Ornithine transcarbamylase deficiency (OTCD) is an X-linked recessive disorder involving a defect in
the urea cycle caused by OTC gene mutations. Although a total of 417 disease-causing mutations in OTC have been
reported, structural abnormalities in this gene are rare. We here describe a female OTCD case caused by an exonic

Case presentation: A 23-year-old woman with late-onset OTCD diagnosed by biochemical testing was subjected
to subsequent genetic testing. Sanger sequencing revealed no pathogenic mutation throughout the coding exons
of the OTC gene, but multiplex ligation-dependent probe amplification (MLPA) revealed duplication of exons 1-6.
Further genetic analyses revealed an inversion of duplicated exon 1 and a tandem duplication of exons 2-6. Each
of the junctions of the inversion harbored a microhomology and non-templated microinsertion, respectively,
suggesting a replication-based mechanism. The duplication was also of de novo origin but segregation analysis
indicated that it took place in the paternal chromosome.

Conclusion: We report the first OTCD case harboring an exonic duplication in the OTC gene. The functional defects
caused by this anomaly were determined via structural analysis of its complex rearrangements.

Keywords: Ornithine transcarbamylase deficiency, Exonic duplication, Complex rearrangement, Fork stalling and
template switching (FoSTeS), Non-homologous end joining (NHEJ)

Background

Ornithine transcarbamylase (OTC) is a mitochondrial urea
cycle enzyme that catalyzes the reaction between carbamyl
phosphate and ornithine to form citrulline and phosphate
[1]. Ornithine transcarbamylase deficiency (OTCD) is one
of the most common urea cycle disorders [2] with an esti-
mated prevalence of 1 in 14,000-77,000 [1]. The human
OTC gene, located on the short arm of the X chromosome
(Xp11.4), is 73 kb with10 exons and 1062 bp of coding se-
quence [3-5]. Because OTCD is inherited in an X-linked
manner, deficient hemizygous males usually develop this
disorder. However, a remarkable feature of OTCD is that a
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K BMC

substantial subset of heterozygous females also develop this
condition. The symptoms of carrier females vary in terms
of onset and severity. Since the OTC gene is subject to
X-inactivation, it is believed that this phenotypic variability
depends on a skewed degree of this in the livers of carrier
females [5].

In 85-90% of patients with a biochemical phenotype of
OTCD, a mutation can be identified through sequencing
or deletion/duplication testing [6]. A total of 417
disease-causing mutations in the OTC gene have been re-
ported to date [1]. Exonic deletions have also been de-
scribed but no prior case of OTCD caused by exonic
duplication has previously been reported [7]. In our
current case report, we describe a female patient with
OTCD caused by a partial duplication of OTC exons 1-6.

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
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Case presentation

Patient

The current study patient was a 23-year-old woman with
normal psychomotor development and healthy noncon-
sanguineous parents. She had frequent episodes of nausea,
vomiting, stomachache and temporary elevated trans-
aminase from about 4 years of age. Ammonia and plasma
amino acid levels were measured when she was 5 years
old. Her serum ammonia was 220 yg/dl (normal range 12
~60ug/dl) and she showed high levels of glutamine
(1212 nmol/ml; normal value, 420-700), lower normal
limits of citrulline (18.4 nmol/ml; normal value, 17-43),
and lower plasma levels of arginine (32.2 nmol/ml; normal
value, 54—130). A urine metabolic screen indicated a gross
elevation in orotate (orotate/creatinine ratio 234.3 ymol/g
creatinine; normal value, 4.7 ~15.9 yumol/g creatinine).
These findings were consistent with OTC deficiency. She
was therefore biochemically diagnosed with OTCD and
her blood ammonia level has been well controlled since by
a protein-restricted diet and by oral sodium phenylbuty-
rate and arginine. Recently, we performed genetic analysis
to identify the genetic alterations of the OTC gene in this
patient. However, Sanger sequencing revealed no patho-
genic mutation.

Genetic analysis

Mutational analyses

Sanger sequencing was performed to screen for genetic
variations at the nucleotide level throughout all coding
exons of the OTC gene (Additional file 1). We used
UCSC genome browser (http://genome-asia.ucsc.edu/)
as human genome assembly. To screen for exonic dele-
tions or duplications, multiplex ligation-dependent
probe amplification (MLPA) was performed using the
SALSA P079-A3 OTC MLPA kit (MRC Holland,
Amsterdam, The Netherlands), in accordance with the
manufacturer’s recommendations. MLPA products were
separated by capillary electrophoresis on an ABI3730
genetic analyzer and then processed using GeneMapper
software. The peak heights of the samples were com-
pared with control probes and the ratios of these peaks
were calculated for all exons. If the dosage quotient was
1.0, the results were considered normal. Thresholds for
deletions and duplications were set at 0.5 and 1.5,
respectively.

Quantitative real time PCR

To demarcate the duplicated region, quantitative
real-time PCR was conducted on blood DNA from the
patient and a male control subject using the Applied
Biosystems 7300 real time PCR system (Thermo Fisher
Scientific). Several primer pairs were designed for OTC
(upstream of exon 1 and intron 6) and RPP30 that was
used as an autosomal single copy gene reference to
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generate amplicons suitable for real-time PCR (Fig. 1b,
Additional file 1). The PCR reaction was performed in a
15 pL reaction system, containing 2 puL of template DNA
(5 ng/uL), 0.6 pL. of each primer set (10 umol/L), 0.3 uL
ROX Reference Dye, 4 pL distilled water, and 7.5 uL of
2xTB Green Premix Ex Taqll (Tli RNaseH Plus,
TaKaRa). Two parallel PCR reactions were prepared for
each sample. The amplification cycling conditions were
as follows: 95 °C for 30s, followed by 40 cycles at 95°C
5s and 60 °C for 1 min. Data evaluation was carried out
using the 7300 system SDS software and Microsoft
Excel. The threshold cycle number (Ct) was determined
for all PCR reactions and the same threshold and base-
line were set for all samples. The starting copy number
of the samples was determined using theAACt-Method.
AACt method was a modification of the method de-
scribed in Livak et al. for quantifying mRNA [8]. ACt
represents the mean Ct value of each sample and was
calculated for OTC and RPP30. The starting copy num-
ber of the unknown samples was determined relative to
the known copy number of the control sample using the
following formula:

AACt = [ACt OTC(patient)-ACt RPP30(patient)] - [ACt
OTC(female)-ACt RPP30(female)]. The relative gene copy
number was calculated by the expression2 <Y, The
starting copy number of male control was also determined
as a reference value.

