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ARTICLE INFO ABSTRACT

Keywords:

11q23-qter deletion

Jacobsen syndrome

Deletion rescue

Uniparental disomy

Skewed X chromosome inactivation

Germline mosaicism
cells.

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
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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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Keywords: . .
Supravalvular aortic stenosis causative gene mutations of SVAS.
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

Congenital heart defects
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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p.V606£s [29]
pP607A [7] .
p.G610Q[20]  P-G663% [20]
DGI0E [26]  ©-2044+5G>C21]
p.G610Q*[32] p.Q700% [24]
pRS70% [7] p-A707D [20]
'

20 212223 24 25 26 2728129 3031323334

?

p.G433£5 [20]
p.G462W [23]

p.Q442*% [7,29]

p.P387f5 [21]
p.G392_G400del [17]
p-Y397*[17]
p-G398£s [20]
p-V399£s [17, 26]
p.G413£s [26]
p.P4211s [20]
p.P42715 [27)
p-G428* [17]

€.1934-1G>T [25]
p.G64785 [21]

v

Ex.2_27 del [8]

Ex. 20 34 del [9]

>

Ex. 6_34 del (Family F)

—>
Ex. 1_5 del (Family G)

>
Ex. 34 del (Family E)

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
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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.
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(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
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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
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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.
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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
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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).

AUTHOR CONTRIBUTIONS

MT carried out the cytogenetic analysis, STR analysis and drafting
of the manuscript. NF and FS performed the cytogenetic analysis.
TM and SF carried out the gynecological check and provided genetic
counseling. MW provided the genetic counseling for the prenatal
test. NT carried out the clinical management of the son. HT was
responsible for the chromosomal analysis and the clinical genetics.
OM conducted the fertility treatment. TE and HK conceived the study
and participated in its design. HK drafted the manuscript. All authors
read and approved the final manuscript and agreed with the order of
presentation of the authors.

COMPETING INTERESTS

The authors declare no competing interests.

ACKNOWLEDGMENTS

This study was supported by a grant-in-aid for Scientific Research from the
Ministry of Education, Culture, Sports, Science, and Technology of Japan, that
from the Ministry of Health, Welfare and Labor, and that from Japan Agency
for Medical Research and Development.

REFERENCES

1 Lejeune J, Maunoury C, Prieur M, Van den Akker J. A jumping translocation
(5p;15q), (8qg;15q), and (12q;15q). Ann Genet 1979; 22: 210-3.

Reddy KS. The conundrum of a jumping translocation (JT) in CVS from twins and
review of JTs. Am J Med Genet A 2010; 152A: 2924-36.

2



Alves C, Carvalho F, Cremades N, Sousa M, Barros A. Unique (Y;13) translocation
in a male with oligozoospermia: cytogenetic and molecular studies. Eur J Hum
Genet 2002; 10: 467-74.

Gardner RJ, Sutherland GR, Shaffer LG. Chromosome Abnormalities and
Genetic Counseling. 4" ed. New York, Oxford: Oxford University Press; 2011.
p 98-121.

Willuweit S, Roewer L. The new Y chromosome haplotype reference database.
Forensic Sci Int Genet 2015; 15: 43-8.

Brenner CH. Fundamental problem of forensic mathematics — The evidential value
of a rare haplotype. Forensic Sci Int Genet 2010; 4: 281-91.

Huang B, Martin CL, Sandlin CJ, Wang S, Ledbetter DH. Mitotic and meiotic
instability of a telomere association involving the Y chromosome. Am J Med Genet
A 2004; 129A: 120-3.

Berger R, Bernard OA. Jumping translocations. Genes Chromosomes Cancer 2007;
46: 717-23.

Letter to the Editor

9  Reddy KS, Murphy T. Fusion of 9 beta-satellite and telomere (TTAGGG)n sequences
results in a jumping translocation. Hum Genet 2000; 107: 268-75.

10 Stahl A, Luciani JM, Hartung M, Devictor M, Bergé-Lefranc JL, et al. Structural
basis for Robertsonian translocations in man: association of ribosomal genes in the
nucleolar fibrillar center in meiotic spermatocytes and oocytes. Proc Nat!/ Acad Sci
U S A1983; 80: 5946-50.

This is an open access journal, and articles are distributed under the terms of the
Creative Commons Attribution-NonCommercial-ShareAlike 4.0 License, which
allows others to remix, tweak, and build upon the work non-commercially, as long
as appropriate credit is given and the new creations are licensed under the identical
terms.

©The Author(s)(2018)

@ Asian Journal of Andrology



JOURNAL OF OBSTETRICS AND GYNAECOLOGY, 2018
https://doi.org/10.1080/01443615.2017.1401598

Taylor & Francis
Taylor &Francis Group

CASE REPORT

‘ W) Check for updates

Twin pregnancy with chromosomal abnormalities mimicking a gestational
trophoblastic disorder and coexistent foetus on ultrasound

Akiko Ohwaki®®, Haruki Nishizawa?, Noriko Aida®, Takema Kato®, Asuka Kambayashi®, Jun Miyazaki®®,
Mayuko Ito®®, Makoto Urano®, Yuka Kiriyama®, Makoto Kuroda®, Masahiro Nakayama®, Shin-Ichi Sonta®,
Kaoru Suzumori®, Takao Sekiya®, Hiroki Kurahashi® and Takuma Fujii®

Department of Obstetrics and Gynecology, Fujita Health University School of Medicine, Toyoake, Japan; “Division of Molecular Genetics,
Institute for Comprehensive Medical Science, FuJita Health University, Toyoake, Japan; “Department of Diagnostic Pathology, Fujita Health

University School of Medicine, Toyoake, Japan;

Department of Pathology and Laboratory Medicine, Osaka Medical Center and Research

Institute for Maternal and Child Health, Izumi, Japan; ®Fetal Life Science Center, Ltd, Nagoya, Japan

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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Abstract

Highly conserved TREX-mediated mRNA export is emerging as a key pathway in neuronal devel-
opment and differentiation. TREX subunit variants cause neurodevelopmental disorders (NDDs)
by interfering with mRNA export from the cell nucleus to the cytoplasm. Previously we impli-
cated four missense variants in the X-linked THOC2 gene in intellectual disability (ID). We now
report an additional six affected individuals from five unrelated families with two de novo and
three maternally inherited pathogenic or likely pathogenic variants in THOC2 extending the geno-
typic and phenotypic spectrum. These comprise three rare missense THOCZ2 variants that affect
evolutionarily conserved amino acid residues and reduce protein stability and two with canoni-
cal splice-site THOC2 variants that result in C-terminally truncated THOC2 proteins. We present
detailed clinical assessment and functional studies on a de novo variant in a female with an epileptic
encephalopathy and discuss an additional four families with rare variants in THOC2 with support-
ive evidence for pathogenicity. Severe neurocognitive features, including movement and seizure
disorders, were observed in this cohort. Taken together our data show that even subtle alterations
to the canonical molecular pathways such as mRNA export, otherwise essential for cellular life, can
be compatible with life, but lead to NDDs in humans.

KEYWORDS
mRNA export, partial loss-of-function variants, protein stability, THOC2, XLID

1 | INTRODUCTION

Intellectual disability (ID), characterized by substantial limitations in
both intellectual functioning and adaptive behavior, affects 1%-3% of
the population starting before the age of 18 years and has significant
impact on individuals, families, and communities (Vissers, Gilissen,
& Veltman, 2016). Individuals with ID are more likely than members
of the general population to experience poor physical and mental
health, have a lower life expectancy, experience inequalities accessing
health care, and frequently have limited or no specific therapies for
their core symptoms (Bittles et al., 2002; Hosking et al., 2016). Both
genetic and environmental factors contribute to the development
of ID (Milani, Ronzoni, & Esposito, 2015). Over 120 of the identi-
fied >800 ID genes are located on the X-chromosome (Chiurazzi &
Pirozzi, 2016; Schwartz, 2015), and diagnosis of X-linked causes of 1D
remain critically important for accurate genetic counseling of families
(Ropers & Hamel, 2005). Dramatic improvements in high-throughput
DNA sequencing technologies and analyses software has led to
identification of new ID genes and additional variants in the known
ID genes (Dickinson et al., 2016; Vissers, et al., 2016). A systematic
review of clinical data suggests that ID affected individuals frequently
have comorbid neurological, psychiatric, and behavioral disorders
(Oeseburg, Dijkstra, Groothoff, Reijneveld, & Jansen, 2011; Vis-
sers et al.,, 2016), and disease variants in different parts of a gene
can lead to a broad range of complex neurocognitive disorders
(Palmer et al., 2017; Zhu, Need, Petrovski, & Goldstein, 2014). This
complexity contributes to heterogeneity in clinical symptoms and
indistinct boundaries between syndromic and nonsyndromic forms of
neurodevelopmental disorder (NDD).

In 2015, we reported genetic, molecular, and protein struc-
tural data on four missense variants in an X-linked essential gene
THOC2 (MIM# 300957; NM_001081550.1; c.937C>T (p.Leu313Phe),
¢.1313T>C (p.Leu438Pro), c.2399T>C (p.lle800Thr), and ¢.3034T>C

(p.Ser1012Pro), RNA not analyzed) (Kumar et al., 2015). The affected
individuals had a syndromic NDD, characterized by borderline to
severe ID, speech delay, short stature, and adult onset truncal obe-
sity (Kumar et al., 2015). THOC2 encodes for the THOC2 protein—
the largest subunit of the highly conserved TREX (Transcription-
Export) mRNA export complex essential for exporting mRNA from
the cell nucleus to the cytoplasm (Heath, Viphakone, & Wilson, 2016).
The TREX complex is composed of a THO sub-complex (THOC1,
THOC2, THOC3, THOCS5, THOC6, and THOC7?) and accessory pro-
teins (UAP56, UIF, Aly, CIP29, PDIP3, ZC11A, SRRT, Chtop) (Heath
et al,, 2016). The TREX complex, besides its canonical role in mRNA
export in the mammalian cells, has been shown to play critical roles in
gene expression, 3’ mRNA processing, stress responses, mitotic pro-
gression, and genome stability as well as developmental processes
such as pluripotency maintenance and hematopoiesis (Yamazaki et al.,
2010). We and others have recently demonstrated that subtle per-
turbations in mMRNA export by gene variants or preferential cytoplas-
mic aggregation can lead to NDDs (Beaulieu et al., 2013; Coe et al.,
2014; Kumar et al., 2015), neurodegeneration (Woerner et al., 2016),
or cancer (Chinnam et al., 2014; Hautbergue, 2017; Liu et al., 2015;
Viphakone et al., 2015). These alterations can have tissue-specific
effects as TREX subunits are shown to have tissue-specific roles; for
example, mouse Thoc5 and Thoc1 deficiency interferes with the main-
tenance of hematopoiesis (Guria et al., 2011; Mancini et al., 2010) and
testis development (Wang et al., 2009). Taken together, altered TREX
function can have diverse molecular and cellular consequences result-
ing in a range of diseases. Here, we present detailed information on
the clinical presentations and functional investigations on an additional
eight missense and two splice THOCZ2 variants. These data reaffirm
and extend our previous findings that THOC2 variation plays a role in
complex neurodevelopmental conditions with the core clinical presen-
tation of ID.
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2 | MATERIALS AND METHODS

2.1 | Molecular and cellular studies

RNA extraction, RT-gPCR (primers listed in Supp. Table S3), cyclo-
heximide chase, and THOC2 immunofluorescence staining were
performed as reported previously (Kumar et al., 2015). Molecular
studies on the THOC2 exon35:¢.4450-2A>G variant were performed
using blood DNA and skin fibroblasts derived from the affected
individual and his heterozygous carrier mother. Genomic DNA
or cDNA (generated by reverse transcribing the fibroblast total
RNAs using Superscript Il reverse transcriptase; Life Technologies,
Scoresby, Victoria, Australia) was amplified with KAPA HiFi PCR
Kit (Kapa Biosystems, Mulgrave, Victoria, Australia) using hTHOC2-
4326F/hTHOC2-4519-R (Supp. Table S3) at 95°C for 3 min, 35 cycles
of 98°C-15 sec, 59°C-15 sec, 72°C-30 sec, incubation at 72°C for
10 min, gel purified (MinElute Gel Extraction kit; Qiagen, Chadstone
Centre, Victoria, Australia) and Sanger sequenced using the same
primers. For the THOC2 exon28:c.3503+4A>C, blood gDNA from
unaffected father, carrier mother, and affected son was amplified with
TaKaRa ExTagq (Clayton, Victoria, Australia) using THOC2-F/THOC2-R
primers (Supp. Table S3) at 94°C for 2 min, 40 cycles of 94°C-30 sec,
60°C-30 sec, 72°C-30 sec, incubation at 72°C for 5 min. The cDNA
was generated by reverse transcribing the white blood cell RNAs using
Superscript Ill reverse transcriptase (Life Technologies) and amplified
with TaKaRa ExTaq using THOC2-ex27F/THOC2-ex30R (Supp. Table
S3) at 94°C for 2 min, 28 cycles of 94°C-30 sec, 60°C-30 sec, 72°C-
30 sec, incubation at 72°C for 5 min. The amplified products were

analyzed by Sanger sequencing.

