IMDM containing '10% foetal bovine serum, penicillin 50 U/ml and streptomycin 50ug/ml were incu-
bated for 0, 5, 10, 15, and 20min on ice and fixed. Repolymerisation experiments of fibroblasts were
performed by incubating cells on ice for 20 min and then restoring them to 37°C for 15min. Cells were
stained with a mouse monoclonal anti-a-tubulin antibody used at a dilution of 1:100. The secondary
antibody was donkey anti-mouse IgG Alexa Fluor 488 used at a dilution of 1:1000.

Mitotic Index and mitotic spindle formation. Fibroblasts (passage 5) grown on glass coverslips
were fixed with ice-cold methanol and stained with a mouse monoclonal anti-«-tubulin antibody and a
rabbit polyclonal anti-phospho Histone H3 (pH3) (Ser10) antibody (MILLIPORE) at dilutions of 1:250
and 1:100, respectively. Secondary antibodies were donkey anti-mouse IgG Alexa Fluor 488 and don-
key anti-rabbit IgG Alexa Fluor 594 (Life Technologies) at dilutions of 1:1000. The pH3 signal-positive
mitotic fibroblasts were counted from at least 830 total cells.

In vitro scratch assay. The in vitro scratch assay was done as previously described®. For each image,
distances between one side of scratch and the other were measured using Image] and 50 readings of
distances were measured for each sample.

Image acquisition. Slides were observed under a fluorescence microscope (Axio Imager M1; Carl
Zeiss) equipped with a digital camera (AxioCam HRc; Carl Zeiss). COS7 cells and fibroblasts were
observed at 630x and 400X magnifications, respectively. In vitro scratch assay, dishes were observed
under Axiovert 200M (Carl Zeiss) equipped with a digital camera (AxioCam MRm; Carl Zeiss) and
fibroblasts were observed at a 100x magnification. Images were captured with the same settings using
AxioVision 4.8 software (Carl Zeiss).

Quantification of microtubule density and relative FLAG intensity. Quantification of micro-
tubule density was performed as previously described®:. For each COS7 cell, a region of interest (ROI)
was manually assigned along the edge of the cell by the free hand tool in Image]. We then calculated the
area and the mean intensity of the ROI by using the Image] ROI manager. We used the KBI Line Extract
plug-in for line extraction. The parameters were giwslter 5, mdnmsLen 20, pickup above 0.0, shaven Len
5, and del Len 5. The total length of the extracted lines was calculated by the KBI Line Feature plug-in
in Image]J for the a-tubulin staining and the FLAG staining. The total length of the extracted lines in a
selected cell divided by the area of the cell gave the microtubule density. These plug-ins are available as
part of the KBI Image] plug-in package (http://hasezawa.ib.k.u-tokyo.ac.jp/zp/Kbi/ImageJKbiPlugins).
The relative FLAG intensity was determined in ImageJ by subtracting the mean red signal intensity of
an untransfected cell from that of a transfected cell. The untransfected cell was in the same image as that
of the transfected cell.

Statistical analysis. One-way ANOVA and Tukey’s post-hoc analysis and a chi-square test were per-
formed using IBM SPSS Statistics Version 22. Fisher’s exact test and the Bonferroni correction were
performed using R software. We considered p < 0.05 to be significant after correction.
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Abstract

Objective: Monosomy 1p36 syndrome is the most commonly observed subtelomeric deletion syndrome. Patients with this
syndrome typically have common clinical features, such as intellectual disability, epilepsy, and characteristic craniofacial features.

Method: In cooperation with academic societies, we analyzed the genomic copy number aberrations using chromosomal
microarray testing. Finally, the genotype-phenotype correlation among them was examined.

Results: We obtained clinical information of 86 patients who had been diagnosed with chromosomal deletions in the 1p36 region.
Among them, blood samples were obtained from 50 patients (15 males and 35 females). The precise deletion regions were
successfully genotyped. There were variable deletion patterns: pure terminal deletions in 38 patients (76%), including three cases
of mosaicism; unbalanced translocations in seven (14%); and interstitial deletions in five (10%). Craniofacial/skeletal features,
neurodevelopmental impairments, and cardiac anomalies were commonly observed in patients, with correlation to deletion sizes.