Inverse PCR

Inverse PCR were performed using restriction enzyme
Taql (TaKaRa, Shiga, Japan) to isolate the unknown se-
quences adjacent to the duplicated region of the OTC
gene in the study patient. ApE — A plasmid Editor soft-
ware was used to identify the recognition sites for the
restriction enzyme. The restriction enzyme was chosen
based on the following criteria: (1) no cutting of the ex-
pected breakpoint area; and (2) endonuclease activity
would be unaffected by CpG methylation of the target
sequence. A 100 ng aliquot of genomic DNA from both
our patient and a control female was digested with the
selected restriction enzyme in a total volume of 30 ul at
65 °C for 90 min. The reaction was inactivated using the
QiaQuick PCR Purification Kit. A 20uL sample of
digested DNA was then mixed with 23 uL of DW, 5 puL
of 10 x T4 ligase buffer (TaKaRa, Shiga, Japan) and 2 pL
of T4 DNA ligase to make a final volume of 50 pL.
Ligation reactions were incubated at 16 °C for 16 h. For
subsequent PCR, 1puL of digested and re-ligated DNA
template was used in a total reaction volume of 25 pL
with Tks Gflex DNA Polymerase (TaKaRa, Shiga, Japan).
Primers were designed to avoid repetitive sequences
(Additional file 1). The PCR conditions were as follows:
30 cycles of 10s at 98°C, 155 at 60 °C, and 1 min at 68°
C. Amplified products were analyzed by gel
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electrophoresis and were purified following nested PCR
(Additional file 1). The purified PCR products were se-
quenced via the standard Sanger method.

Breakpoint analysis on the other side
PCR was performed using Tks Gflex (TaKaRa, Shiga,
Japan) to confirm the other side of the breakpoint se-
quence. Primer R which was previously designed for
real-time PCR analysis of OTC upstream of exon 1 (ie.
OTC intron 1) was used as primer F in this reaction
(Additional file 1). The PCR conditions and Sanger
methodology were similar to those described above.
MLPA revealed the duplication of exons 1-6 of the
OTC gene in our current study patient (Fig. 1a). We de-
termined the range of the duplication using quantitative
real-time PCR (Fig. 1b). We designed four qPCR experi-
ments (U1-U4) between the promoter and enhancer re-
gions to identify the upstream breakpoint. Likewise, we

designed four qPCR assays (D1-D4) within intron 6 to
identify the downstream breakpoint. In contrast to the
male or female controls that showed AACt ratios of 0.5
or 1.0, respectively, the patient’s samples showed aAACt
ratio > 1.5 in some of these qPCR assays, suggesting that
these regions were duplicated in this patient (Fig. 1c).
The results indicated that the putative upstream break-
points were located between PCR U3 and U4, and that
the downstream breakpoints were between PCR D2 and
D3.

We next performed inverse PCR to analyze the gen-
omic structure of the duplicated region. Tagl-digested
DNA was used as a template to produce a 3.5kb PCR
product when amplified with inversely oriented intron 6
primers (Fig. 2a, c). However, an additional small PCR
product was detected by agarose gel electrophoresis in
the patient sample (Fig. 2a). The amplified products
were sequenced after nested PCR (Fig. 2a). As expected,
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the breakpoint was located within intron 6 (Fig. 2b, c).
Unexpectedly however, this breakpoint was found to be
connected with intron 1 of the OTC gene in the reverse
orientation. The breakpoint junction contained 2 nucle-
otides of microhomology at the fusion junction (Fig. 2b).

The other side breakpoint was analyzed using standard
PCR with primers for the upstream breakpoint region
and the breakpoint region in intron 1. The primer pair
amplified only products from the patient's DNA (Fig. 3a).
By Sanger sequencing, the upstream region of the OTC
gene was found to make an inverted connection with 1
(Fig. 3b, c¢). This breakpoint junction contained an
additional 4 nucleotides (ACTA) of unknown origin (Fig.
3b). The positions of the two breakpoints in intron 1
were found to be chrX: 38365292 and chrX: 38366694,
which were 1402 bp apart (Fig. 3c). We performed the
same PCR amplification of both junctions in the pa-
tient’s parents but detected no products, suggesting that
this complex rearrangement arose de novo. The patient’s
duplicated region included a common single nucleotide
variant (rs752750694, NM_000531.5:c.-844C > T). The
patient’s father carries an A whereas the mother carries

a G/G at this site (Fig. 3d). The patient was found to be
an A/G heterozygote, but the peak of the A nucleotide
was two-fold greater than the G-peak, suggesting that
the patient carries two copies of A. These data suggest
that the de novo duplication was of paternal origin.