2.2 | Generation of THOC2 variant expression
constructs

Generation of the wild-type Myc-tagged human THOC2 expression
plasmid was reported earlier (Kumar et al., 2015). Briefly, the THOC2
variants were introduced into the existing pPCMV-Myc-THOC2 expres-
sion construct by overlap PCR method using the primers listed in Supp.
Table S3. The variant plasmid sequences were confirmed by Sanger
sequencing. Details relating generation of the THOC2 variant expres-

sion constructs are available on request.

2.3 | Transient expression and Western blotting

For transient expression experiments, HEK293T and Hela cells were
transfected with expression constructs (400 ng pCMV-Myc-THOC2
plasmid and 400 ng pEGFP-C1 plasmid/transfection for stability
and cycloheximide assays and 4 ug/transfection for immunofluores-
cence staining, IF) using Lipofectamine 3000 reagent according to
manufacturer's protocol (Life Technologies). Twenty-four hours post-
transfection, cells were either fixed with 4% formaldehyde for IF or
collected and lysed in buffer containing 50 mM Tris-HCI pH 7.5,
150 mM NacCl, 0.1% Triton-X 100, 1 mM EDTA, 50 mM NaF, 1x Pro-
tease inhibitor/no EDTA and 0.1 mM Nas VO, for Western blot assay

as reported previously (Kumar et al., 2015).

2.4 | Insilico pathogenicity prediction

We used CADD v1.3 (includes Phylop, GERP++ & PolyPhen2) (Kircher
et al., 2014), Provean (Choi & Chan, 2015), and ACMG (Richards et al.,
2015) on-line tools for in silico prediction of the pathogenicity of differ-
ent variants (Table 1 and Supp. Table S1).

3 | RESULTS

3.1 | Identification of THOC2 variants

We previously implicated four missense THOC2 variants in 25 individ-
uals with ID and a range of other clinical features (Table 1 and Supp.
Table S1 and 2) (Kumar et al., 2015). We identified an additional five
THOC2 variants (three missense; de novo c.2087C>T (pThré9élle),
de novo c.2138G>A (p.Gly713Asp), maternally inherited c.3559C>T
(p.His1187Tyr), and two splicing-defective; maternally inherited
chrX:122747561 exon35:c.4450-2A>G and chrX:122757634
exon28:¢.3503+4A>C; GenBank: NM_001081550.1) variants in
a further six affected individuals, including one pair of monozygotic
twins (Table 1 and Figures 1 and 2). Whole exome (WES) or whole
genome sequencing (WGS) of probands and parents was used to
identify the variants that were confirmed by Sanger sequencing
of the PCR amplified variant-carrying region of genomic DNA of
the parents and affected individuals. The previously unreported
THOC2 variants affect amino acids that are highly conserved (Supp.
Figure S1), are absent in gnomAD database and are predicted to be
pathogenic based on a number of in silico analyses tools (Table 1).
We included in our study a de novo missense p.Tyr517Cys variant
in a female with moderate-severe ID, speech problems, epileptic
encephalopathy, cortical visual impairment, and gait disturbances
identified using WES as part of the Epi4K Consortium & Epilepsy
Phenome/Genome Project (Epi et al., 2013) (Table 1). We have also
collected further, rare and potentially pathogenic variants through
international collaboration (Table 1, Supp. Table S1 and 2, and
Figures 1 and 3; see Supplementary information for methods used
for identifying the variants) and performed functional testing on
several of these. The following three variants: c.229C>T (p.Arg77Cys),
¢.3034T>C (p.Ser1012Pro), and ¢c.3781A>C (p.Asn1261His) showed
no clear evidence of altered stability of variant THOC2 proteins in
our cell-based assay. The reported variants have been submitted to
ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/accession
numbers SCV00680065-SCV000680074).

database

3.2 | Clinical presentations

The clinical features of the five previously unreported affected individ-
uals with (likely) pathogenic THOC2 variants, aged between 3 and 12
years, and the 10 year old female with de novo p.Tyr517Cys variant are
summarized in Table 2 and photographs, when available, are shown in
Figure 2. Detailed clinical information is available in the supplemen-
tary data. Each individual clinical center used local diagnostic criteria
for determining degree of ID and diagnoses of comorbidities. ID was
universal and at least moderate in severity: two out of seven were

nonambulatory and three out of seven nonverbal. Behavioral problems


https://www.ncbi.nlm.nih.gov/clinvar/accession

1129

WILEY

KUMARET AL.

dd

d1

d1

d1

d1

dd

dd

d1
quonesiyisse|d
Apiuasoyjed
OOV

S3A

ON

aN

S3aA

S3aA

S3A

S3aA

S3IA
Aungess
uiajo.id
paonpay

S3A

Jayjow
J3111ed pue
pueqoud
alew
pa1aye
ayijo

sise|qo.qi4

V/N

S3A

S3A

S3A

S3IA

S3A

pa1s9}
piwse|d
jueliep

a

V/N

V/N

a

juasqy

Jussqy

Juasqy

uasqy

asqy

juasqy

wasqy

wasqy

ecuaydAjod Adusanbauy

gvywous

GG6'T

SELT

98T

1/S5¢C

910¢C

cive

€960

c06'T

78S

S¢S

LSS

L09

L6'S

€L'S

€0’

L'S

dojAyd ++dy3o uondipaid

snoualRPa  /8/—
V/N V/N

VN V/N
snouRlePa L0
snouelePA  TOY—
snousleRA  69h—
snousleea /b
snolslePa  80'9—
9102S

UeaAOld UueaAodd

99¢ oAou ag

%96
pama»|s
SETIN

‘aoue)liayul
|eulalen

%C:86
pama»|s
JayjoN

‘aoueyliayul
|eutalen|
(%1°0:6'66)
pamay|s
J3yjon
‘aduelIayul
Jeutalen

L'EC

80T

Tee

QouejlIayul

6€T [eusarely

1€ oAou ag

v/T oAou ag
QoueByu

1'8C |eusaleln
aavd  3duejlsyul

403pop

sAD/LTS
JAldin
<V0SGT72

O<Ve-
0S¥
"2:GEUOXT

O<V¥
+€05¢€
"2:gZuUox3

JAL/8TT
SIHd:L
<D656€72
441008
EllcHe}
<L166€C?
dsvet/
Alordy
<98€T1C
9[1969
Jyrd:n
<2£80¢7?

01d8¢eYy
na1d:)
<LETETD

0SS180100
"N

6€98L/L2CT

19S/v/cCT

¥€9/S5/CC1

6L0LS/¢CT

12959L¢CT

06899L¢CT

€98/9/¢CT

99566/L¢CT

613y
uonisod

*duadoyied Aja31| 47 1uadoyied orou ap ‘ddq
‘paulwIalap Jou ‘gN ‘d|qediidde jou ‘y/N ‘BuiBewep A|qissod d ‘Suidewep A|qeqoud ‘Qe

€10¢C

‘12T

ATAT

aJnjeN

09loud

awousn

/awouayd

Asdaid3

9 wny

-10su0)
SIM Mpldavsn
SaIM epeued
SIM 0L ueder

suimy

|ear3usp|

eissny

/Auewan
SIM  /epeued

OHIvY

Suipuanbas (STOZ)
WX JYD-X el Jewny|
SIM vsn
SaMoLIL eljeJisny

OHIvY

Sujpuanbas (5T02)
WX JYD-X e 3L Jewny|

uoljesn1uspl
JO poYyaN

L

S

woug [enpialpu|

9DUIPIAS Jejndsjow 3uirioddns Ypm sjuelieA zDOHL 343 4o uoindiiosap pajielsq

9SUISSIIN

21|ds

EFIERSIN]

T31avl



KUMARET AL.

ﬂl—W[ LEY M

£
{9‘9 @

Y ©
& x R A AR
0t el O Vi oA o
laa P O o W0 5 1593aa
[ THOC2 [ RBD1300-1593]
/ 4 7 4
& TS & §Te0 SN
A NS & S~ ¥ F S e
Ny Y 59 ) NNV
& ¥ FO S AN SIS A
e K74 728 2 S 4} :‘F} V:‘% Q\\" \’LDQ

s 4

FIGURE 1

exon35:c.4450-2A>G

Location of variant amino acids and structural features in THOC2 protein. Ubiquitinated (K139 and K1084 (Kim et al.,2011) and K345

(Lopitz-Otsoa et al., 2012; Wagner et al., 2011)), phosphorylated (51448 and 1486 (Olsen et al., 2006)) amino acid residues, potential RNA bind-
ing domain (RBD) and destruction box (D-box) and KEN box sequences that interact with the Anaphase Promoting Complex/Cyclosome (APC/C)
for protein ubiquitination and subsequent destruction by the proteasome (Morgan, 2013) are shown. Unreported (orange) and published (black:
(Kumar et al., 2015)) missense variants effecting THOC2 protein stability are marked with red lollipops. The positions of two splice variants are

shownin red

< §5

p.-Thr696lle p.Gly713Asp
Individual 1 Individual 2

Monozygotic Twins
p.His1187Tyr
Individuals 3-4

ex 28:¢.3503+4A>C
Individual 5

ex35:¢.4450-2A>G

Individual 6

FIGURE 2 Front and side facial views of the affected individuals with THOC2 variants

were reported in four individuals, with one meeting diagnostic criteria
for autism spectrum disorder. Additional neurological features were
common. Four of the seven had infantile hypotonia and two of the
seven had tremor. The monozygotic twins (individuals 3 and 4) had
a tendency to toe walking, which was considered behavioral as it
was not associated with neurological signs of lower limb spasticity.
Confirmed seizure disorder was only present in the affected female
(individual 7) but suspected in individual 2. Neuroradiological studies
were performed in five individuals: this was within normal limits
for three individuals, with neuroanatomical differences reported
in two. Individual 2 had complex neuroanatomical findings (see
supplementary clinical description and Supp. Figure S2A) including
changes in cortical gyral morphology, which in the inferior temporal
lobes appeared finely nodular, as well as hypoplasia of the corpus
callosum and reduced brainstem volume and individual 5 had mild
dilatation of the lateral ventricles, mildly delayed myelination and an
abnormal white matter lesion in the periventricular area close to the

anterior horn (Supp. Figure S2B). Growth abnormalities were common

including low birth weight (three out of seven), microcephaly (two
out of seven), and short stature (two out of seven). Facial features are
shown in Figure 2. Appropriate consent for reporting variants, clinical
data and photographs of the affected individuals was obtained from
their parents or legal guardians. The research has been approved by
the Women's and Children's Health Network Human Research Ethics
Committee in Adelaide, Australia.

3.3 | THOC2 variant protein localization and stability

Without access to affected individuals’ derived cells, we generated
Myc-tagged THOC2 missense variant expression constructs to deter-
mine protein stability and localization. The THOC2 protein stabil-
ity was determined in HEK293T cells and localization in both the
HEK293T and Hela cells. Total protein lysates of HEK293T cells
ectopically-expressing the wild-type or variant Myc-THOC2 proteins
were Western blotted for THOC2, EGFP, and g-Tubulin. We used
HEK293T cells expressing Myc-p.11e800Thr THOC?2 as a control for
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for the wild-type protein (Figure 3B). THOC2 variant proteins, simi-
lar to the wild-type, were mainly localized to the nucleus in both the
HEK293T and Hela cells (Supp. Figure S3).