Conclusion: The genotype-phenotype correlation analysis narrowed the region responsible for distinctive craniofacial features
and intellectual disability into 1.8-2.1 and 1.8-2.2 Mb region, respectively. Patients with deletions larger than 6.2 Mb showed no
ambulation, indicating that severe neurodevelopmental prognosis may be modified by haploinsufficiencies of KCNAB2 and
CHDS, located at 6.2 Mb away from the telomere. Although the genotype-phenotype correlation for the cardiac abnormalities
is unclear, PRDM16, PRKCZ, and RERFE may be related to this complication. Our study also revealed that female patients who
acquired ambulatory ability were likely to be at risk for obesity.
© 2014 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.

Keywords: 1p36 deletion syndrome; Chromosomal deletion; Genotype-phenotype correlation; Intellectual disability; Ambulation; Epilepsy;
Distinctive features

1. Introduction well as the identification of some of the regions responsi-
ble for individual complications {12,13].

Monosomy 1p36 syndrome is a congenital malforma- In this study, we performed a nation-wide survey for
tion syndrome caused by the subtelomeric deletion of the the 1p36 deletion syndrome in Japan. The aim of this
short arm of chromosome 1 {1-3]. This syndrome is the study was to identify the chromosomal regions responsi-
most commonly observed subtelomere deletion syn- ble for individual complications in patients with 1p36
drome, with an estimated incidence of 1:5000-1:10,000 deletions. We analyzed the affected genomic regions in
[4,5]. Patients with this syndrome exhibit common clini- 50 patients with 1p36 deletions, and performed correla-
cal features, including intellectual disability (ID) and tional analyses of the genotype data with the clinical
characteristic craniofacial features; such as straight eye- information.

brows, deep-set eyes, epicanthus, and a pointed chin
[6-9]. Although the levels of ID vary among patients, 2. Materials and methods
craniofacial features are commonly seen [10]. The

patients with the 1p36 deletion syndrome also show 2.1. Patients and samples

many other complications, including hypotonia, sei-

zures, hearing loss, structural heart defects, cardiomyop- -We performed a nation-wide survey for the 1p36
athy, ophthalmological abnormalities, and behavior deletion syndrome with the cooperation of two
abnormalities [7]. Recent advances in microarray-based academic societies; the Japanese Society of Child
chromosomal testing have helped us to identify small Neurology and the Japan Society of Pediatric Genetics.
chromosomal rearrangements that are invisible by con- The study subjects were Japanese patients who had
ventional G-banded chromosomal tests/karyotyping already been diagnosed using various diagnostic meth-
[11,12]. Using this method, the precise locations of the ods, including conventional karyotyping, subtelomere
aberrations can be revealed at the molecular level. These fluorescence in situ hybridization (FISH) analysis, multi-
advances have also allowed the study of more in-depth plex ligation-dependent probe amplification (MLPA),
genotype—phenotype correlations for this syndrome, as and chromosomal microarray testing. Five patients
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(patient [Pt] 8, 9, 21, 28, and 43), whose clinical features
have been previously reported [14-17], were also
included in this study. With the questionnaire survey
for attending physicians, we accumulated the patients’
clinical information, including craniofacial/skeletal fea-
tures, neurodevelopmental features, brain structural
abnormalities, cardiac abnormalities, sensory-organs
abnormalities, urogenital abnormalities, endocrinologi-
cal and nutritional findings among others. This study
was approved by the ethics committee in Tokyo
Women’s Medical University.

On receipt of written informed consents from the
families of the patients, we obtained the patients’ blood
samples to determine genomic copy number losses in the
patients. Genomic DNA was extracted from the blood
samples using the QIA quick DNA Extraction Kit
(QIAGEN, Hamburg, Germany). Metaphase spreads
were also prepared from blood samples and used for
FISH analyses. In cases, if we could obtain written
informed consent, parental samples were also analyzed.