Discussion and conclusions

We here report the first documented case of OTCD
caused by an exonic duplication of the OTC gene. Al-
though the MLPA results for this case indicated a simple
duplication of exons 1-6, further analysis indicated that
it resulted from complex rearrangements. Two possible
mechanisms have been proposed for such rearrange-
ments: one is chromothripsis that is caused by chromo-
some shuttering followed by reunion, and the other is
chromoanasynthesis that is a replication-based mechan-
ism also known as fork stalling and template switching
(FoSTeS)/microhomology-mediated break-induced repli-
cation (MMBIR). According to the replication-based
model, the active replication fork can stall and switch
templates using complementary template microhomol-
ogy to anneal and prime DNA replication. This



Yokoi et al. BMC Medical Genetics (2018) 19:210

Page 5 of 6

1000bp

650bp

Reverse upstream of exon 1
Patient

Intron 1

C Putative rearrangement

CAGGAAGGAGGTCACTTTGGGAAAGGGGTGTTACCG

CAGGAAGGAGGTCACACTAGTTGTGTGACTAGTAAG

GGTAAATAAACTGCCCTAGGTTGTGTGACTAGTAAG

GCTTGAACCCAGGAG}F\CACAGG

GCTTGAACCCAGGAG?CACAGG
\

Father

Moth g
e Al

GGAGGTCAKIACTA[;TTGTGTG

Reverse upstream Insertion Intron 1
of exon 1

Patient sequence

chr. X:38406399
chr. X:38365292

> Rearrangement i
< Primers & Putative
breakpoit rearrangement
10kb region
Exon 1 Exon6 : —§ Exgn 2_ Exon 10
7 T uox3 7 he

Fig. 3 The complex rearrangement in the OTC gene of the study patient likely occurred via a replication-based mechanism. a Identification of the
other junction by PCR. The PCR primer pair successfully amplified the junction product only from the OTCD study patient DNA. P, patient; C, control; H,
H,0. b Sanger sequencing results for the PCR products including the junction. The normal sequence of the OTC gene upstream region and intron 1
are aligned in blue and red typeface, respectively. Underlined bases denote a non-templated microinsertion at the junction. ¢ Predicted structure of
the complex rearrangement leading to the OTC gene duplication. The positions of the PCR primers are indicated by black arrows. The first junction is
indicated by a blue arrow. The nucleotide position of the breakpoints on the X-chromosome are also indicated. The position of the two breakpoints in
intron 1 were found to be chr. X: 38365292 and chr. X: 38366694, which were 1402 bp apart. d Trio-genotyping of the common single nucleotide
variant (rs752750694, NM 000531.5:c.-844C > T). The patient’s father carries A and her mother carries G/G. The patient was found to be an A/G
heterozygote, but her A peak was two-fold higher than the G-peak. The areas under the curve (AUC) were 900 (A) and 328 (G) (Image J)

chr. X:38345346
chr. X:38366694

J

mechanism enables the joining or template-driven juxta-
position of different sequences from discrete genomic
positions and can result in complex rearrangements [9].
In our current OTCD case, one junction presented 2
nucleotides of microhomology (GT), and the other junc-
tion manifested 4 nucleotides as a microinsertion (ACTA).
Copy number variation with complex rearrangements and
the presence of microhomology is indicative of a
replication-based mechanism but the evidence for a
non-templated microinsertion is noteworthy. Microinser-
tions are often observed in non-proofing DNA repair pro-
cesses such as non-homologous end joining (NHE]),
which is activated by double-strand breaks [10]. However,
a considerable body of evidence now suggests that micro-
insertions can be identified at junctions mediated by DNA
replication-based mechanisms [11, 12]. A recent study has
also suggested that an NHE]J-like pathway mediated by
Pol6, which is an alternative NHE] mechanism, may be in-
duced by replication stress [13]. Taken together, an alter-
native NHE] pathway might be activated during aberrant

replication to restore DNA integrity, thus leading to
chromoanasynthesis.

The evidence to date also suggests that de novo muta-
tions occur more frequently in paternal alleles [14]. This
bias is attributed to the higher number of DNA replica-
tion events in spermatogenesis than in oogenesis. Like-
wise, chromosomal structural variations are more
frequently derived from the father [15]. The complex
genomic rearrangements in our present patient were
found to be of de novo origin but genotyping of a single
nucleotide variant in the OTC gene demonstrated that
the rearrangement allele originated from her father.
Given the higher chance of the DNA replication errors
during spermatogenesis, it might also reflect the
replication-based mechanism.

MLPA can be used in the molecular diagnosis of sev-
eral genetic diseases whose pathogenesis is related to the
presence of deletions or duplications of specific genes
[16]. Although deletions are clearly pathogenic, this is
less certain in the case of duplications. In case of the
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OTC gene for example, duplications of the entire gene
are innocuous and present as a normal variant in the
general population [7]. In cases of partial duplication as
seen in our current patient, gene function may not be
necessarily be affected when the additional sequence is
inserted into another genomic locus. Even in cases of a
tandem duplication, it is feasible that one copy of the
OTC gene may maintain an intact structure. In the
current OTCD case, the inversion of exon 1 occurred to-
gether with its duplication. We predicted in this instance
that this complex rearrangement would generate a tan-
dem duplication of exons 2—6 and the production of
truncated OTC proteins with defective function due to a
frameshift or null protein expression due to
nonsense-mediated mRNA decay. The functional defects
caused by this mutant allele were therefore the cause of
the OTCD in this woman.

In conclusion, we report the first case of OTCD
caused by a complex rearrangement resulting in exonic
duplication of the OTC gene. Our present report also
emphasizes the necessity of fully investigating whether
pathogenicity has resulted from a genomic duplication.

Additional file

Additional file 1: PCR primers and genomic coordinates. (a) Primers for
Sanger sequences of OTC exons. (b) Primers for gRT-PCR. (c) Other PCR.
(XLSX 13 kb)
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Abstract Phosphoglucomutase 1 (PGM1) deficiency is a
recently defined disease characterized by glycogenosis and
a congenital glycosylation disorder caused by recessive
mutations in the PGM1 gene. We report a case of a 12-year-
old boy with first-cousin parents who was diagnosed with a
PGM1 deficiency due to significantly decreased PGM1
activity in his muscle. However, Sanger sequencing

Communicated by: Eva Morava, MD PhD

K. Yokoi - Y. Nakajima * T. Ito
Department of Pediatrics, Fujita Health University School of
Medicine, Toyoake, Japan

K. Yokoi * T. Ohye - H. Inagaki - H. Kurahashi (<))

Division of Molecular Genetics, Institute for Comprehensive Medical
Science, Fujita Health University, Toyoake, Japan

e-mail: kura@fujita-hu.ac.jp

Y. Wada
Department of Obstetric Medicine, Osaka Women’s and Children’s
Hospital, Osaka, Japan

T. Fukuda
Department of Pediatrics, Hamamatsu University School of Medicine,
Hamamatsu, Japan

H. Sugie
Faculty of Health and Medical Sciences, Tokoha University,
Hamamatsu, Japan

I. Yuasa
Division of Legal Medicine, Tottori University Faculty of Medicine,
Yonago, Japan

H. Kurahashi

Genome and Transcriptome Analysis Center, Fujita Health University,
Toyoake, Japan