3.4 | THOC2 splice variant: exon35:¢c.4450-2A>G,
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FIGURE 3 Functional testing of THOC2 missense variants. A:
THOC2 variant protein stability is reduced in HEK293T cells. pCMV-
Myc-THOC2 wild-type or variant expression constructs and pEGFP-
C1 plasmid (transfection control) were transfected into HEK293T
cells. Total protein lysates of cells 24 hr post-transfection were ana-
lyzed by Western blotting with mouse anti-Myc (clone 9E10; Sigma),
mouse anti-EGFP (clones 7.1 and 13.1; Roche) and rabbit anti-g-tubulin
(loading control; Abcam) antibodies. pPCMV-Myc-THOC2 p.11e800Thr
construct expressing the p.lle800Thr protein shown to have reduced
stability was used as a control (Kumar et al., 2015). Western blot sig-
nals were quantified using ImageJ software. Averages of the Myc-
THOC2 proteins normalized to the housekeeping g-tubulin signal from
two independent runs are shown. B: Myc-p.Tyr517Cys THOC2 pro-
tein half-life is substantially reduced in HEK293T cells. pCMV-Myc-
THOC2 or pCMV-Myc-THOC2-p.Tyr517Cys expression constructs
and pEGFP-C1 plasmid (transfection control) were transfected into
HEK293T cells. Next day the cells were cultured in the presence of
100 pg/ml translation inhibitor cycloheximide and harvested at the
time points shown. Total protein lysates were analyzed by Western
blotting with mouse anti-Myc, mouse anti-EGFP, and rabbit anti-4-
tubulin (loading control) antibodies

protein stability assay as this variant is shown to cause reduced
protein stability (Kumar et al., 2015). The results showed reduced
stability of p.Tyr517Cys, p.Thr696lle, p.Gly713Asp, and p.His1187Tyr
THOC2 compared with the wild-type protein (Figure 3A). Presence
of comparable levels of EGFP in the cells transfected with different
expression constructs indicated that the reduced levels of THOC2 pro-
tein were not due to difference in transfection efficiency (Figure 3A).
We also determined the turnover rate of Myc-p.Tyr517Cys THOC2
protein by cycloheximide chase. For this assay, the HEK293T cells
transfected with pCMV-Myc-WT or pCMV-Myc-p.Tyr517Cys THOC2
and pEGFP-C1 transfection control plasmids were cultured in pres-
ence of translation inhibitor cycloheximide for different durations and
Western blotted for THOC2, EGFP, and g-Tubulin. The results showed
that p.Tyr517Cys THOC2 turnover rate was 3 hr compared with 8 hr

Sanger sequencing of amplified target region from affected son and
mother's blood genomic DNA showed that the affected boy inherited
chrX:122747561 exon35:c.4450-2A>G variant from his unaffected
heterozygous carrier mother (Figure 4C). A -2 A>G change in the
intron-exon splicing site boundary (acceptor AG) is predicted to abol-
ish splicing (Ohno, Takeda, & Masuda, 2018). To validate this possibil-
ity, we generated skin fibroblast cultures from the heterozygous car-
rier mother and the affected son. We PCR amplified their fibroblast
cDNAs using primers with binding sequences located within exon 34
and 35. Amplification of a 194 bp DNA fragment from the mother
indicated normal splicing but a 537 bp product from the affected
son indicated retention of the intron located between these exons
(Figure 4A and B). We confirmed this result by Sanger sequencing of
the PCR products generated from genomic DNA that showed presence
of A/G nucleotides in the carrier mother but only G (A>G) nucleotide
in the affected son (Figure 4C). The cDNA sequence showed pres-
ence of normally-spliced mRNA in the mother but retention of intronic
sequence upstream of the exon 35 in the affected son indicating defec-
tive splicing due to presence of -2 G variant at the intron-exon 35 junc-
tion sequence (Figure 4C). The presence of normally spliced mRNA in
the unaffected mother is consistent with X-inactivation (94% skewing)
of the variant allele in her fibroblasts. We predicted that a retention of
intron between exon 34-35 in the affected fibroblasts would result in
loss of 110 C-terminal amino acids of the 1,593 wild-type THOC2 pro-
tein (that is, 1,483 amino acids); however, overall the variant protein
would be 58 amino acid smaller as it would now be a 1,535 amino acid
protein comprised of 1,483 amino acids of wild-type THOC2 and 52
translated from intronic sequence in the defective mRNA (Figure 4A).
Consistent with our prediction, the Western blot data showed pres-
ence of a slightly smaller THOC2 protein band in the affected son's
fibroblasts than his unaffected mother. Many independent Western
blot runs showed presence of two closely located THOC2 bands—
similar to the fruit fly THO2 (Rehwinkel et al., 2004) —in the unaffected
mother but a single highly intense band in the affected son's fibroblasts
(Figure 4D). The observed difference in levels of THOC2 protein was
post-translational as we found comparable amounts of THOC2 mRNA,
as assayed by real time RT-gPCR, in the mother and son (Figure. 4E).
Finally, we observed no difference in THOC2 localization in fibroblasts
of the affected son and his unaffected mother (Figure 4F).

3.5 | THOC2 splice variant: exon28:¢.3503+4A>C,
p.Gly1168fs7* and normal 1,593 aa protein

For the second splice variant chrX:122757634 exon28:c.3503+4A>C,
molecular studies were performed on the white blood cells of the
unaffected father, carrier mother, and the male proband. Sanger

sequencing of target region amplified from the unaffected father and
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Individual

Variant details

Gender
Age (years)

Perinatal features

Gestation
(weeks)

Low birth
weight
(<2.5kg)

Birth weight
(g)

Neurologic features

Intellectual
disability
Speech delay

Hypotonia

Spasticity

Hyperkinesia

Tremor

Epilepsy

Gait
disturbances

Behavior
problems

Anxiety
Depression
Brain MRI/CT

Growth parameters

Microcephaly
(<3%)

Short stature
(<3%)

Overweight
(BMI>25)

Broad high
forehead

Other features

KUMARET AL.
TABLE 2 Summary of clinical data of THOCZ2 variants with supporting molecular evidence
(Likely) pathogenic
1 2 3 4 5 [ 7
c.2087C>T: c.2138G>A: c.3559C>T: c.3559C>T: Exon28: Exon35:c.4450- c.1550A>G:
pThré96lle p.Gly713Asp p.His1187Tyr p.His1187Tyr c.3503+4A>C 2A>G p.Tyr517Cys
Twin 1 Twin 2
Male Male Male Male Male Male Female
12 5 7 7 3 10 10
36 37 37 37 37 41 NA
Yes No Yes Yes No No NA
2,000 2,650 1,990 2,420 3,018 4,365 NA
Severe Mod-+ Mod+ Mod+ Severe Severe Profound
Yes, single Yes, nonverbal Yes Yes Yes, nonverbal Yes, nasal Yes, non-verbal
words, signs dysarthria
No Yes NA NA Yes Yes, central Yes
hypotonia
No No No No No Yes- appendicular No
spasticity
No No Yes Yes Yes No No
No Yes, intermittent No No No Yes No
No Suspected No No No No Yes, epileptic
encephalopathy
No Yes, gait/balance  Yes, toe Yes, toe Non ambulatory  Yes, ataxia/broad Non ambulatory
problems walking? walking? based gait
No Yes Yes Yes Yes, ASD No NR
No No No No No No NR
No No No No No No NR
MRI normal Thin corpus ND ND Ventricular MRI within MRI normal
callosum, low dilatation, normal limits
brainstem delayed
volume, myelination,
variability in periventricular
gyral pattern. white matter
lesion
Yes Yes, <1% No No No Yes,2% No, 5%
Yes Yes No No No No No
No No No No No No No
Yes Yes Yes Yes No No NR
Mild joint laxity, =~ Noonan facies, = Noonan facies, Clinodactyly, Cortical visual
subluxed hips, pes planus, pes planus, nystagmus, impairment
disordered hypospadias hypospadias abnormality
sleep, feeding soft palate
difficulties
(g-tube
dependency),

laryngomalacia,

micrognathia,
abnormal

palmar creases

Abbreviations: %, centile; ASD, autism spectrum disorder; CT, computerized tomography scan; g-tube, gastrostomy tube; mod+, at least moderate severity;
MRI, magnetic resonance imaging; ND, not done; NA, not available; NR, not reported; NICU, neonatal intensive care unit; VOUS, variant of uncertain signifi-

cance.

2Toe walking in absence of neurological signs of lower limb spasticity, therefore considered a behavioral manifestation.
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unaffected mother and affected son

mother, and affected son's genomic DNA showed that the affected
son inherited the A>C change from his unaffected carrier mother
who had A/C nucleotides at this position (Figure 5). The intronic
nucleotide change A>C at +4 position of the 5’ exon-intron donor
splicing site sequence is predicted to cause aberrant splicing (https://
www.med.nagoya-u.ac.jp/neurogenetics/SD_Score/sd_score.html). To
confirm this possibility, we amplified cDNA generated by reverse tran-
scribing blood RNA of the father, mother, and the affected son using
primers located within exon 27 and exon 30 (Figure 5A and Supp.

Table S3). Interestingly, whereas a 491 bp PCR product was observed
in highly skewed carrier mother (98:2%) and normal father, 491 and
634 bp PCR products were detected in the affected son. A 491 bp
amplified product indicated normal splicing in the mother and father,
and 491 bp and 634 bp bands suggested partially defective splicing in
the affected son. Amplification of a 634 bp instead of a 994 bp fragment
that would have resulted from a complete retention of intron between
exon 28-29 indicated aberrant splicing event in the affected son
(Figure 5). Sanger sequencing of 491 and 634 bp PCR products from
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and the affected son

the mother, father and son confirmed normal splicing in the mother and
father and aberrant splicing in the affected son. The sequence showed
retention of a 143 bp instead of complete 503 bp fragment due to acti-
vation of a cryptic splice site within the intron between exon 28-29 in
the son (Figure 5). Retention of 143 bps from intron between exon 28-
29 in the mRNA is predicted to result in a 1175 amino acid truncated
THOC2 protein containing 1,168 wild-type amino acids and 7 amino
acids from the translation of the intronic sequence retained in the
defective mRNA. This aberrant product would be present in addition
to the wild-type 1,593 amino acid protein from the normally spliced
mRNA in the affected son.

4 | DISCUSSION

Here, we present detailed clinical information, and molecular and func-
tional studies, on five previously unreported THOCZ2 variants in six
affected males (two de novo variants and one maternally inherited
variant in monozygotic twins) and on one affected female with a pre-
viously reported de novo p.Tyr517Cys variant. We present evidence
that extends the genotypic spectrum beyond the four THOC2 missense
variants that we reported previously (Kumar et al., 2015) by including
two intronic variants that affect splicing, and four missense variants
that affect protein stability in a cell-based assay system. According to
ACMG criteria, they were classified as pathogenic or likely pathogenic
(Table 1) (Richards et al., 2015). These findings, along with the four mis-
sense variants reported earlier (Kumar et al., 2015), add to the exist-
ing evidence that alterations in essential MRNA export pathway cause
NDDs (Amos et al., 2017; Beaulieu et al., 2013; Kumar et al., 2015).
We confirm that the core clinical feature of THOC2-related disorder
in hemizygous males is ID, with several individuals having additional

features including behavioral disorders, hypotonia, gait disturbance,

tremor, low birth weight, short stature, microcephaly, and variable
neuroimaging findings. Although the range of neurodevelopmental
features is similar, our original cohort contained males with ID in
the mild or borderline range of intellectual functioning (Kumar et al.,
2015), whereas all individuals in this cohort have ID which is at least
in the moderate range. Individuals 2 and 6 had neurological signs that
could be consistent with cerebellar dysfunction including tremor and a
broad-based gait for individual 2 and nystagmus, tremor, and an ataxic
broad-based gait for individual 6, in the absence of significant cerebel-
lar abnormalities on MRI. This is interesting given the female patient
with knockdown of THOC2 function due to a de novo X;8 translocation
that created a PTK2-THOC2 fusion had congenital cerebellar hypopla-
sia and prominent cerebellar signs with mild ID (Di Gregorio et al.,
2013). We used computerized face-matching technology to specif-
ically evaluate the cohort to assess if a characteristic facial gestalt
was evident across individuals with pathogenic or likely pathogenic
variants across our original and this expanded clinical cohort (Supp.
Figure S4) (Dudding-Byth et al., 2017). Although a clearly recognizable
facial gestalt was not obvious, there are some similarities. The facial
gestalt spectrum associated with THOC2 pathogenic variants will
continue to emerge as more individuals are reported.