2.2. Molecular and cytogenetic analyses

Chromosomal microarray testing was performed
using any of the Agilent Oligo Microarray Kits 44, 60,
105, 180, and 244 K (Agilent Technologies, Santa Clara,
CA), as described previously [18,19]. Genomic copy
number aberrations were visualized using Agilent Geno-
mic Workbench version 6.5 (Agilent Technologies). For
cases in which variations of unknown significance were
identified or suspected, parental samples were also ana-
lyzed. In cases of complex chromosomal rearrangements
or mosaicism, metaphase spreads prepared using the
patients’ samples were used for FISH analyses for
confirmation. The bacterial artificial clones were
selected from the UCSC genome browser (http://
genome.ucsc.edu/) for use as probes. For the target
probes, RP11-425E15 (1p36.33: 949,400-1,132,489),
RP11-82D16 (1p36.33: 2,046,751-2,208,312), RP11-
70N12 (1p36.32: 2,740,703-2,922,551), CTD-3209F18
(1p36.32:  3,530,092-3,769,006), and RP11-933BI18
(1p36.31: 5,988,719-6,177,261) were selected, while
CTB-167K11 (1g44: 249,250,621-249,250,621) was used
as a marker of chromosome 1. All of the genomic
regions are described according to the February 2009
human reference sequence (GRCh37/hg19) in this study.

3. Results
3.1. Molecular-cytogenetic findings

We obtained clinical information from 86 patients
with chromosomal deletions involving 1p36 regions.
Among them, 50 patients (15 males and 35 females) were
successfully genotyped. All of the genotypes were sum-
marized in Tables 1 and 2, and 1p36 deletions identified

101

517

in the patients were depicted in the genome map (Fig. 2).
The minimum and maximum deletion sizes was 0.9 and
12.9 Mb, respectively. Pure terminal deletions were iden-
tified in 38 patients (76%). Among them, three patients
(Pt 8, 19, and 21) exhibited mosaicism. Pt 8 was first diag-
nosed with mosaic 1p36 deletion by chromosomal micro-
array testing, and Pt 21 had been diagnosed with 1p36
deletion using subtelomere FISH analysis; however,
mosaicism was not reported at that time [17]. Although
the mosaic deletion of 1p36 in Pt 19 had been firstly con-
firmed by FISH, we could not detect the breakpoint by
chromosomal microarray testing due to low frequency
(28% mosaic ratio). As the breakpoint was determined
to be between two FISH probes (CTD-3209F18 and
RP11-933B18), the proximal end of CTD-3209F18 was
used as the minimum deletion region in this patient.

Additional aberrations with the sizes over 0.5 Mb
were identified in eight patients (Pt 2, 10, 11, 15, 20,
28, 34, and 43) involving chromosomes 4, 7, §, 13, and
Y (Table 2), including a possible benign copy number
aberration in Pt 15, which was also observed in the
healthy mother. The other seven patients were con-
firmed to have unbalanced translocations by cytogenetic
evaluation (14%y), using either G-banding or FISH anal-
ysis. Two translocations were diagnosed as de novo, and
the others were designated as unknown because of the
lack of availability of parental information.

Five patients (Pt 1, 14, 47, 48, and 50) had interstitial
deletions (10%) with a deletion size between 0.9 and
10.3 Mb.

3.2. Clinical findings

Clinical information of the 50 patients successfully
genotyped is summarized in Table 3. Estimated frequen-
cies of each complication are also included in Table 3. Pt
26 and 49 suddenly died at 24 and 10 months old of age,
respectively. Pt 49 probably died due to heart failure but
Pt 26 died of an unknown cause (detailed information
unavailable).

3.2.1. Craniofacial features

Most of the patients showed craniofacial features,
including straight eyebrows (84%), deep-set eyes (93%),
broad nasal bridge (97%), low set ears (88%), and a
pointed chin (89%). Constellations of these findings
make distinctive facial impressions for 1p36 deletion
syndrome, observed in Pt 3, 6, and 14 (Fig. 1b-d). This
observation suggests that hypotelorism is rather charac-
teristic among these patients. On the other hand, Pt 1
did not show deep-set eyes (Fig. 1a). The craniofacial
features of three patients (Pt 47, 48, and 50) did not
exhibit hypotelorism (Fig. 2e-g). From the genotypic
point of view, these three patients (Pt 47, 48, and 50)
would be diagnosed as having the proximal 1p36 dele-
tion syndrome [20,21].
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Table 1

The ranges of 1p36 deletions analyzed by chromosomal microarray testing.