H. Kurahashi
Center for Collaboration in Research and Education, Fujita Health
University, Toyoake, Japan

revealed no pathogenic mutation in the PGMI gene in this
patient. As this case presented with a cleft palate in addition
to hypoglycemia and elevated transaminases and creatine
kinase, karyotyping was performed and identified homozy-
gous inv(1)(p31.1p32.3). Based on the chromosomal
location of the PGMI gene at 1p31, we analyzed the
breakpoint of the inversion. Fluorescence in situ hybrid-
ization (FISH) combined with long PCR analysis revealed
that the inversion disrupts the PGM1 gene within intron 1.
Since the initiation codon in the PGMI gene is located
within exon 1, we speculated that this inversion inactivates
the PGMI gene and was therefore responsible for the
patient’s phenotype. When standard molecular testing fails
to reveal a mutation despite a positive clinical and
biochemical diagnosis, the presence of a gross structural
variant that requires karyotypic examination must be
considered.

Introduction

Phosphoglucomutase 1 (PGM1) deficiency is a recently
defined disease, characterized by glycogenosis and a
congenital disorder of glycosylation (CDG) (Tagtmeyer
et al. 2014). ¢ PGMI1 deficiency is rare with only 38
patients from 29 families with different ethnic backgrounds
described in the literature so far (Perez et al. 2013;
Ondruskova et al. 2014; Tagtmeyer et al. 2014; Loewenthal
et al. 2015; Zeevaert et al. 2016; Wong et al. 2016; Preisler
et al. 2017; Nolting et al. 2017; Voermans et al. 2017).
PGM1 is an essential enzyme in carbohydrate biosynthesis
and metabolism and functions both in glycogen synthesis
and breakdown through a reversible conversion of glucose

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/8904_2018_108&domain=pdf

86

JIMD Reports

I-phosphate to glucose 6-phosphate (Morava 2014). Since
glucose 1-phosphate is a precursor of the nucleotide sugars
used for glycan biosynthesis, PGMI1 activity is also
required for protein N-glycosylation (Beamer 2015). Hence,
PGM1 deficiency has considerably diverse phenotypes.
Most of the affected patients develop a congenital anomaly
syndrome showing a bifid uvula, cleft palate, and Pierre
Robin sequence as clinical manifestations from the time of
birth. Hepatopathy, dilated cardiomyopathy (DCM), hypo-
glycemia, muscle weakness, exercise intolerance, growth
retardation, and endocrine abnormalities emerge in these
cases over time (Scott et al. 2014). Many of these
manifestations can be linked to the role of PGMI1 in
glucose metabolism and glycosylation (Beamer 2015).

PGM1 deficiency is caused by homozygous or com-
pound heterozygous nucleotide alterations in the PGM]I
gene (Herbich et al. 1985). Several types of mutations have
been reported to date including missense mutations, frame-
shifts, and splicing mutations (Tagtmeyer et al. 2014; Lee
et al. 2014; Perez et al. 2013; Timal et al. 2012; Stojkovic
et al. 2009; Ondruskova et al. 2014). In our current report,
we describe a case of PGMI1 deficiency caused by a
homozygous chromosomal inversion that disrupts the
PGM]1 gene at chromosome 1p31.

Materials and Methods
Cytogenetic Analysis

Fluorescence in situ hybridization (FISH) analysis of the
patient and his parents was performed using standard
methods to detect the breakpoint region at the chromosome
level. Briefly, phytohemagglutinin-stimulated lymphocytes
or Epstein-Barr virus-transformed lymphoblastoid cell lines
derived from the subjects were arrested by exposure to
colcemid. Metaphase preparations were then obtained by
hypotonic treatment with 0.075 M KCI followed by
methanol/acetate fixation. A bacterial artificial clone
(BAC) containing 1p31.1, RP4-534K7 (chrl:63,525,021-
63,677,603), was used as the test probe, and a chromosome
1 centromere probe (CEN1 SpectrumOrange Probe; Abbott
Laboratories, Abbott Park, IL) was used as a reference. The
probes were labeled by nick translation with digoxigenin-
11-dUTP. After hybridization, the probes were detected
with DyLight 488 Anti-Digoxigenin/Digoxin. Chromo-
somes were visualized by counterstaining with 4,6-
diamino-2-phenylindole.

Sequence Analysis
To isolate the breakpoint, long-range PCR with several sets

of primers for the PGM1 gene was performed using LA Taq
(TaKaRa, Shiga, Japan) (Fig. 3c¢). The PCR conditions were

@ Springer

35 cycles of 10 s at 98°C and 15 min at 60°C. PCR primers
were designed using sequence data from the human
genome database. PCR products were separated on 0.8%
(w/v) agarose gels and visualized with ethidium bromide.
The homology between the obtained sequence around the
breakpoint within the PGM1 gene and the 1p32.3 sequence
obtained from the database was examined using the BLAT
in UCSC genome browser (http://genome-asia.ucsc.edu/
human GRCh38/hg38).

Patient

The current study patient was a 12-year-old boy from
consanguineous parents who are first cousins without a
family history of congenital metabolic disease (Fig. 1). The
patient’s height was 137 cm (z-score —2.3), and he had a
normal body weight of 39 kg (z-score —0.6). He was born
at term with a normal body weight and length. A cleft
palate was noted at birth and closure surgery was performed
at 12 months. Persistently elevated transaminases (AST
50-400 U/L [normal value <33 U/L] and ALT
40-300 U/L [normal value <30 U/L]) had been observed
since that surgery. In addition, mild hypoglycemia
after overnight fasting and an occasionally elevated serum
creatine kinase (100-2,600 U/L [normal value <287 U/L])
were evident from 2 years of age. The echocardiogram and
electrocardiogram readings showed no abnormalities, and
his psychomotor development was normal. Oral adminis-
tration of uncooked corn starch prior to bedtime was
commenced to prevent morning hypoglycemia.