As was the case in our original cohort, heterozygous mothers were
clinically unaffected, and, where available, X-chromosome inactiva-
tion (XCI) was highly skewed (Table 1). In contrast individual 7, with
a de novo missense variant (p.Tyr517Cys) is a female with a particu-
larly severe neurocognitive presentation. This is consistent with other
reported severely affected females with de novo variants in X linked
genes (de Lange et al., 2016; Palmer et al., 2016; Snijders Blok et al.,
2015; Zweier et al., 2014). Unfortunately, we did not have access to
individual 7’s genomic DNA to test XCl status.

A range of protein-protein interactions are required for mRNA
export (Chi et al., 2013). Proteins with altered stability (Hirayama et al.,
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2008), localization (Beaulieu et al., 2013) (e.g., THOC6 p.Gly46Arg
implicated in syndromic ID), or interaction (Chi et al., 2013) can
impact mRNA export and consequently disrupt normal cell func-
tion. We did not observe mislocalization of the THOC2 variant pro-
teins in cultured cells and did not test alterations in their interaction
with the other known or unknown TREX proteins. However, reduced
levels of a number of new (p.Tyr517Cys, p.His1187Tyr, p.Thr696lle,
p.Gly713Asp) and published (p.Leu438Pro, p.lle800Thr; Kumar et al.,
2015) missense THOC2 variant proteins are due to impaired pro-
tein stability or reduced levels of normal mRNA due to aberrant
splicing (exon28:¢.3503+4A>C). We also noted increased stability
of p.Asn1261His THOC2 protein. We and others have shown that
THOC2 controls TREX function by maintaining the stability of THOC1,
3,5,and 7 subunits (Chi et al., 2013; Kumar et al., 2015). Reduced levels
of THOC2 missense variant proteins are most likely due to enhanced
proteasome-mediated degradation as THOC2 is ubiquitinated (Lopitz-
Otsoaetal.,2012). THOC2 depletion has been reported to have differ-
ent consequences in diverse organisms. For example, shRNA-mediated
Thoc2 knockdown leads to significant increase in length of neurites in
cultured rat primary hippocampal neurons (Di Gregorio et al., 2013)
although effects on neurons with persistently reduced THOC2 variant
proteins in the affected individuals may be different and Caenorhabditis
elegans thoc2 knockouts, that are completely immobile, slow-growing,
sterile, have functional defects in specific sensory neurons and die pre-
maturely (Di Gregorio et al., 2013). Danio rerio Thoc2 is essential for
embryonic development (Amsterdam et al., 2004) and in Drosophila
melanogaster S2 cells Thoc2 knockdown inhibits mRNA export and cell
proliferation (Rehwinkel et al., 2004). THOC?2 depletion also results
in chromosome alignment, mitotic progression, and genomic stability
in human Hela cells (Yamazaki et al., 2010). Finally, Thoc2 and Thoc5
knockdown experiments have shown their role in regulation of embry-
onic stem cell (ESC) self-renewal (Wang et al., 2013).

Both the affected individuals carrying the splice-variants pre-
sented with severe neurocognitive features. The exon35:¢.4450-2A>G
and exon28:¢.3503+4A>C THOC2 splice variants present interest-
ing biological scenarios; the former resulting in a 1,535 amino acid
truncated protein that is present at higher level and the latter with
both normal (albeit potentially much reduced) and a 1,175 amino
acid truncated THOC2 protein. We postulate that the clinical out-
comes in the exon35:c.4450-2A>G individual are caused by partial
loss of function due to loss of 110 amino acid C-terminal region and
accumulation of the truncated THOC2 protein. However, pathogenic-
ity in exon28:¢.3503+4A>C affected individual is most likely caused
by reduced levels of normal and potential dominant-negative effects of
the C-terminally truncated THOC2 protein. That reduced THOC2 pro-
teinlevels are associated with ID and other clinical symptoms is emerg-
ing as a frequent theme; for example, due to reduced THOC2 protein
stability caused by missense variants (see above) or aberrant splicing.
Indeed reduced THOC2 levels are shown to destabilize the TREX com-
plex in humans (Chi et al., 2013; Kumar et al., 2015) and removal of
any THO subunit causes destabilization of other TREX components in
yeast (Pena et al., 2012).

Systematic functional analysis of the Tho2 C-terminal RNA bind-

ing region in yeast provides interesting explanation as to how the

WILEY s

truncated THOC2 protein can perturb normal mRNA export func-
tion in human cells (Pena et al., 2012) (Figure 6). The data showed
that whereas ATho2 yeast strain does not grow at 37°C (restrictive
temperature), Tho2A4 408-1597 and ThoA 4 571_1 597 growth is consid-
erably reduced, suggesting that C-terminal 1,271-1,597 amino acids
are required for cell survival at restrictive temperature (Pena et al.,
2012). If the exon28:c.3503+A>C variant caused complete splicing
defect retaining intron between exon 28-29 in all mRNAs, the cells
would translate only 1,175 amino acids (with 1,168 normal) THOC2
protein; essentially lacking the C-terminal region encompassing the
RNA binding domain (RBD) that when deleted in yeast ThoA4 571_1 597
strain restricts its growth at 37°C. However, the affected boy carry-
ing a single allele of the exon28:¢.3503+A>C THOC2 variant, although
with severe clinical symptoms, is alive. This could be explained by
presence of reduced levels of THOC2 protein produced from transla-
tion of about 2/3rd normally spliced mRNA in the affected white blood
cells. Taken together, clinical outcomes in the affected boy may be due
to perturbed mRNA export caused by reduced levels of THOC2 pro-
tein and perhaps also C-terminally truncated THOC2 protein trans-
lated from about 1/3rd aberrantly spliced mRNAs that retain a part of
intron sequence between exon 28-29.

We also identified a set of previously unreported THOC2 mis-
sense variants that, according to ACMG criteria, are variants of
uncertain clinical significance (VOUS) (Supp. Table S1): namely,
p.Arg77Cys, p.Ser1108Leu, p.Arg1121Gly, and p.Asn1261His. Nev-
ertheless, these variants have supportive evidence pointing toward
potential pathogenicity as they are rare (absent from ExAC/gnomAD
databases of reference individuals) (Lek et al., 2016), affect highly
evolutionarily conserved amino acid residues, are predicted to be
pathogenic by in silico analyses and are within the clinical presenta-
tions spectrum of those seen in individuals with confirmed THOC2-
related ID. However, they lack supportive evidence from our existing
functional assays. These variants may still have a detrimental effect on
THOC2 function due to altered protein structure impacting protein-
RNA and/or protein-protein interactions with known or unknown
TREX subunits [e.g., Boehringer et al., 2017]. The challenge of proving
causality for previously unreported missense variants in NDD genes is
well recognized and speaks to the need for ongoing intertwined clinical
and research efforts to clarify causality of VOUS (Wright et al., 2018).
We therefore report detailed variant and clinical data (see Supp. mate-
rials, Supp. Table S1 and S2, and Supp. Figure S4) with the intention of
alerting researchers and clinicians to these variants, as future studies,
for example identification of their recurrence in affected individuals
with overlapping clinical phenotypes or pathophysiological investiga-
tions, may help clarify their clinical significance.

THOC?2 is ubiquitously expressed in all human tissues (Thul et al.,
2017) and more specifically in the developing and mature human brain
(Johnson et al., 2009; Kumar et al., 2015; Uhlen et al., 2015) and mouse
brain, with higher abundance in frontal cortex and cerebellum (Di
Gregorio et al., 2013; Kumar et al,, 2015). THOC2 is an essential
mRNA export factor as its siRNA-mediated depletion results in almost
complete retention of mRNAs in the cell nucleus (Chi et al., 2013),
potentially toxic to the cell. These data are consistent with the find-
ings that THOC2 is a highly constrained gene (Samocha et al., 2014)



KUMARET AL.

laa 1593aa
( THOC2 [ RBDB15% |
o o Q/-ﬂ R o / g o AR
~ Ny o F; S & R
’\“O 3 S Qb\ & o % A
« & Rl & & \\‘b RD o
SN < eSS
exon28:c.3503+4A>C exon35:c.4450-2A>G
laa 1593aa
( hTHOC2 [ RBD3001593 | W
1483aa 1535aa
( hTHOC2 [ RrBeD ex0n35:c.4550-2A>G
1168aa 1175aa
[ hTHOC2 ]_] exon28:c.3503+4A>C
Temperature
1271aa 1597aa sensitive growth
[ yTho2 RBD J WT e
1407aa
( yTho2 ] A1408-1597aa ++
1270aa
( yThoC2 01271-1597aa -

FIGURE 6 Summary of truncated human THOC2 proteins translated from aberrantly spliced mRNAs and functional outcomes of yeast
C-terminal Tho2 deletion strains (Pena et al., 2012). Blue boxes depict the 52 and 7 amino acids coded by unspliced intron sequences of
exon35:¢.4550-2T>C and exon28:¢.3503+4A>C variants, respectively. WT, +++ = normal, A1,408-1,597aa, ++ and A1,271-1,597aa = reduced

growth at restrictive temperature

and THOC (e.g., THOC1, 3, 5, 6, and 7) genes are essential for cell sur-
vival (Blomen et al., 2015). Taken together, as THOC2 knockout cells
will not survive due to complete mMRNA nuclear retention, we predict
that the identified THOC2 variants represent partial loss-of-function
that disrupt normal mRNA export in neuronal and possibly other cell
types, potentially causing variable clinical presentations.

TREX complex couples transcription and mRNA biogenesis with
nuclear mRNA export, and has emerged as an essential pathway in
embryogenesis, organogenesis and differentiation (Heath et al., 2016).
For example, Thoc2 and Thoc5 selectively bind and regulate export of
mRNAs (e.g., Nanog, Sox2, Esrrb, and KIf4 mRNAs) involved in mainte-
nance of pluripotency of mouse ESCs (Wang et al., 2013) and Thoc5
in maintenance of hematopoiesis and HSP70 mRNA export (Katahira,
Inoue, Hurt, & Yoneda, 2009; Mancini et al., 2010). Mouse model-
ing shows that both Thoc1 and Thoc5 knockouts are embryonic lethal
(Mancini et al., 2010; Wang, Chang, Li, Zhang, & Goodrich, 2006). How-
ever, Thoc1 and Thoc5 expression in a range of developing and adult
tissues may indicate that the two genes have a more essential role in
early embryonic development compared to less stringent requirement
during later stages of embryonic or adult development (Mancini et al.,
2010; Wang et al., 2006); a functional pattern most likely followed by
the THOC2 gene. Essentiality of THOC2 gene indicates that THOC2
knockout will also be lethal. However, reduced levels or perturbed
functionality can lead to a range of NDD phenotypes as observed for
a cohort of THOC2 variants identified by us. It is now well estab-
lished that development of brain depends on tightly regulated and
complex sequence of events involving neuronal and glial cell prolifer-
ation, migration, and maturation (Chiurazzi & Pirozzi, 2016). There-
fore, it is not surprising that our THOC2 variant data and published
work (Dickinson et al., 2016) provides strong evidence that even subtle
alterations to the canonical molecular pathways such as mRNA export,
otherwise essential for cellular life, can be tolerated but at a cost of
aNDD.