Patient number Age (year) Gender Platform (k) Start® End® Additional aberration FISH probe Mosaic ratio” (%) References
1 14 F 180 834,101 1,770,669 Interstitial RP11-425E15
2 9 M 44 1 1,820,584 der(1)t(Y;1), idic(Y)
3 6 F 180 1 2,186,829
4 1 F 60 1 2,239,497
5 3 F 44 1 2,281,699
6 5 F 60 1 2,553,982
7 2 M 60 1 2,553,982
8 5 F 44 1 3,044,953 Mosaicism RP11-82D16 70 Shimada et al. {17]
9 13 F 44 1 3,102,718 Okamoto et al. [14]
10 18 F 44 1 3,102,718 der(1)t(1;7)
11 17 F 60 1 3,138,565 der(1)t(1;8)
12 8 F 60 1 3,265,702
13 11 F 244 1 3,408,152
14 5 M 60 1,786,789 3,472,907 Interstitial
15 2 F 180 1 3,564,328
16 13 M 60 1 3,582,084
17 4 F 44 1 3,607,275
18 2 F 60 1 3,660,110
19 3 F 60 1 3,769,006 Mosaicism CTD-3209F18 28
20 3 M 44 1 4,070,842 der(1)(1;13)
21 17 F 44 1 4,481,324 Mosaicism RP11-82D16 77 Shimada et al. {17]
22 2 F 180 1 4,703,581
23 6 M 60 1 4,779,157
24 3 F 60 1 4,843,370
25 6 F 44 1 4,843,718
26 2 M 60 1 5,252,985
27 0 F 44 1 5,252,985
28 25 F 44 1 5,411,803 der(1)t(Y;1) Hiraki et al. {15]
29 3 F 44 1 6,128,223
30 3 F 60 1 6,282,562
31 1 F 60 1 6,282,562
32 3 M 60 1 6,882,431
33 7 M 60 1 7,035,075
34 1 F 60 1 7,187,535 der(1)t(1;4)
35 10 M 60 1 7,392,688
36 8 M 60 1 7,581,058
37 3 F 44 1 8,077,959
38 2 F 60 1 8,104,671
39 3 M 44 1 8,104,671
40 4 M 44 1 8,181,042
41 5 F 44 1 8,181,042
42 1 F 60 1 8,427,633
43 3 M 60 1 9,180,975 der(1)(1;4) Saito et al. [16]
44 5 F 60 1 9,251,936
45 4 M 60 1 9,953,030
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3.2.2. Neurological features

Almost all patients showed ID (98%) but a patient (Pt
2) having a deletion in the far distal region of 1p36
showed borderline ID, with an intelligence quotient
(IQ) of 80. Therefore, this region could be eliminated
from the responsible region for ID (Fig. 2). The smallest
deletion, an interstitial deletion between genomic posi-
tions 0.8 and 1.8 Mb, was identified in Pt 1 (Fig. 2). In
spite of having this smallest deletion, Pt 1 had severe
ID, i.e., she was locomotive but aphasic and required
support for all activities in her daily life. This was
probably a consequence of intractable epilepsy associ-
ated with tonic seizures, caused by factors other than
the interstitial deletion of this region. The proximal
and distal ends of the breakpoints in Pt 3 and 14 defined
the shortest region of overlap for ID, spanning the
1.8-2.2 Mb region (Fig. 2; region B). Axial hypotonia
(92%) and poor sucking (70%) were also commonly
observed. Epilepsy, one of the major complications in
1p36 deletion syndrome, was observed in 70% of the
patients. Infantile spasms were observed in 16% of the
patients.

In this study, many types of structural brain abnor-
malities were identified; not only in the cerebral cortex
but also in the white matter (Table 3), indicating that
there is no major pattern. The most frequently observed
abnormality was a nonspecific finding with enlargement
of lateral ventricles.

3.2.3. Cardiac abnormality

Cardiac abnormality is one of the most frequently
observed complications in patients with 1p36 deletions.
In this study, congenital heart defects and functional
abnormalities were observed in 69% (34/49) and 22%
(11/49) of the patients, respectively. The most frequently
observed patterns were patent ductus arteriosus (PDA,;
37% [18/49]) and ventricular septal defects (VSD; 37%
[18/49]).