At 2 years of age, the patient was referred to our
department for further examination. Intravenous glucose
loading at 2 g/kg led to an elevated lactate level (from 7 to
37 mg/dL at 120 min) with a normal lactate/pyruvate ratio.
Intramuscular glucagon loading at 0.03 mg/kg caused no
increase of blood sugar either during fasting or at 2 h after a
meal, indicating a deficiency in the generation of hepatic
glucose from glycogen. However, the activity of the
debrancher enzyme responsible for glycogen storage dis-
ease (GSD) type III, phosphorylase involved in GSD type
VI, and phosphorylase kinase enzyme associated with GSD
type IX in the peripheral blood was normal. A forearm
nonischemic exercise test was performed when the patient
was 8 years old. No increase in venous lactate with a large
elevation in his ammonia levels (297 pg/dL) was observed,
suggesting inadequate glycogen utilization in the muscle. A
muscle biopsy was therefore performed, and a significant
decrease in PGM activity was identified (62.1 nmol/min/mg
[controls 351.1 4 81.1]). Isoelectric focusing (IEF) of
serum transferrin was performed as previously described
(Okanishi et al. 2008) and revealed a mixed type I and
type II pattern, typical features of CDG-I and CDG-II
(Fig. 2) (Tagtmeyer et al. 2014).
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Fig. 1 Pedigree of the family. Arrow indicates proband. Carriers are represented by a dot in the middle of circles or squares. Asterisks indicate the

family members who have not been tested

Mass spectrometry to characterize the molecular abnor-
mality of transferrin was performed as previously described
(Wada 2016) and further revealed the presence of a variety
of transferrin glycoforms, including forms lacking one or
both glycans as well as forms with truncated glycan
(Fig. 2). These findings were consistent with a PGMI
deficiency (Tagtmeyer et al. 2014), and genetic analysis
was performed to confirm this. Sanger sequencing revealed
only ¢.1258T>C, a common polymorphism in the database.
The karyotype of the patient was determined to be 46,XY,
inv(1)(p31.1p32.3)x2, of which inv(l) was homozygous
(Fig. 3a). Since the PGMI gene is localized at 1p31, we
hypothesized that the inversion disrupts this gene in our
patient, and we thus analyzed its distal breakpoint.

Results

FISH signals for the BAC RP4-534K7 probe that incorpo-
rates the entire PGM1 gene are observed on the short arm
of chromosome 1 in an individual with a normal karyotype.
In our current study patient however, two distinct signals
were detected on the short arm of both chromosome 1
homologues (Fig. 3b). This result indicated that the
inversion breakpoint in the patient had disrupted the
PGM]1 genomic region. Karyotype analysis of both parents
showed 46,XY,inv(1)(p31.1p32.3). Both parents carried the
inv(l) in a heterozygous state, suggesting that the two

inv(1) homologues of the patient had been transmitted from
each parent, respectively (data not shown).

Long PCR revealed that one of the PCR primer pairs
(4F-4R) within intron 1 failed to amplify the products in the
patient DNA, indicating that the breakpoint of the inversion
was located in intron 1 (Fig. 3d). To analyze the breakpoint
region in more detail, we performed additional long PCR.
The 4F4-4R but not the 4F3-4R primer pair successfully
yielded a PCR product. This indicated that the breakpoint
was located between primer 4F3 and 4F4. We did not
obtain the sequence of the other breakpoint region at
1p32.3. To ascertain the mechanism leading to the
inversion, we obtained the sequence information of the
1p32.3 from the database and analyzed the homology with
the 4F3-4F4 sequence. However, we did not find any
sequence similarity between the 4F3-4F4 sequence and the
genomic sequence at 1p32.3.

Discussion

PGM1 deficiency is a newly identified metabolic disorder
which manifests features of both CDG and glycogenosis
(Tagtmeyer et al. 2014). Our present case report describes a
young male patient with PGM1 deficiency caused by a
homozygous inv(1) inherited from his first-cousin parents
that disrupts each of the two PGMI alleles. To date, 38
PGM1 deficiency patients have been reported, and patho-
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Fig. 2 Serum transferrin isoelectric focusing (IEF) and mass
spectrometry (MS) of serum glycoproteins. (a) IEF patterns of serum
transferrin. The number of negatively charged sialic acids of
transferrin is indicated on the right. Reduced glycosylation of
transferrin including an unusual mixture of CDG-I and CDG-II
patterns (increased tri-, di-, mono-, and asialotransferrin) is shown.

genic mutations in the PGMI gene were identified and
genetically confirmed in most of these cases (Perez et al.
2013; Ondruskova et al. 2014; Tagtmeyer et al. 2014;
Loewenthal et al. 2015; Zeevaert et al. 2016; Wong et al.
2016; Preisler et al. 2017; Nolting et al. 2017; Voermans
et al. 2017). However, a small subset of patients exists
without mutations in the PGM1 gene. In our present case,
Sanger sequencing did not identify any pathogenic muta-
tion in the PGMI gene initially. However, subsequent
chromosome karyotyping of our patient detected the
presence of multiple congenital malformations and led to
the identification of the aforementioned chromosomal
inversion as the responsible mutation for his condition.
Hence, when standard molecular testing does not reveal any
abnormalities in patients who have been clinically and
biochemically diagnosed with a known congenital disorder,
chromosome testing may be a fruitful approach for
identifying the responsible mutation in the candidate gene.