In summary, we present detailed clinical data on seven individuals
with THOCZ2-associated ID caused by both missense and splice vari-
ants that meet ACMG criteria for (likely) pathogenicity. They have
a core phenotype of ID, and common findings of behavioural disor-
ders, infantile hypotonia, gait disturbance and growth impairment,
similar to the affected males with THOC2-associated ID we previ-
ously reported (Kumar et al., 2015). Other than the affected female
with a de novo missense variant, heterozygote carrier females are
typically unaffected. We also present data on five individuals with
four previously unreported rare missense variants that show clini-
cal overlap with our core group, but where convincing evidence for
causality is still required. The significance of these variants may be
clarified as additional individuals with THOC2 variants are reported.
We have also “adopted” THOC2 on the Human Disease Gene (HDG)
Website Series (https://humandiseasegenes.nl/thoc2) in an effort to
continue to explore the phenotypic-genotypic spectrum for THOC2-
related ID.
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We report a patient with congenital complex pituitary hormone deficiency (CPHD) with intestinal malrotation
and anal atresia. We identified a de novo heterozygous mutation, c.664T > G (p.Cys222Gly), in the FOXA2 gene
in this individual. This missense mutation had the potential to affect the DNA binding properties of the FOXA2
protein based on a protein structure prediction. Since a CPHD patient with another missense mutation and one
other case with an entire gene deletion have also been reported, we speculated that a haploinsufficiency of the
FOXA2 gene might be a genetic etiology for this disorder. Phenotypic similarities and differences among these
three cases are also discussed.

1. Introduction

Congenital complex pituitary hormone deficiency (CPHD) is a dis-
order in which the anterior pituitary hormones (growth hormone, GH;
prolactin, PRL; thyroid stimulating hormone, TSH; adrenocorticotropic
hormone, ACTH; luteinizing hormone, LH; and follicle stimulating hor-
mone, FSH) are deficient due to pituitary dysplasia [de Graaff, 2000].
The severity and phenotype of CPHD vary due to the combination of de-
fective hormones. The onset of this condition may be noticed early in
the newborn period, but can also be diagnosed in later infancy or child-
hood or adulthood. Occasionally, CPHD manifests as a syndromic dis-
ease with some extra-pituitary symptoms.

Since the first report of CPHD with GH, PRL, and TSH deficien-
cies due to a POU1F1/PIT1 abnormality, the genes involved in the de-
velopment of the pituitary-hypothalamus have been clarified consec-
utively. Abnormalities in many transcription factors such as POUIFI,
PROP1, HESX1, LHX3, LHX4, PITX2, SOX3, SOX2, and OTX2 have been
identified [Tatsumi et al., 1992; Mehta and Dattani, 2008; Giordano,
2016]. The symptoms caused by these abnormalities are diverse, and
the mode of inheritance also varies. Although many etiological genes
are now known, the proportion of CPHD patients

with mutations in these known genes is not high. This suggests that
there are many causative genes for this disorder that are yet to be iden-
tified.

Recent advances in next generation sequencing have facilitated the
identification of novel disease-causing genes. By means of whole ex-
ome sequencing, we previously identified a de novo missense mutation,
c.664T > G (p.Cys222Gly), in FOXA2 in a girl with CPHD accompa-
nied by gastrointestinal malformations (anal atresia, intestinal malrota-
tion). In the current literature, there are two reports of a FOXA2 mu-
tation in patients with syndromic CPHD: an entire gene deletion and a
¢.505T > C mutation (p.Ser169Pro) [Tsai et al., 2015; Giri et al., 2017].
FOXA2 has thus been identified as another causative gene in CPHD.

2. Patient data

A Japanese female infant was born by vaginal delivery at 40 weeks
of gestation. Her Apgar score were 8 and 9 at 1 and 5 min after birth,
respectively. At birth, her height was 52.5 cm (+1.5 S.D.), weight
was 3574g (+0.5 S.D.), and head circumference was 35.0 cm (+1.1
S.D.). She was admitted to our neonatal intensive care unit one day
after birth due to hypoglycemia (19 mg/dl at 3 h after birth)
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which was not improved by breastfeeding. The patient did not have a
dysmorphic face. Her mother had hydramnios during the pregnancy.
However, her 25-year old mother, 28- year old father and 6-year old sis-
ter were all healthy.

After hospitalization, the patient was administered a glucose infu-
sion but she still often had hypoglycemia without hyperinsulinemia. She
had no growth hormone (GH) secretion response to an arginine stimu-
lation test (GH < 0.03ng/ml). She also had a low level of free thyrox-
ine (fT4) (0.75ng/ml) without thyroid stimulating hormone (TSH) ele-
vation (3.78 pl/ml). There were no fT4 and TSH secretion responses to
a thyrotropin-releasing hormone (TRH) stimulation test. Additionally,
she had a low level of cortisol (0.1 pg/dl) and adenocorticotrophic hor-
mone (ACTH) was undetectable (< 1.6 pg/ml). There was no cortisol se-
cretion response to corticotropin releasing hormone (CRH) stimulation.
An MRI scan of the patient's brain revealed no sella turcica, and nei-
ther the anterior pituitary nor the posterior pituitary was found in its
normal position. Additionally, no ectopic posterior pituitary tissue was
detected. Based on these results, we made a diagnosis of CPHD and ad-
ministered thyroxine (10 pg/kg), hydrocortisone (40 mg/m?), and soma-
tropin (0.175 mg/kg/week).

This patient also had low anal atresia with anocutaneous fistula di-
agnosed by a lower gastrointestinal series. Defecation events were well
controlled using an enema. However, as her bilious vomiting continued,
we performed an upper gastrointestinal series from which we diagnosed
an intestinal malrotation for which a radical operation was performed
at 24 days after birth.

She underwent a further radical operation for low anal atresia at 9
months, but developed hypernatremia (158-165 mEq/L), high plasma
osmolality (326 mOsm) and polyuria (max 14.9ml/kg/hour) at five
days post-surgery. We diagnosed central diabetes insipidus and com-
menced desmopressin treatment (0.5 pg/day). At the age of 1 year and
4 months, her growth was inadequate (height 68 cm (—3.3 S.D.), weight
6815g (—3.2 S.D.), and head circumference 42.8 cm (-1.9 S.D.)) but her
psychomotor development was normal.

3. Methods
3.1. Subjects

Peripheral blood samples were obtained from the patient and her
parents. The research protocol for this study was approved by the local
ethics committees of Fujita Health University, Japan. Written informed
consent for the participation in this study was obtained from the par-
ents.

3.2. Cytogenetic microarray

High-resolution chromosomal microarray analysis was conducted
using the CytoScan HD array and Chromosome Analysis Suite 3.0
(Affymetrix, Santa Clara, CA) with a threshold level of 20 probes for a
50kb region.

3.3. Whole exome sequencing

Fifty nanograms of the DNA samples were used to generate a whole
exome library using SureSelect QXT Reagent and SureSelect Clinical
Research Exome (Agilent Technologies, Santa Clara, CA). Sequencing
was carried out using a HiSeq 1500 (Illumina, San Diego, CA). Af-
ter demultiplexing from other sample data, the reads were mapped
onto the human reference hgl9 using BWA 0.7.15 [Li and Durbin,
2009]. Sorting and recalibration of the mapped reads, and variants
were called into a VCF file using Picard tools 2.8.0 [Broad
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Institute, 2017] and GATK 3.7 [Van der Auwera et al., 2013]. Annota-
tions were added using Variant Studio 2.3 (Illumina). To identify dis-
ease causing mutations, we excluded known variants listed in the public
databases (dbSNP147, 1000 Genomes Project, NHLBI ESP6500, and Ex-
ome Aggregation Consortium [ExAC]) and a control in-house database,
except for those also identified as pathogenic mutations in the NCBI
ClinVar and HGMD databases. Variants consistent with the phenotype
in the pedigree (autosomal recessive or de novo dominant variants) were
extracted. We focused on non-synonymous single nucleotide variants,
insertions and deletions (indels), and splice site variants. The mutation
was confirmed by Sanger sequencing of a PCR amplicon of the corre-
sponding region.

3.4. Analysis of protein structure

Protein structure predictions were made using UCSF Chimera soft-
ware [Pettersen et al., 2004].

4. Results

Since the current study patient was found to carry multiple congen-
ital anomalies, we initially hypothesized that her phenotype was gen-
erated by a contiguous gene deletion syndrome. We performed cytoge-
netic microarray analysis to identify the responsible variant but no pos-
sibly pathogenic copy number variations were identified. We also per-
formed targeted exome sequencing for the capture of 4813 disease-as-
sociated genes, including some known CPHD genes. We screened these
data using CPHD as a keyword, but no mutation was identified among
the candidate genes.

We next obtained parental samples and conducted trio-whole exome
sequencing. We identified two de novo mutations, one of which was the
missense mutation NM_021784.4: c.664T > G; p.(Cys222Gly) in FOXA2
(Fig. 1A). This was confirmed by Sanger sequencing (Fig. 1B). This
variant is not present in databases of normal healthy populations such
as ExXAC or 3554 Japanese database iJGVD [Yamaguchi-Kabata et al.,
2015]. In silico functional analysis suggested that the mutation was dam-
aging when using Polyphen2 (1.000) and deleterious with SIFT (0.000).
Another missense mutation, NM_002095.5: ¢.346A > G; p.(Lys116Glu),
was also identified in GTF2E2, which was not found in the databases
either. However, in silico analysis predicted it as benign by Polyphen2
(0.153) and tolerated by SIFT (0.123). The classifications of FOXA2 and
GTF2E2 mutations using the ACMG guideline [Richards et al., 2015] are
likely pathogenic and uncertain significance, respectively. Thus, we con-
sidered that the c.664T > G; p.(Cys222Gly) mutation in FOXA2 was the
strong candidate as the cause of our patient's phenotype.

The Cys222 residue is located within the forkhead domain of FOXA2
and is highly conserved among various specie (human, mouse, dog, ele-
phant, chicken and zebrafish) (Fig. 1A). Forkhead domains are DNA
binding domains that are commonly found in transcription factors. We
predicted the effect of FOXA2 mutation in our current patient by pro-
tein structure analysis using Protein Data Bank Japan (PDBj). Recently,
the ¢.505T > C (p.Ser169Pro) mutation in FOXA2 was reported in a pa-
tient with CPHD (Giri et al., 2017). The Ser169 residue in FOXA2 (Fig.
2) is located at a position that is predicted to directly contact the DNA
backbone, suggesting that the p.Ser169Pro mutation would affect the
DNA binding ability of FOXA2. On the other hand, the Cys222 is located
between the a-helix of this protein, at residues GIn206-Phe219, that is
predicted to associate with the DNA major groove and the Lys225 that
also contacts DNA (Fig. 2), suggesting that the p.Cys222Gly substitution
might also affect the DNA binding ability of FOXA2.
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Fig. 1. Mutational analysis of the current study patient with CPHD. A. Trio analysis of whole exome sequences obtained using a next generation sequencer; patient (top), father (middle),
and mother (bottom). A de novo heterozygous c.664T > G mutation was identified in FOXA2. The complementary strand is shown. Levels of conservation of the forkhead domain in FOXA2
among different species is shown at the bottom. B. Confirmation of the ¢.664T > G mutation by Sanger sequencing. This is a missense mutation that causes a TGT(Cys) to GGT(Gly)

substitution.

Fig. 2. Prediction of FOXA2 structures using PDB ID:5X07. The Ser169, Cys222, and
Lys225 residues are indicated. The a-helix of GIn206-Phe219 is colored in green. Blue in-
dicates DNA. The ¢.505T > C (p.Ser169Pro) mutation may directly affect the DNA binding
affinity of the protein. The ¢.664T > G (p.Cys222Gly) mutation might also impact on the
DNA binding ability of FOXA2. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

5. Discussion

In this study, we have identified a novel de novo missense muta-
tion in FOXA2 in a CPHD patient. This mutation is not listed in data-
bases for the normal population and was predicted to affect the DNA
binding ability of FOXA2. Further, FOXA2 encoding this transcription

factor is abundantly expressed in the hypothalamic-pituitary axis in the
developing mouse embryo [Giri et al., 2017]. Two other CPHD patients
have been reported in the present literature with a FOXA2 mutation
[Tsai et al., 2015; Giri et al., 2017]. The evidence from these two prior
reports and our current analyses thus indicate that FOXA2 mutations are
causative for CPHD.