3.2.4. Other complications

Many kinds of complications were observed in many
organs. Cryptorchidism was the most frequently
observed complication in male patients (64% [9/14]).
As Pt 14, with a small interstitial deletion spanning from
1.8 to 3.5 Mb, had cryptorchidism, the deleted region
was likely involved in abnormalities of the external gen-
italia (Fig. 2; region H). Hearing problems (39% [19/49])
and strabismus (33% [15/46]) were relatively common
among the patients. Obesity was observed in 5 patients
(11% [5/46)). ;

Renal abnormalities were rare and identified only in
three patients. Among them, Pt 26, who had a 5.3 Mb
deletion, was diagnosed with the autosomal recessive
cystic kidney disease of nephronophthisis (this patient
died at 2 years of age) [22]. One of the genes responsible
for this condition, the nephronophthisis 4 gene
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Table 2
Additional aberrations identified in the patients.
Patient number Chr Start* End* Remark Attribute Origin
2 Y 1 59,373,566 der(1)t(Y;1)(p36.3;q12), idic(Y)(q12) dup NA
10 7 1 6,870,943 der(1)t(1;7)(p36.32;p22.1) dup NA
11 8 1 3,909,039 der(1)t(1;8)(p36.22;p23.2) dup NA
15 1 146,324,068 149,192,104 del(1)(g21.1;q21.2) del Common with mother
20 13 100,462,233 115,169,878 der(1)t(1;13)(p26.32;q32.3) dup De novo
28 Y 26,435,039 59,373,566 der(1)t(Y;1)(q12;p36.32)* dup NA
34 4 1 13,396,747 der(1)t(1;4)(p36.31;p15.33) dup De novo
43 4 189,012,426 191,154,276 der(1)t(1;4)(p36.31;q35.2) dup NA

* The genomic position reffering build19; dup, duplication; del, deletion; NA, not available.

# This case was previously reported by Hiraki et al. [15].

(NPHP4), is located on 1p36 (chrl: 5,946,555-
5,965,543) [23], proximal to the deletion region of three
patients with renal abnormalities (Pt 26, 33, and 35). It is
unclear whether there is a correlation between NPHP4
and the renal abnormalities observed in this study.

4. Discussion

4.1. Previous genetic studies on the I1p36 deletion
syndrome

Many cohort studies have been performed to delin-
eate the phenotypic features of patients with 1p36 dele-
tion syndrome and to evaluate the frequency of
complications [1,6,7]. It has been reported that there is
no correlation between the deletion size and the number
of observed clinical features [24], while the critical region
responsible for core phenotypic features, including clef-
ting, hypothyroidism, cardiomyopathy, hearing loss,
large fontanel, and hypotonia, has been narrowed down
to a region 2.2 Mb from the telomere [3]. Compared to
such core phenotypic features, other complications tend
to vary with the size of the deletion, and study subjects
with larger deletions tend to have more phenotypic fea-
tures [25], suggesting that the various phenotypic fea-
tures are dependent on genes involved in the deletion
regions. Thus, precise knowledge of the genotype—
phenotype correlations could potentially lead to more
personalized treatments for individuals with 1p36 dele-
tions and might identify mutations for single gene
disorders [3]. The potassium voltage-gated channel, sha-
ker-related subfamily, beta member 2 gene (KCNAB2)
and the v-ski sarcoma viral oncogene homolog gene
(SKI) were identified as candidate genes for the epilepsy
phenotype and clefting abnormalities, respectively
[26,27]. More recently, the PR domain containing 16
gene (PRDM16) was identified as a possible candidate
gene for cardiomyopathy, as PRDM16 was included in
a minimal deletion among patients with 1p36 deletions
associated with cardiomyopathy, while in patients
with pure cardiomyopathy, single nucleotide variants
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of PRDM116 were identified as the cause of cardiomyop-
athy [28]. This was one of the most successful studies of
genotype-phenotype correlation in patients with 1p36
deletions [28].