In mutational screening for single-gene disorders involv-
ing an autosomal recessive inheritance of a known
causative gene, it is often the case that only one of the
recessive mutations is identified. If standard PCR and

@ Springer

(b) Matrix-assisted laser desorption/ionization (MALDI) mass spec-
trum of (glycol) tryptic peptides of transferrin. A biantennary glycan
lacking galactose and sialic acid are observed in patient’s transferrin
(arrows). (¢) Electrospray ionization (ESI) mass spectrum of transfer-
rin. An abnormal transferrin isoform having a single glycan is present
in the patient (arrow)

Sanger methods fail to identify two pathogenic mutations
within the exons or flanking intronic regions of the
responsible gene, a subsequent approach can be MLPA
(multiplex ligation-dependent probe amplification) analysis
of structural variant copy number variations or repeat PCR/
Sanger analysis to identify possible mutations in noncoding
regions such as the promoter or enhancer. In addition to
these methods, standard chromosomal karyotyping is
important for identifying large-scale chromosomal abnor-
malities that may disrupt the causative gene.

A possible mechanism of inversion formation is inter-
spersed repeat sequences that may induce chromosomal
aberrations. Direct repeats can induce deletions or duplications
via recombination between them, whereas inverted repeats
sometimes cause pericentric or paracentric inversion (Lakich
et al. 1993). In our present case, we didn’t find any specific
segmental duplication sequences at the breakpoint region
within the intron of the PGM1 gene. Likewise, there was no
evidence of segmental duplication sequences that were
common to the proximal and distal breakpoint regions. Our
patient harbored a rare homozygous pericentric inversion of
chromosome 1 inherited from first-cousin parents. We assume
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Fig. 3 Disruption of the PGMI gene in the study patient by a
chromosomal inversion. (a) G-banding of the patient’s karyotype
which was determined to be 46,XY,inv(1)(p31.1p32.3)x2, in which
inv(1) was homozygous. (b) FISH signals for PGM! (red arrow) are
typically observed on the short arm of chromosome 1 in a normal
karyotype. In contrast, the two distinctive signals were detected on the

therefore that the inversion chromosome in this patient is rare
in the general population and is not a recurrent type variation.

Since the initiation codon in the PGMI gene is located
within exon 1, the inversion in our patient that disrupts
intron 1 produces a truncated protein containing only the
amino acids encoded by exon 1 or no protein product at all
due to nonsense-mediated mRNA decay. The crystal
structure of human PGMI1 has not been characterized, but
the structure of the analogous PGM from rabbit has been
described (Liu et al. 1997). Because of the high amino acid
sequence identity (97%) between these two proteins, the
rabbit PGM structure provides a highly accurate model for
the human enzyme. PGM1 is a monomeric protein of 562
amino acids and 4 structural domains (Beamer 2015). The
active site is located in a large, centrally located cleft and
can be segregated into four highly conserved regions which

chromosome 1 arm in the study patient. (¢) Schematic representation
of the PGMI gene structure. The blue boxes denote exons. The
positions of the PCR primers are indicated by arrows. The position of
the BAC probe is also indicated. (d) Agarose gel electrophoresis of
long PCR products. 4F-4R and 4F3-4R primer pairs failed to amplify
the PCR products in the study patient. P patient, C control, /7 H,O

are located behind exon 2. In our present case therefore,
even if a truncated protein was produced, it would have no
active site, and PGM1 deficiency would still arise. Further,
we performed RT-PCR using the patient’s peripheral blood.
The exon 1 transcript was found to be present, but we did
not find any transcripts distal to the exon 2 (data not
shown). Some residual enzymatic activity might be possi-
bly due to other members of phosphoglucomutase family,
PGM2 and PGM3, that could compensate the PGMI1
activity (Maliekal et al. 2007; Wong et al. 2016).

In conclusion, we have identified and analyzed an
inverted chromosome from a PGMI deficiency patient.
Our present report also emphasizes the potential benefits of
karyotype analysis in congenital cases in which molecular
genetic testing fails to identify the responsible mutations.

@ Springer
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molecular testing fails to reveal a mutation despite a
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Dear Editor,

Translocations of the same chromosomal fragments to two or more
different chromosomes in different somatic cell lineages are referred
to as jumping translocations (JTs).! JTs have been mainly reported in
hematological malignancies but have been observed in rare instances
also as constitutional chromosomal aberrations.> The underlying JT
mechanism remains unclear, however.

The frequency of Y-autosome translocations is 1 in 2000 and
carriers are often identified through spermatogenic defects or by
an incidental finding in the absence of clinical symptoms.’ Notably,
translocations of the heterochromatin region of the Y long arm to the
short arm of chromosome 15 or 22 are commonly observed as normal
variants.* We here present an intriguing case of a constitutional Y;13
translocation in a male with oligozoospermia but a Y;15 translocation
in his son, who was born with the assistance of reproductive
technologies. To uncover the origin of this inconsistency, we examined
the Y-autosome translocated chromosomes and concluded that this
represented an instance of JT.

Our study family included a 40-year-old male partner of a Japanese
infertile couple who was healthy except for a severe oligozoospermia
identified during a prior examination for causes of the couple’s
infertility. As detailed below, he was found to carry a Y;13 translocation.
The female partner was 38-year-old with a 46,XX karyotype. This
couple had three prior miscarriages before becoming pregnant via
intracytoplasmic sperm injection, which produced a healthy boy with
normal external genitalia. The genetic testing used in our current
analyses was approved by the ethics committee of Fujita Health
University (Toyoake, Japan). Blood samples from the participants were
obtained following written informed consent in accordance with Local
Institutional Review Board guidelines.

G-banding analysis of the father revealed a 45,X,add(13)(p11)
karyotype (Figure 1a). Fluorescent in situ hybridization (FISH)
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analyses with Y chromosome probes were conducted to determine the
origin of the additional chromosomal material. A Yp telomere probe
produced a positive signal at the add(13) chromosome (Figure 2a). SRY
(sex-determining region Y), DYZ3 (alphoid satellite DNA) and DAZ
(deleted in azoospermia) probes were also positive at add(13) (data not
shown). No signal for DYZ1, a Y-specific heterochromatin repeat (Ygh),
was evident on add(13) or on other chromosomes (data not shown).
These results indicated that the additional chromosome in the father
was a Y chromosome lacking the distal part of the long arm that had
fused with the short arm of chromosome 13 (Figure 1c and 2a). The
breakpoint on the Y chromosome was located in the proximity of
the boundary region between DAZ and the heterochromatin region,
and that on chromosome 13 was located in its short arm (Figure 1c).
Thus, the add(13) chromosome was dicentric, lacking the 13p region.
Consequently, the father’s karyotype was 45,X,add(13)(p11).ish dic(Y;
13)(q11.2 or q12;p11)(SRY+,DYZ3+,DAZ+).