Our current case and one previous CPHD patient have been found to
carry a missense mutation in FOXA2 [Giri et al., 2017], located within
the highly conserved forkhead domain in both instances. Protein struc-
tural analysis enabled us to predict the effect of these mutations on the
DNA binding propensity of the protein products. Our analysis indicates
that these mutations may cause a loss-of-function. Further, as another
reported case showing an entire FOXA2 deletion also manifested CPHD,
we speculate that a haploinsufficiency of FOXA2 might play an etiologic
role in this disorder [Tsai et al., 2015]. FOXAZ2 is a key transcriptional
factor during embryonic development, and FOXA2 null mice die dur-
ing the early embryonic stage [Ang and Rossant, 1994; Weinstein et al.,
1994]. Individuals with a FOXA2 haploinsufficiency could possibly sur-
vive this stage but might show a combination of congenital disorders of
organs whose development is regulated by FOXA2.

The disease phenotype of the three CPHD patients reported to date
with FOXA2 mutations, including our current case, are compared in
Table 1. The main clinical findings of our present patient were CPHD,
intestinal malrotation and anal atresia. The prior case with p.Ser169Pro
reported by Giri et al. presented with CPHD but no gastrointestinal mal-
formation other than gastroesophageal reflux [Giri et al., 2017]. Inter-
estingly, a previously reported female proband with an entire FOXA2
deletion manifested an intestinal malrotation similar to our present
patient, but did not have CPHD. However, her father who also car-
ries the deletion suffered from this disorder. Such phenotypic varia-
tions, even among cases with the same mutation, are often observed
in dominant diseases caused by a haploinsufficiency in a transcrip-
tional regulator that functions in development. Recently, another pa-
tient with de novo FOXA2 mutation, ¢.770G > T, p.(Arg257Leu) was
reported [Vajravelu et al., 2018]. Similar to our case, the mutation
was located within the DNA bind-
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Table 1

Summary of phenotypes of cases with FOXA2 mutations.

European Journal of Medical Genetics xxx (2018) xxx-xxx

Case 3 (father of

Case 12 Case 2° Case 2)° Case 4¢ Present case
Age 5 years 2 months unknown 7h of life 1 day
Sex Female Female Male Female Female
Genetic findings FOXA2: ¢.505T > C; p.Ser169Pro 277 kb deletion of 277 kb deletion of FOXA2: ¢.770G > T; FOXAZ2: c.664T > G,
20p11.21 (FOXA2 ~ 20p11.21 (FOXA2 p.R257L p.Cys222Gly
involved) involved)
Pituitary Panhypopituitarism Normal Panhypopituitarism Panhypopituitarism Panhypopituitarism
function
MRI findings Thin pituitary stalk, hypoplastic anterior pituitary, thin N/A N/A Small pituitary gland, Defect of sella
corpus callosum shallow sella turcica with turcica, anterior and
diminutive pituitary posterior pituitary
tissue, an ectopic posterior
pituitary bright spot along
the tuber cinereum,
nonvisualization/absence
of the infundibulum
Other Hyperinsulinism, single median maxillary central Abdominal Situs inversus, Hyperinsulinism, coarse Hypoglycemia
complications incisor, congenital nasal pyriform aperture stenosis, heterotaxy, biliary polysplenia, mildly facial features, without
choroidal coloboma, supra-valvular pulmonary stenosis, atresia, enlarged dysmorphic facial hypertelorism, thin upper hyperinsulinism,
feed intolerance, severe gastro-esophageal reflex spleen, intestinal features lip, low-set ears, widely anal atresia,
disease, portal-portal bridging fibrosis in liver, malrotation, spaced nipples intestinal
persistent oxygen requirement of unknown etiology, interrupted malrotation
speech and motor developmental delay inferior vena cava,
cholangitis

a Giri et al., [2017].
b Tsai et al., [2015].
¢ Vajravelu et al., [2018].

ing domain. Remarkably, all of the patients with de novo FOXA2 muta-
tion exhibited dysfunction of the glucose regulation (Table 1). Further
studies are needed to better understand what affects phenotype pene-
trance among individuals who have a haploinsufficiency in FOXA2.
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Blue cone monochromacy (BCM) is characterized by loss of function of both OPN1ILW (the first) and

© OPN1IMW (the downstream) genes on the X chromosome. The purpose of this study was to investigate

. the first and downstream genes in the OPNILW/OPNIMW array in four unrelated Japanese males

. with BCM. In Case 1, only one gene was present. Abnormalities were found in the promoter, which

. had a mixed unique profile of first and downstream gene promoters and a —71A > C substitution. As

. the promoter was active in the reporter assay, the cause of BCM remains unclear. In Case 2, the same
novel mutation, M273K, was present in exon 5 of both genes in a two-gene array. The mutant pigments
showed no absorbance at any of the wavelengths tested, suggesting that the mutation causes pigment
dysfunction. Case 3 had a large deletion including the locus control region and entire first gene. Case 4
also had a large deletion involving exons 2—6 of the first gene. As an intact LCR was present upstream

. and one apparently normal downstream gene was present, BCM in Case 4 was not ascribed solely to

. the deletion. The deletions in Cases 3 and 4 were considered to have been caused by non-homologous

: recombination.

 The human retina contains three types of cone photoreceptors: long-wavelength sensitive cones (L cones),

. medium-wavelength sensitive cones (M cones), and short-wavelength sensitive cones (S cones). These cone pho-

: toreceptors express respective visual pigments, L, M, and S opsins. Among these, the genes encoding L opsin

 (OPN1LW, OMIM; *300822) and M opsin (OPNIMW, OMIM; *#300821) are present in tandem on the human X
chromosome'?, forming an L/M pigment gene array. In individuals with normal color vision, the first gene in the
array is an L gene, and the downstream (the second and later) gene(s) is/are M gene(s). Abnormalities in the array
are reportedly associated with protan and deutan color vision deficiencies®, blue cone monochromacy (BCM)?,
and Bornholm eye disease’.
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BCM (OMIM; #303700) is a rare congenital color vision deficiency with an X-linked inheritance pattern*®.
Cases of BCM typically present with severely impaired color discrimination, reduced visual acuity, nystagmus,
photophobia, and diminished L/M cone function despite retention of rod and blue cone function®”. The dysfunc-
tion in both L and M cones in BCM is reportedly caused by one of the three genotypes. One genotype involves
deletion of the locus control region (LCR)*3-!2, which is located upstream of the L/M gene array (—3,681 to
—3,021 from the cap site of the first gene) and believed to be involved in the mutually exclusive expression of L
and M genes'>!*. Therefore, neither gene is expressed in the absence of the LCR. Another genotype involves a
deleterious mutation in a single-gene array (either the L or M gene present alone in the array). The derivation of
this genotype has two obvious steps: first, non-homologous recombination between the L and M genes to form
a single-gene array followed by an inactivating mutation in the single gene (reverse order is also possible). The
most common mutation is C203R**!>-17, but other mutations, such as P307L?, R247X?, and deletion of exon 2'¢,
have also been documented. The LIAVA haplotype in exon 3, which affects splicing's, was also reported in a single
L gene'. The third genotype involves inactivating mutations in both the L and M genes. Although the C203R
mutation has been documented in this genotype®'®!°, the LIAVA haplotype (or a very similar haplotype) in exon
3 of both genes seems to be frequent'”?.

Although little is known about the prevalence of BCM in the Japanese population, to date, only two BCM
families have been described in the literature, demonstrating the mechanism of deletion of the LCR in both
families!?L.

In the current study, the L/M pigment gene arrays in four unrelated Japanese males with BCM were analyzed.
The purpose of this study was to investigate their genotypes in the L/M pigment gene array, which could be cate-
gorized into one of the three above-mentioned genotypes, but others were unreported mechanisms and differed
from each other.

Results

Case 1 (JU#1299). Long-range polymerase chain reaction (PCR) was successful for the first gene but not
for downstream gene(s) (Fig. 1A). Promoter analysis of gene number, by contrast, showed that the first gene
promoter was absent (only the downstream gene promoter was detected) (Fig. 1B). From the results of repeated
long-range PCR analysis of downstream genes, we concluded that this subject had a single gene (no downstream
genes) in the array. The LCR was present upstream of the single gene, and its sequence had no aberrations. The
curious result that this subject had only the downstream gene promoter (Fig. 1B) was later found to be due to
the unique sequence of the promoter. The first and downstream gene promoters differ by 14 nucleotides, but in
the promoter region of the single gene, 8 upstream sites were associated with the first gene, whereas the other 6
sites were a random mixture of these nucleotides (Fig. 2). Moreover, the promoter had a —71 A > C substitution,
which has been reported to be associated with deutan color vision deficiency? (Fig. 2). The G at the —30 position
in the ~*GCCGGT? sequence (the number is from the cap site of the first gene) in the promoter analysis indi-
cated that the first gene promoter was absent (Fig. 1B). The —30 (A or G) site discriminates the promoters of the
first and downstream genes by Cfr10I (recognition sequence =RCCGGY). Our conclusion was that Case 1 had a
single gene array because the sequencing of the promoter showed only one curious pattern as shown in Fig. 2. The
luciferase activity of the promoter of the single gene was more than twice that of the usual first gene promoter in
the reporter assay (Supplementary Fig. S1). No abnormalities were found in exons 1-6 and their adjacent introns
in nucleotide sequencing. Exons 2-5 were M type, and the haplotype of exon 3 was MVAIA rather than LIAVA
(Table 1). The curious promoter found in Case 1 has not been reported previously.

Case 2 (JU#1311, KINKI-125-70). Products of both the first and downstream genes were obtained using
long-range PCR (Fig. 1A). Promoter analysis showed that the subject had a 2-gene array (Fig. 1B). Both genes had
the same missense mutation (c.818 T > A, M273K) in exon 5 (Fig. 3A,B). The chromosome positions (GRCh38.
p7) of the mutation are 154,156,367 (L gene) and 154,193,481 (M gene). The M273K mutation has not been
reported previously, and not found in the Single Nucleotide Polymorphism Database (https://www.ncbi.nlm.
nih.gov/projects/SNP/), Genome Aggregation Database (http://gnomad.broadinstitute.org/), Exome Aggregation
Consortium (http://exac.broadinstitute.org/) and Human Genetic Variation Database (http://www.hgvd.genome.
med.kyoto-u.ac.jp/). The analysis of the recombinant proteins of M273K mutants revealed that the opsin with the
M273K mutation was significantly detectable in the Western blot and cultured cells (Supplementary Fig. S2) but
showed no absorbance at any of the wavelengths tested after reconstitution with 11-cis-retinal (Fig. 3C). These
results indicated that the M273K mutation in both genes results in dysfunctional opsin protein, probably because
of a lack of the ability to bind to 11-cis-retinal. We therefore ascribed the BCM phenotype in this subject to the
mutation. In the first gene, exons 2, 3, and 4 were L type, exon 5 was M type, and the haplotype of exon 3 was
LVAIS. In the downstream gene, exons 2-5 were M type, and the haplotype of exon 3 was MVAIA (Table 1).

Case 3 (JU#1318, MIE-050-0071). Long-range PCR was unsuccessful for both the first and downstream
genes (Fig. 1A). Promoter analysis for determining gene number showed that the first gene promoter was absent
(only the downstream gene promoter was detected) (Fig. 1B). Amplification of the LCR was also unsuccessful,
indicating a deletion including both the LCR and first gene. To determine the exact deletion breakpoints, 11
sets of PCR primers were designed to cover the sequence —53,930 to —9,320 (number is from the cap site of the
first gene) (NT_025965.12: 707,760 to 752,370). PCR products were obtained when using the UP8F and UP8R
pair (Supplementary Table S1) but not the UP9F and UP9R pair (Supplementary Table S1), suggesting that the
upstream breakpoint of the deletion was between —32,015 and —28,150 (NT_025965.12: 729,665 to 733,530).
Long-range PCR using the primer sets UP8F/E5R and UP8F/E6R was successful in this subject but not in a
color-normal control subject (Fig. 1C). According to the human genome database (NT_025965.12), the distance
between UP8F- and E5R-corresponding regions and UP8F- and E6R-corresponding regions were 81,131 bp and
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Figure 1. Long-range PCR and promoter analysis. (A) First and downstream genes in the L/M gene array

were amplified separately by long-range PCR. The control was a color-normal subject having both the first and
downstream genes. E first gene; D, downstream gene(s). Thin bands of approximately 20 kb are not amplified
products but the templates (genomic DNA, usually approximately 100 ng per reaction). (B) Promoter analysis
of gene number. Promoters were amplified by PCR using primers common to the first and downstream genes.
PCR products (169 bp) digested with Cfr10I were loaded onto a polyacrylamide gel. Controls 1-4 have gene
numbers 1-4, respectively®. (C) Long-range PCR beyond the deletion. Combinations of the primers UPS8F/E5R
and UP8F/E6R were used for long-range PCR in the control and Case 3. Combinations of the primers FG/IGR1
and FG/IGR2 were used for long-range PCR in the control and Case 4.