4.2. Craniofacial features

As mentioned above, a region 2.2 Mb from the telo-
mere has been reported to be responsible for core pheno-
typic features of 1p36 deletion syndrome [3]. Compared
to this, we observed atypical facial features in four
patients (Pt 1, 47, 48, and 50) whose deletions did not
include the 1.8-2.1 Mb region, in this study. Thus, the
region responsible for typical facial features is narrowed
into this region (Fig. 2; region A). Because hypotelorism
has never been listed in the clinical delineations of 1p36
deletion syndrome reported from Western countries, we
did not include this finding in the questionnaire survey
and the frequency of this finding in Japanese patients
could not be calculated. However, it is commonly
observed in Japanese patients with typical 1p36 deletion
syndrome. Therefore, hypotelorism may be a character-
istic finding among Asian patients.

4.3. Neurological features

Although more severe ID was reported to be associ-
ated with larger 1p36 deletions [10], the genomic region
responsible for severe ID has never been identified. In
this study, a patient (Pt 28) having a 5.4 Mb deletion
acquired independent gait, = while patients with
>6.1 Mb deletions had not yet acquired independent
gait, and exhibited severe ID. Thus, the region between
5.4 and 6.1 Mb would appear to be the borderline for
independent gait (Fig. 2; region C), and the modifier
genes for prognosis of development may be located in
the region proximal to this borderline. KCNAB2,
mentioned above, may be one of the modifier genes
responsible for severe ID. Chromodomain helicase
DNA-binding protein 5 (CHDS5; chrl: 6,161,847-6,
240,194), which encodes a neuron-specific protein, is
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Table 3

Summary of clinical features of the patients with 1p36 deletions.