Interestingly, both an amniocentesis and analysis of peripheral
blood from the son obtained after birth indicated a karyotype of
45,X,add(15)(p11.2).ish psu dic(15;Y)(p11.2;q11.2)(SRY+,DYZ3+,
DAZ+) (Figure 1b and 2b-2d). Unlike father, the Y chromosome
material of the son was joined to chromosome 15 and not chromosome
13 (Figure 1c¢).

The haplotypes of the Y chromosomal regions in both the father
and son were analyzed by evaluating common STR markers using the
AmpFLSTR Yfiler PCR Amplification Kit (Thermo Fisher Scientific,
Waltham, MA, USA). The amplification of 17 Y-chromosomal STR
loci in both father and son indicated a perfect match (Table 1).
Furthermore, as the frequency of this haplotype would be expected
to be approximately 1 in 6135 in Japan, as calculated using the Kappa
method (release R54; https://yhrd.org),>® this finding was very unlikely
to have been coincidental. Our analysis thus indicated that the son
inherited his Y chromosomal material from his father and thata second
translocation event involving the Y chromosomal region occurred
during paternal spermatogenesis.

We therefore here report a rare event in which a translocated Y
chromosome changed partner chromosomes during its transmission to
the next generation. We refer to this as JT. To the best of our knowledge,
only one other family has been previously described in which a
constitutional JT involving the Y chromosome occurred between a
father, tas(Y;19), and son, tas(Y;15).” Telomeric associations (TAS) refer
to a fusion between telomeres of different chromosomes. As defective



Letter to the Editor

Table 1: Haplotypes of the Y-STR loci in the father and son

DYS456 DYS3891 DYS390 DYS389I1 DYS458 DYS19 DYS385 DYS393 DYS391 DYS439 DYS635 DYS392 YGATAH4 DYS437 DYS438 DYS448

Father 16 14 23 29 18 16 10, 19 14 10 11 20 13 12 14 13 18
Son 16 14 23 29 18 16 10, 19 14 10 11 20 13 12 14 13 18
13 15 13 15
a (b
Father Son
Yq11.2 orq12 Yq11.2
13p11 15p11.2
15 add(15)
13 add(13)

Figure 1: G-banded partial karyotypes of the father and son. (a) The arrow
denotes the add(13) in the father. (b) The arrow indicates the add(15) in
the son. (c) Schematic diagram of the translocated chromosomes. The
breakpoints of each translocation are indicated. The Ygh regions are lost in
both the father and son.

telomeric repeats at the junction can elicit conformational instability,
it is quite possible that one TAS event could induce another and
thereby lead to JT. Our present case was not the result of a TAS event
however because the Yqter was lacking at the junction, although it is
possible that the junction of the first translocation was unstable due to
an unknown sequence-specific mechanism leading to a susceptibility
for a second translocation.

Like most constitutional JTs thus far described, our present case
family involved acrocentric chromosomes in both translocations.? JT
breakpoints mostly reside in centromeric/pericentromeric regions or
within telomeric sequences, which involve heterochromatin and are
rich in repetitive DNA.® Chromosome breakages associated with JTs
frequently occur at repetitive DNA regions because of their genomic
instability.’ In our current subject family, it is likely that the dic(Y;13)
junction comprising a fusion of repetitive DNA of both chromosomal
regions produced increased instability as a result of the first translocation.
It has been shown that the short arms of the acrocentric bivalents associate
with the nucleoli during prophase of meiosis I."° The dic (Y;13) paired
with the normal chromosome 13 should, therefore, be involved in the
nucleolus and come close to the short arm of the bivalent chromosome
15.1tis possible that this proximity and the unstable junction might have
induced the second translocation in a spermatocyte.

In conclusion, a rare JT event occurred during spermatogenesis
in a Japanese man with oligozoospermia and was transmitted to his
son. Although it is rare, a JT should be considered in cases where
there is an inconsistency between the translocated chromosomes in
a parent and child.

Asian Journal of Andrology @

Figure 2: FISH analyses of the translocated chromosomes in the father
and son. (a) Xp/Yp telomere (green) and 13q telomeres (red) in the father.
The arrow and arrowheads denote the Yp and 13q probes, respectively.
(b) Xp/Yp telomere (green) and 15q telomeres (red) in the son. The arrow
and the arrowheads indicate the Yp and 15q probes, respectively. (c) SRY
(red, large arrow), DYZ3 (green, arrowhead) and DXZ1 (green, small
arrow) in the son. (d) DAZ (green, large arrow), DYZ3 (red, arrowhead) and
DXZ1 (green, small arrow) in the son. Chromosomes were counterstained
with DAPI (blue).
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Case report

Gestational trophoblastic disorder with a coexistent foetus
occurs in 1 in 20,000-100,000 pregnancies (Wee and Jauniaux
2005) and mostly involves a partial hydatidiform mole with a
live foetus and rarely a twin pregnancy with a complete
hydatidiform mole and co-twin foetus (Gupta et al. 2015).
Most cases of partial hydatidiform mole have triploidy with
multiple structural anomalies and result in first trimester mis-
carriage (Toufaily et al. 2016). However, their management is
complicated because the coexistent foetus is occasionally a
normal healthy diploid foetus. Furthermore, this condition is
often accompanied by severe complications such as hyper-
emesis, preeclampsia or thromboembolic disease (Matsui
et al. 2000; Sebire et al. 2002). Thus, the diagnosis and man-
agement of gestational trophoblastic diseases with coexistent
foetus are clinically important.