83,925bp, respectively (the E5R- and E6R-corresponding regions are those of the downstream gene), which were
too far for long-range PCR. In Case 3, however, due to the large deletion including the first gene, the distances
between the regions had been reduced to about 12 kbp and 15kbp, respectively, and therefore, long-range PCR
products were obtained in this case (Fig. 1C). The 15-kbp product contained not only exons 1-6 (exons 2, 4, and 5
were L type, exon 3 was M type, with the haplotype of MVAIA) (Table 1) but also the downstream gene promoter.
By sequencing the 15-kbp product using the UP12F primer (Supplementary Table S1), the upstream breakpoint of
the deletion was determined to be somewhere in the sequence ***GAACTCCTGACCTCAGG*"?*% (the num-
ber is from the cap site of the first gene) (NT_025965.12: 730,439 to 730,455), and the downstream breakpoint

SCIENTIFICREPORTS| (2018) 8:11507 | DOI:10.1038/s41598-018-29891-9 3



www.nature.com/scientificreports/

A LCR First gene (M gene)
Chromosome X Exon 1 2 34 5 °6
— ] —
M MM M
t 4
MVAIA haplotype
Mixed promoter area with -71A>C substitution

Promoter

[ .
B > -163.@/ G -141:(G)/ A
TGGTTCCCAGCAA TCCCTCTGAGCCGCCCTTGCGGGCTCGCCTC GG\GC GGGG‘\GC AAG A GGTGGG

4 - 4
1910/ T -165, 166@/ c st s A G

‘\ h |

\ Il I I

H W '\ W | Il | Il

\N ”_ _/\ m’ il /\ AR
il AJ hHl Iy i

SaG/GlcicicialgIaICITIAIATICICICAG TGGCCGGTPTMA Gcccccrc cccTca GGTGA—CGCGCCAGGGCCGGCTG

. -36: A/T\ 21 @/A +1 G\/

lmlﬂhl il hﬂﬂ LA l Iy “M lluhh

Figure 2. Genotype of Case 1. (A) Overview of the genotype of Case 1. Case 1 had an intact LCR and a single
M gene array in which no aberrations were found. The promoter regions had a unique profile including a

—71 A > C substitution. (B) The promoter of the single M-gene array. Black arrows indicate the 14 nucleotides
differing between first and downstream genes and the —71 A > C substitution. At each position, the usual
nucleotide of the first gene promoter is shown on the left side in red and that of the downstream gene promoter
is shown on the right side in green. The nucleotides in Case 1 are circled.

was determined to be somewhere in the sequence “*”GAACTCCTGACCTCAGG ! (the number is from the
cap site of the downstream gene) (NT_025965.12: 799,682 to 799,698) (Fig. 4). The reason why long-range PCR
was unsuccessful for the downstream gene (Fig. 1A) is that the deletion includes the region corresponding to the
forward primer for long-range PCR, DG (—748 to —728 from the cap site of the downstream gene). The estimated
size of the deletion was 69,243 bp. The long-range PCR products in Fig. 1C were calculated to be exactly 11,888 bp
and 14,682 bp. As a LCR is reportedly necessary for the expression of L/M genes'>', the BCM phenotype in this
subject was ascribed to the deletion.

Case 4 (JU#1368, Nagoya-140). Long-range PCR was successful for downstream gene(s) but not for
the first gene (Fig. 1A). Promoter analysis of gene number showed a 1:1 ratio for the first and downstream genes
(Fig. 1B). As the first gene promoter was shown to be present, the FG primer-corresponding region (upstream of
the promoter) should also be present. PCR analysis using combinations of the FG primer and various intragenic
reverse primers revealed that the upstream breakpoint of the deletion was within intron 1 (between the primer
I1R1- and primer I1R2-corresponding regions) and that the deletion expanded beyond exon 6. The failure of
long-range PCR for the first gene was ascribed to the absence of exon 6 (primer E6R corresponds to exon 6).
To determine the downstream breakpoint of the deletion, 15 reverse primers specific to the intergenic region
(between the first and downstream genes) were designed for long-range PCR. PCR products were obtained for
two primer pairs (FG/IGR1, and FG/IGR2) in this subject but not in the control (Fig. 1C). According to the
human genome database (NT_025965.12), the distances between the FG- and IGR1-corresponding regions and
between the FG- and IGR2-corresponding regions were 30,137 bp and 34,286 bp, respectively, which were too
long for long-range PCR. In Case 4, however, due to the large deletion, the distances had been reduced to approx-
imately 7 kbp and 11 kbp, respectively, and therefore, long-range PCR products were obtained (Fig. 1C).
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(single) gene ;\C’i’(‘i‘"" I|L|V|Y|R|M|V]|V Al T [A|T]S V|V (L A|F|F|P|A|G|P|F

Nucleotide| C | A | A | C| G| c |G |G ‘G clalr|rlc ‘c ‘T AlG]|c ‘G alt|rt|lalc|clc]rT
Case 2 First - LVATS
gene ;\c’i"d‘“" T|L|I|S|R|L|V]|V AT |[s]|1]|A M|V |L A|F|F|P|A|G|P|F
Case2 Nudeotide| T [G [G[a|a]afclc [6 [c|alc[c[a [6 [c [e|Glc [6 |a|r[r[a]c[cc]T
Downstream | A mine MVAIA
gene o I|L|V|Y|R|[M|V]|V Al 1 |A|T]s V|V |L A|F|F|P|A|G|P|EF
Case 3 Nucleotide| C | A | A | C|A|A|C|G ‘G clale|T]G ‘c ‘T Al AT ‘T Gla|lg|lclalTr|c]|a
Downstream
gene (First : MVAIA
gene was aAC’Em TlL|T|S|R|M|V]V Al T |A|T|A M| I |F AlY|VI|P|T|G|A|Y
deleted)
Case 4 Nucleotide| T | G | G | A |G| C |G |G ‘G T|G|Gg|cla ‘G ‘c G| aGlc ‘G alT|T|lAalGc|clc]T
Downstream
gene (First i LVVVA
gene was i’ﬁm I|L|V|[Y|R|L|V v V| v |a|T S Vv L A|F|F|P|A|G|P|F
deleted)

Table 1. Nucleotides in each gene of the four cases. The positions of nucleotides different between wild-type
L and M genes, and polymorphic nucleotide positions 511, 513, 522 and 532 as well, are shown. *Haplotype in
Exon 3 was determined by amino acid residues at 153, 171, 174, 178, and 180.

The IGR1 primer corresponds to the region +14,867 to 414,887 (the number is from the stop codon in exon
6) (NT_025965.12: 791,231 to 791,251), and the IGR2 primer corresponds to the region 415,232 to 415,252
(NT_025965.12: 767,324 to 767,329). Using the 11-kbp PCR product and primer I1F (Supplementary Table S1),
the upstream breakpoint of the deletion was determined to be somewhere in *>*?TGAGCC>*7 (the number is
from 5’ splice site of intron 1 of the first gene) (NT_025965.12: 767,324 to 767,329), and the downstream break-
point was determined to be somewhere in T1*"“TGAGCC*'*7" (the number is from the stop codon in exon 6)
(NT_025965.12: 790,713 to 790,718) (Fig. 5). The estimated size of the deletion was 23,389 bp. The long-range
PCR products shown in Fig. 1C were calculated to be exactly 6,748 bp and 10,897 bp. PCR confirmed the presence
of the LCR, and its sequence had no aberrations. The downstream gene had no abnormalities in the promoter,
exons 1-6, or their adjacent introns. Exons 2-5 were M type, and the haplotype of exon 3 was LVVVA (Table 1).
As the downstream gene was apparently normal, the cause of BCM in this subject could not be confidently
determined.

Discussion
In this study, we reported the results of gene analyses in four cases of BCM. Their genotypes were unreported and
different from each other.

Case 1 had a single-gene array having a curious promoter sequences with a —71 A > C substitution. The
—71 A > C substitution was reported to be associated with deutan color vision deficiency due to decreased pro-
moter activity?2. We hypothesized that the —71 A > C substitution causes dysfunction of the single gene. However,
rather than being low, the activity of the promoter in Case 1 was more than twice that of the control in the
reporter assay. It is reported that not only the LCR but also normal promoters in the L/M gene array were essen-
tial for expression of both L and M genes'>'*. The LCR was not contained in the constructs for our reporter assay
system. Although the dysfunction of the single opsin gene in Case 1 remains unclear, it might be possible that the
curious promoter sequences (Fig. 2) might interfere with the LCR binding to the promoter.

Case 2 had a two-gene array, and both genes had a novel missense mutation (M273K) that would cause dys-
function of both gene products (Fig. 3C). The C203R mutation in exon 4 reportedly causes loss of function of the
L/M gene products; this mutation causes deutan color vision deficiency when present in the M gene?*** and BCM
when present in both the L and M genes®!'®'. The occurrence of C203R mutation in both the L and M genes was
explained by gene conversion" (i.e., transfer of the C203R mutation present in the downstream M gene to the
first L gene). The deleterious LIAVA haplotype in exon 3 of both the L and M genes was also explained by gene
conversion?. Also, the occurrence of the M273K mutation in both the first and second genes (Fig. 3A) might
be explained by the same mechanism of gene conversion seen in the C203R mutation'. Otherwise, because
the first gene in this subject had L-type exons 2-4 and M-type exon 5 (with the mutation), we developed the

SCIENTIFICREPORTS| (2018) 8:11507 | DOI:10.1038/s41598-018-29891-9 5



www.nature.com/scientificreports/

A LCR First gene (L/M hybrid gene) Second gene (M gene)
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LVAIS haplotype M273K MVAIA haplotype M273K
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Figure 3. Genotype of Case 2. (A) Overview of the genotype of Case 2. Case 2 had an intact LCR and two

genes. The first gene had exons 2-4 of L type, exon 3 with LVAIS haplotype, and exon 5 of M type. The second
gene had exons 2-5 of M type and exon 3 with MVAIA haplotype. Both genes had the same missense mutation
(c.818 T > A, M273K) in exon 5. (B) Partial sequence data around the missense mutation (c.818 T > A, M273K)
in exon 5 in the control and two genes of Case 2. (C) Opsin reconstitution experiments. L, L opsin in which
exons 2-5-derived amino acid sequences are all L type; M, M opsin in which exons 2-5-derived amino acid
sequences are all M type, as in the product of the second gene of Case 2; L/M, M opsin in which exons 2-4-
derived amino acid sequences are L type but exon 5-derived amino acid sequence is M type, as in the product of
the first gene of Case 2. WT, wild-type opsin; M273K, mutant opsin with the M273K mutation. “Rel. Diff. Abs”
indicates relative difference absorption.

following hypothesis as the other alternative possibility. The M273K mutation occurred in the downstream M
gene (the array was L-M*; *denotes the mutation), duplication of the M gene occurred (L-M*-M*), followed by
non-homologous recombination (L/M* hybrid-M*) as shown in Fig. 3A. Duplication of the second gene was
supported by the fact that (i) many color-normal individuals have multiple downstream M genes with the same
nucleotide sequence® and (ii) the result that three (or more) downstream M genes had the same 11-bp deletion
in a protanopia subject?. Case 2 had a genotype with two unique profiles; the M273K mutation was novel and
present in both L and M genes.