Patient number 1 2 3 4 s 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 44 45 46 47 48 49 50  Frequencics
1. Craniofacial and skeletal features
Characteristic craniofacial features
Microcephaly NA + NA + + NA NA - + NA + NANA + NA NA + + NA NA NA NANA NANANA + + + NA - - + NANANA + NA+ NA + NA - NA + NA + 4+ + + 83%(20°24
Brachycephaly + NA - + + NA NA - + NA + NA NA - NA NA NA + NA NA NA NA NA NA NA NA NA NA NA NA - - + NA NA NA NA NA NA - NA NA + NA NA NA NA + + + 65%(11/17)
Straight eyebrow - 4+ + + + + + 4+ + + 4+ - 4+ + NA+ + 4+ NA 4+ + + + 4+ + NANAF+ + NA+ - + + NANANANA + + + NA + + NA NA - - + -  84%(32/38)
Deep-set cyes -+ 4+ + + + 4+ + + + + 4+ 4+ + NANM+ + + + + + + + + NAN S+ + + + + + 4+ 4+ NA 4+ NA 4+ 4+ NA NA + NA + NA + - + -~ 93%(37/40)
Epicanthus + NA Y+ + 4+ + + + + NA+ + 4+ - NANA+ + NA+ - + + + NANANAH + + - - NA+ NANA Y+ NA + + + NA+ NA+ NA - + + + 86%(30/3)
Broad nasal root/bridge + NA 4+ + NA+ + + + NA+ + + - NANA+ + + + + NA + NA NANANA+ + + 4+ + + + NANA + NANA + + NA 4+ NA 4+ NA + + + + 9%(32/3)
Long philtrum + + + - NA- - + 4+ + + - - - NN+ + + + 4+ + + NANANANAH - NA - - + + NANA+ NA NA -~ NA NA + NA + + ~ - + - 63%(2239)
Low set cars - - 4+ - NA - + NA + NA + + NA + NA NANANANA K + 4+ + + + NA A+ + + + + + + + + + + NA NA + NA NA + NA NA NA + + + 88% (29/33)
Pointed chin + + 4+ + N+ + + + + + + + 4+ NANA+ + N+ + + + NA+ NA+ + + + + - + + + NA NANA NA + + NA + NA + + - - + -~ 89%(34/38)
Late closure of the anterior fontanel - NA + - - - NANA+ NA NANANANA+ NA+ NA+ + 4+ - - NANA - + 4+ - + + + + + - + NANA - + — - - + NA + NA - NA NA 56%(18/32)
Cleft palate problem
High palate - = = = = - 4 -+ = 4+ = = = - - - & -4 4 = = = = =4 = - - - NA- - + + - o+ - 4+ -+ -+ =+ = = 44 29%(14/49)
Cleft palate B T 7 e e AT (A1 1)
Cleft lip B T T T ST e T S T e X ()
Cleft jaw T T T T T TN L 7YE L))
Limb abnormalities
Finger abnormalitics - - NA - = - - - - - - NA - + - + - + - - - - + - - 4 - - + - - + - - - - - - - - o~ - - - - . .~ - 15%(1/48)
Limb deformity - - NA - - - - - - - - NA - - - - - - - - - - - - - - - - - - 4 - - - - - 4 &J « 4 = ~ = - - 4+ = e - &
Other skeletal abnormalities
Rib abnormalities such as 11 ribs - - NA - - - - - - - - NA -~ = - = - - - - . - o o o oo e d oo = e oo oo e oo — e e oo oo - b
Scoliosis - = NA ~ - - - - 4+ - - NA - =~ ~« 4 - - - 4 = = = -+ - - 4 . o+ - - e -+ -+ -+ e - - - - = 4+ =+ 25%(12/48)
Congenital dislocated hip - = NA - - - - -+ - - NA - — - = = = - - - = o o - o oo e e - o e e o oo e e e — = e e e - - &%
Developmental dysplasia of the hip - = NA - - - - - = - - NA - - - - - = - - - - - - = - - - - - - = - - - - e e - - - -+ = = - - - o . 2%(H4)
2. Neurological features (clinical)
Axial hypotonia + + NA - + + + + + 4+ + 4+ + NAA+ + + + - + + + - + + + - + + + + + + + o+ + 4+ o+ o+ o+ o+ o+ A+ o+ o+ A+ 92%(44/48)
Poor sucking - = NA - - - 4+ - + + 4+ NA+ NA 4+ NA S+ + - + + - - - - + — + 4+ + - + + + + + + 4+ + + + + + + + + + + + +  0%(32/46)
Difficulty of swallowing - - + - - = 4+ - 4+ - 4+ NA - NA A+ + + + - + + - - - - 4+ - - - + - + + + + + + - + 4+ - + - + + - + + + + 56%(27/48)
Developmental delay
Intellectual disability s B S S M 5 s M S s S S s M S s M S s S M S M M S S NA § M s 5 8 5 S N S 5 NA S s S s s S S N S NA § S 98% (49/50)
Acquise independent gait I S T S s e . A ()
Expressive language
Sentence R e T R e S - - = = = = 6%(350)
Only words. - - - - + + - + - -« + - - - - = + . = . - - o+ - - - - = - - = - - - . - - - -+ = = . e = = = = = 16%(8/50)
Dysarthria B T T S X CTE)
Gestures T e e S S e ST T (X 7211}
Behavior disorders
Self-injury - + 4+ - - NA+ - NA - + NA+ NA - NA - NA Y+ - - NA - NA - - NA S+ + 4+ - - NA -~ - - NA- - + + - = - NA - - - NA - 30%(11/37)
‘Temper tantrum + - - - - NA+ + NA S+ + NA + NA - NA - NA - - + NA+ NA - - NA 4+ - - - = NA - - - NA - =~ - - - 4+ + NA - =~ = NA - 30%(1/37)