A gravid 33-year-old woman (gravid 4, para 3) was referred
to our hospital with vaginal bleeding from 9weeks of gesta-
tion. She was noted on prenatal ultrasound to have a normal
foetus with an abnormally thickened space in the placental
region. At 11 gestational weeks, a snowstorm pattern was
observed on ultrasound examination, but it was slightly differ-
ent from the typical pattern for hydatidiform mole.
Multivesicular areas were prominent, but the other areas
appeared relatively normal (Figure 1(A)). At 13 gestational
weeks, the snowstorm pattern persisted with a foetal growth
retardation of a biparietal diameter of 22.3 mm (—1.9 SD). The
serum B-human chorionic gonadotropin (B-hCG) level was
alarmingly elevated at 369,065 mlU/ml at 14 gestational
weeks, whereas alpha-fetoprotein (AFP) showed a normal level
of 109.5 ng/ml. B-hCG was persistently high at 207,336 mIU/ml
at 16 gestational weeks, whereas AFP was 159.8 ng/ml.

The couple decided to terminate the pregnancy after con-
sidering the risks because the possibility of hydatidiform
mole and coexistent foetus could not be excluded. After the
curettage, the woman was in good condition and the B-hCG

level decreased to 4 mlU/ml. The delivered foetus had a
median cleft lip and palate (Figure 1(B)). The placenta
appeared to have patchy villous hydropic changes (Figure
1(C)). Histological examination revealed focal villous oedema.
Trophoblast hyperplasia was not observed (Figure 1(D)). After
receiving approval from the Ethical Review Board and obtain-
ing written informed consent from the couple, we obtained
samples from the foetal skin and from the oedematous and
normal-seeming areas of the placenta.

Initial cytogenetic analysis by Giemsa staining indicated a
normal karyotype (data not shown). Cytogenetic microarray
of the foetus revealed three copies of an 8-Mb region at the
terminus of 9p, but monosomy 2q and trisomy 4q in the pla-
centa (Figure 1(E-G)). Although hydatidiform moles generally
result from dispermic triploidy or diandric diploidy with the
paternal genome only, there was no evidence of triploidy or
uniparental disomy. The foetus was found to carry arr[hg19]
9p24.3p24.1(326,927-8,441,863)x3, which appeared to be
mosaic with normal cells because the copy number (CN)
state was 2.80. On the other hand, the placental tissue was
found to carry arr[hg19] 2937.3(237,337,625-242,408,074)x1,
4025935.2(113,816,349-190,957,.473)x3. These appeared to
be in mosaicism because the CN state was 1.35 and 2.67,
respectively. Approximately 65-67% of cells showed mono-
somy 2q and trisomy 4q, and it is likely that the same cells
had monosomy 2q and trisomy 4q simultaneously. The pla-
cental tissue also showed 9p trisomy at CN state 2.33, sug-
gesting that 33% of cells carried the 9p trisomy identified in
the foetus. On the other hand, we did not detect monosomy
2q and trisomy 4q in foetal tissue at all.

Microsatellite analysis of the DXS0767 locus revealed that
there was only a small level of maternal tissue contamin-
ation in placental tissue (2-3%, data not shown) and none
in foetal tissue. The pattern of whole-genome SNP genotyp-
ing also excluded the chimeric pattern but indicated a sin-
gle zygote origin, suggesting that all of the foetus and
placenta were derived from a monozygotic twin or somatic
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Figure 1. Clinical phenotypes and cytogenetic analysis of the foetus and placenta. Cytogenetic microarray was performed using CytoScan HD Array (Affymetrix). #1:
placenta that appeared relatively normal; #2: placenta that included villous hydrops lesions; and #3: foetus. (A) Ultrasound examination at 11 weeks of gestation.
Two separate areas — a vesicular area (upper area) and relatively normal area (lower area) — were observed, which are atypical for gestational trophoblastic disease.
(B) Foetus. A median cleft lip and palate were observed. (C) Macroscopic analysis of the placenta. Patchy villous hydropic changes were observed. (D) Histological
specimen for chorionic villi. Focal villous oedema was observed. Scale bars, 100 m. (E) 9p and 9q. (F), 2g. (G), 4q. Scale bars, 10 Mb. (H), Giemsa staining. Additional
material was observed at the terminal region of 14p. (I) FISH. Subtelomeric probes (Vysis ToTelVision, Abbott Molecular) revealed the presence of

der(14)t(9;14)(p24;p11.2) (arrow). White arrows: 9p; and white arrow heads: 9q.

mosaicism of a single zygote. As the CN state showed that
the cell population with 9p and that with monosomy 2q
and trisomy 4q were mutually exclusive, we concluded that
they were likely from monozygotic twins (Supplementary
Figure).

Reexamination of Giemsa staining of the foetal fibroblasts
showed additional material at the terminal of 14p.
Subtelomeric FISH was performed to further characterise the
CN abnormalities. Trisomy 9p was found to originate from
der(14)t(9;14)(p24; p11.2) in all of the 20 metaphases exam-
ined (Figure 1(H,1)). As the CN states of monosomy 2q and tri-
somy 4q are reciprocal, the monosomy 2q and trisomy 4q
found in the placenta were likely to have originated from
unbalanced t(2;4)(q37.3; g25) translocation. However, subtelo-
meric FISH did not detect the t(2;4) translocation in any of
the foetal cells. We did not study the karyotype of the couple
because they did not want to undergo the required
examinations.

We recommend careful performance of the differential
diagnosis of abnormal placenta with snowstorm pattern, par-
ticularly in cases with a coexistent foetus. A molecular

cytogenetic study including zygosity test is necessary for dif-
ferential diagnosis because it is possible that a chromosomal
disorder might underlie placental abnormalities. The severities
of the clinical symptoms in the foetus with such disorders
vary widely. These disorders often result in lethality from mul-
tiple congenital anomalies, whereas cases with milder cyto-
genetic abnormalities can occasionally survive and live to a
good age. Furthermore, confined placental mosaicism might
affect the foetus to a lesser degree (Johnson and Wapner
1997; Lestou and Kalousek 1998). Thus, the results of the
cytogenetic test might seriously affect the choice of treat-
ment for the ultrasound findings.
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