Cases 3 and 4 showed large deletions of 62,934 bp including the LCR and 23,389 bp not including the LCR,
respectively. The genotype of Case 3 was consistent with the known genotype of BCM. In Case 4, the first gene
was obviously non-functional due to the absence of exons 2-6, but the downstream gene seemed to be functional,
as no deleterious mutations were found in the promoter and exons, including their adjacent introns. The clinical
phenotype of BCM in Case 4 indicated that the downstream gene was non-functional. The gene array revealed
that the promoter of the second gene was directly connected to intron 1 of the first gene with absence of exons 2-6
(23,389 deletion) (Fig. 5). Although we cannot explain reasonable mechanisms underlying BCM in Case 4, the
residual sequences (exon 1 and partial intron 1) of the first gene might impact on the promoter activity of the sec-
ond gene, resulting in suppression of the second gene expression. The breakpoints of the deletion were within Alu
elements in both cases, as in previously reported BCM cases''. Many reports have described deletions in the L/M
gene array*3-'2!7. However, few studies have determined the exact breakpoints of the deletion at the nucleotide
level*'"'%; the breakpoints have resulted from simple breakage and fusion*'® outside the repetitive sequence and
simple breakage and fusion (and insertion) in Alu elements!!. The breakpoints we determined differed from these;
non-equal crossing-over occurred between the two Alu elements in the region of the same sequence (Figs 4 and 5).

The various haplotypes of five amino acid residues at positions 153 (L/M), 171 (V/I), 174 (A/V), 178 (I/V),
and 180 (S/A) in exon 3 have been reported in subjects with normal color vision and subjects with color vision
deficiencies'®?. The haplotypes have been roughly classified into four groups in terms of the magnitude of the
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Chromosome X Exon 1 2 3 4 5 6 Exon 1 2 3 4 5 6
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< - > g common 17 bp sequence
69,243 bp deletion (GAACTCCTGACCTCAGG)
B * * * % *

AluSx GTAGAGACGGGGTTTCACCATGTTGGCCAGGCTGGTC
31280 » GTAGAGACGGGGTTTCCCCATGTTGGCCAGGCTGCTC
446> GTAGAAACGGGGTTTCACCATGTTAGTCAGGCTGGTC

kk * ks * *

TCGAACTCCTGACCTCAGGTGATCCGCCCGCCTCGGCCTCCCA
TTGAACTCCTGACCTCAGGTGATGCACCCACCTTGGCCTCCCA
GGGAACTCCTGACCTCAGGAGATCTACCCGCCTTGGCCTCCCA

* sk *
AAGTGCTGGGATTACAGGCGTGAGCCACCGCGCCCGGCC

AAGTGCTGGGATTACAGGCCTGAGCCACCATGCCCAGCC«-31,162
AAGTGCTGGGATTACAGGCGTGTGCCACTGTGCCCAGCC«+ -328

C GGCTGCTCTTIGAACTCCTGACCTCAGGIAGATCTACCC
290 300 320

310
common 17 bp sequence

Figure 4. Genotype of Case 3. (A) Overview of the genotype of Case 3. Case 3 had a large deletion of 69,243 bp
including the LCR and first gene. The remaining second gene was an L gene in which exons 2, 4, and 5 were

L type. Exon 3 was M type with MVAIA haplotype. (B) Upper row shows the consensus sequence for the left
monomer of the Alu element (complementary sequence of AluSx). Middle row shows a part of the upstream
region of the first gene (number is from the cap site of the first gene). Lower row shows a part of the upstream
region of the downstream gene (number is from the cap site of the downstream gene). The nucleotides differing
among the regions are shown in red and by asterisks. The actual sequence obtained in Case 3 is underlined. (C)
Partial sequence data around the breakpoint of the deletion. The breakpoint is somewhere in the common 17-bp
sequence.

splicing defect®; highly deleterious haplotypes include LIAVA, MIAVA, and LVAVA; intermediately deleterious
haplotypes include LIAIA, LIAVS, and MVAVA, minor deleterious haplotypes include LVAIA, LVAIS, MVAIA,
and MVVVA, and the MVAIS haplotype exhibits no splicing defect. According to our data, the MVAIA and
LVAIS haplotypes in Cases 1-3 would be expected to produce essentially correct splicing; however, the LVVVA
haplotype in Case 4 could not be classified, as this haplotype was not described in the above-mentioned study?.
We'® and other researchers” examined the LVVVA haplotype using a mini-gene system and observed that the
opsin mRNA retaining exon 3 was in clearly greater abundance than that lacking exon 3. Moreover, we reported
one color-normal subject in which the exon 3 haplotype was LVVVA!8. Based on these results, the BCM pheno-
type in Case 4 could not be ascribed to the LVVVA haplotype in the downstream gene.

In conclusion, we reported four novel and different genotypes in four unrelated Japanese patients with BCM.
In two patients (Case 2 and Case 3), the genotypes were consistent with that of BCM (the same deleterious muta-
tion in both opsin genes and deletion of the LCR), but in the other two cases (Case 1 and Case 4), the cause of
BCM could not be clearly determined, although the patients exhibited very unique genotypes.

Methods

The protocol for this study was approved by the Institutional Review Boards of The Jikei University of Medicine,
Shiga University of Medical Science, Hamamatsu University School of Medicine, Kyoto University, Kindai
University Faculty of Medicine, Nagoya University Graduate School of Medicine, Mie University Graduate School
of Medicine, and Fujita Health University. The protocol adhered to the tenets of the Declaration of Helsinki, and
informed consent was obtained from all participants.
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+5411 > ATGTTGCCCAGGTTGGATTTGAACTCCTGGGCTCAAG
*146833 > A P GTTGCCCAGGCTGGTCTCAAACTCCTGAGCTCAAG

deksk sksk o sksk sk *
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Figure 5. Genotype of Case 4. (A) Overview of the genotype of Case 4. Case 4 had a large deletion of 23,389 bp
including exons 2-6 of the first gene. The intact LCR and second gene were present. The second gene had exons
2-5 of M type and exon 3 with LVVVA haplotype. (B) Upper row shows the consensus sequence for the left
monomer of the Alu element (complementary sequence of AluSx). Middle row shows a part of intron 1 of the
first gene (the number is from the 5’ splice site of intron 1). Lower row shows a part of the intergenic region
(the number is from the stop codon in exon 6 of the first gene). The nucleotides differing among the regions are
shown in red and by asterisks. The actual sequence obtained in Case 4 is underlined. (C) Partial sequence data
around the breakpoint of the deletion. The breakpoint is somewhere in the common 6-bp sequence.

Participants. We recruited four unrelated Japanese male patients with BCM, whose diagnosis of BCM was
made according to the findings reported®*.. In brief, all participants exhibited clinical findings of BCM, such as
decreased visual acuity, severely impaired color discrimination in color vision tests, diminished L and M cone
functions but retained S cone function in electroretinography, and an X-linked inheritance pattern in the family
history. The detailed clinical findings are summarized in Supplementary Table S2.

Molecular genetic analysis. Genomic DNA was extracted from leucocytes in venous blood samples using
a Gentra Puregene blood kit (Qiagen, Hilden, Germany). First and downstream genes of the L/M visual pig-
ment gene array were separately amplified by long-range PCR using a QTAGEN LongRange PCR kit (Qiagen).
Primers FG and E6R were used for the first gene, and primers DG and E6R were used for downstream gene(s)
(Supplementary Table S1). The position of primers used in this study are schematically shown in Supplementary
Fig. S3. Primer E6R was common to both genes, but primers FG and DG were designed specifically for the
upstream region of each gene. The cycling parameters were: 93 °C for 3 min; 10 cycles of 93 °C for 305, 62 °C for
305, and 68 °C for 15 min; then 18 cycles of 93 °C for 305, 62 °C for 30s, and 68 °C for 15 min, with a 20-s incre-
ment per cycle. The resulting PCR products were used as templates for sequencing the ‘promoter + exon 1’ and
exons 2-6, including their adjacent introns, using a BigDye Terminator v3.1 Cycle Sequencing kit (Thermo Fisher
Scientific, Waltham, MA, USA) and ABI 3130x! sequencer (Thermo Fisher Scientific). The primer pairs used for
sequencing are listed in Supplementary Table S1.
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The LCR, which is located about 3.5 kb upstream of the first gene, was amplified by PCR using primers LCRF
and LCRR, and its nucleotide sequence was then determined. When deletion was suspected, multiple sets of
primers were designed for PCR to determine the exact deletion breakpoints.

Array gene number was determined by promoter analysis, as previously described?. Briefly, the promoters
were amplified by PCR using Takara Taqg DNA polymerase (Takara Bio Inc., Kusatu, Japan) and the primer pair
common to both genes (Supplementary Table S1). The 169-bp PCR product was digested with Cfr10I (Takara) and
analyzed by electrophoresis on a polyacrylamide gel. The first gene promoter was expected to yield two DNA frag-
ments (137 bp and 32bp), whereas the downstream gene promoter was expected to yield three DNA fragments
(97 bp, 40bp, and 32bp). Gene number was estimated from the fluorescence ratio ([137bp +97 bp]/137bp). Gene
Ladder Wide 2 was used as the size marker (Nippon Gene Co., Ltd., Toyama, Japan). Genomic DNAs from four
subjects in which the L/M gene number was confirmed to be 1-4 by pulsed-field gel electrophoresis and Southern
blotting®® were used as control templates.

Promoter assay. To evaluate the activity of the promoter region, a luciferase reporter assay was performed
as previously described®. Briefly, the promoter region of interest (—190 to +41 from the cap site of the gene)
was amplified by PCR using Phusion High-Fidelity DNA polymerase (New England BioLabs, Ipswich, MA,
USA) and restriction site-tagged primers (Nhel site upstream and HindIII site downstream). The PCR prod-
uct was cloned between the Nhel and HindIII sites of a luciferase reporter plasmid, pGL4.17 (Promega Corp.,
Fitchburg, WI, USA). The resulting plasmid was transfected into WERI Rb1 cells using X-tremeGENE 9 DNA
transfection reagent (Sigma-Aldrich, St. Louis, MO, USA). Two days after transfection, the cells were collected
and lysed using PicaGene Cell Culture Lysis Reagent Luc (Wako Chemicals, Osaka, Japan). Luciferase activity was
measured using a luminometer (Lumicounter NU-2500, Microtech Co., Ltd., Funahashi, Japan) and PicaGene
Luminescence kit (Wako). Transfection efficiency was monitored in cells co-transfected with a 8-galactosidase—
encoding plasmid (Promega).

Analysis of M273K mutant pigments. The cDNAs of human L and M pigments and respective hybrid
pigment were tagged with the epitope sequence of the anti-bovine rhodopsin monoclonal antibody Rhol1D4
(ETSQVAPA) at the C terminus and were inserted into the mammalian expression vector pMT4*°. cDNAs har-
boring the mutation M273K were constructed using an In-Fusion cloning kit (Takara). For the spectral analysis,
the plasmid DNA was transfected into HEK293 cells using the calcium-phosphate method?!. After 2 days of
incubation, the cells were collected by centrifugation and supplemented with 11-cis-retinal in buffer A (50 mM
Hepes [pH 6.5] and 140 mM NacCl) to reconstitute the pigments. The reconstituted pigments were extracted
using 0.75% CHAPS and 1 mg/mL phosphatidylcholine in buffer A. Absorption spectra of the extracted pigments
were recorded at 0°C using a Shimadzu UV-2450 spectrophotometer. The pigments were irradiated with orange
light through an O58 cutoff filter (Toshiba, Tokyo, Japan) for 1 min. Difference spectra were calculated from
spectra recorded before and after irradiation. For the western blot analysis, extracts from pigment-transfected or
mock-transfected HEK293 cells were subjected to SDS-PAGE, transferred onto a polyvinylidene difluoride mem-
brane, and probed with Rho1D4. Immunoreactive proteins were detected by ECL Western Blotting Detection
Reagents (GE Healthcare, United Kingdom) and visualized by a luminescent image analyzer (LAS 4000mini,
GE Healthcare). For the fluorescence microscopy analysis, pigment-transfected or mock-transfected HEK293
cells were seeded onto poly-L-lysine coated coverslips. After 24 h incubation, cells were fixed in cooled methanol
for 5min. After fixation, cells were washed three times in PBS and were incubated overnight with primary anti-
body, Rho1D4, in 10% normal goat serum at room temperature. Cells were washed three times in PBS and were
incubated for 1 h with secondary antibody, Alexa Fluor 488 anti-mouse IgG, in 10% normal goat serum at room
temperature. Cells were washed a final time and were mounted onto slides with home-made aqueous mounting
media consisting of glycerol and polyvinyl alcohol.
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