Poor social interaction 4 - + 4+ - NA - 4+ NA - + NA+ NA - NA - NA - + - NA - NA - - NA A+ - - - + NA- - - NA- - - - - == == NAF+ - - NA - 27%(10/37)
Epilepsy
History of epilepsy R e e T e T R S S S T S S S S S P S T P (Y €]
Infantife spasms B T e T S T 1 Y (V)
3. Neurological features (radiological)
Cerebral cortex
Periventricular nodular heterotopia (PYNH) - - NA- - =~ - 4+ - NA- - + - NAM+ - - - - - - - = = NA- - NA- - NA -~ - + - - - =~ - - - = = = = NA - 10%(4/42)
Polymicrogyria - - NA - - - - - - NA - - - NANM- - - - - - - - - 4+ NA- - NM- - N- - - - - + - - - 4+ - - - - - NA - T%(3M4)
Cortical dysplasia - = NA - - - - - - NA- - - - NANMA- - - - = = = - - - NA~- - NA- + NA - =~ - - - - - "= 4+ - - - - =~ ~ NA - 5%02M4)
Cortical hypoplasia w - NA - - - - - - NA- * - - NANA- - =~ = - - — - - -« NA=- - NA- - NA - - = - — - o - - 4 - 4+ - - - NA - THQGMY
Cerebral white matter
Enlargement of lateral ventricles - - NA+ - - - - - NA-~- - + + NANM - - - + - =~ - - - - NA - + NA- + NMA A+ + - + - + - - + - - 4+ + 4+ + NA - 36%(15/42)
Delay in myelination - - NMA- - - - =~ = NA- - - - NN+ + - - - - - - - + N - - N+ + M - + - + - - ~ =« =~ = - 4+ - - 4+ NA - 2%(94)
Hypoplasia of corpus callosum - - NA+ - - - ~- - NMA- - - + NN - - - 4+ - - - - - + NA - + N - - NA- - =~ + - - + - + = =~ — — + + NA - 24%(10/4)
Cerebellum
Chiari type II malformation - - NA ~ = - - - NA- - ~ - NADM - - - - - - - - =~ =« NA- - N - - M+ - - - - - = - =~ = - - - = NA - 2%(1/42)
Others
Cavum septum peliucidum - - NA - - - - - - NA - - - NANA + - = = - - — 4+ - - NA - = NA - - NA - = = = = — - - - - - - - - - NA - S%(M4)
Choroid plexus cyst - - M- - - - - - M- - - - NMM- - + - - - = = - - NA- - M- - M+ - - - - - - - - - - - - =~ =~ NA - 5%04
Atrrested hydrocephalus - - NA - - - - - - NMA- =~ - 4+ NANA- - - =~ =~ - - - - - NA- - NA - - NA - - - - - - - - - = = = - - NA - %(/4)
Enlargement of subdural space - - MA- - - - - - NM- - - - NAMNM- - - - - - - - ++ - NA- - NM-~- - M- - - - - - - - - - - =~ - - - NA - (/4
Arachnoid cyst - - NA - - - - - NA - - - - NANA - - - - - - - - + NA - - NA - - NA + - - - - - - - - - - - NA - 5%(M4)
4. Cardiac abnormalitics
Congenital heart defects
Patent ductus arteriosus (PDA) - - - - - - - - - 4 4 + - =« NA - - - - 4+ - - + % T S S T T AL 1))
Ventricular septal defects (VSD) - = = - - 4+ - + - - - 4+ - - NA 4+ - - - + - - = = - - %+ - -~ -« + 4+ 4+ + - - + + - - + - - + + + + - - %(8/49)
Artial septal defects (ASD) - - - = = = - 4+ - - - - - - NA - - - + - - - - 4+ - - - - - - - 4+ 4+ - -+ -+ - - - - - - - -+ - - 16%(8/49)
Aortic stenosis (AS) e T )
Pulmonary stenosis (PS) - = = = = = m e e 4 4 = = = NA- - = 4 = = = = = = e a e o o o e e e e e oo o -4 e .o - - - 4% (249)
Aortic valve prolapse - - - - - - - = = - 4+ - - NA - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - %M
Ebstein anomaly e . T T T e )
Double outlet right ventricle (DORV) - - = = = 4+ = - - - - = = = NA - = - = - = = e e o o oo o e e+ o e e - - o - === oo e .~ - %349
Hypoplasia of the left ventricle (HLHS) - = = - - - - - - - - = = - NA~- - - - B . T T X )
Patent foramen ovale (PFO) - = = = = = - - - - - = = = NA - =~ = - - - = 4 = e - - oo oo e o oo e e e oo o e e o - e - 2
Partial P y venous (PAPVC) -~ - =~ = =~ — - - - - - = = = NA - - o~ - = o = =~ o o o o oo o oo oo oo e e o - o e e - - oo - %M
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Pulmonary atresiz (PA)
Positional anomaly of valsalva sinus
Functional abnormalitics
Pulmonary hypertension (PH)
Left ventricular noncompaction (LVNC)
Dilated cardiomyopathy
5. Sensory organs
Ears
Hearing problems
Eyes
Strabismus
Ametropia
Nystagmus
Oculomotor disturbance
Coloboma
Congenital microphthaimia
Retinitis pigmentosa
6. Urogenitat abnormalities
Renal abnormalities
Renal hypoptasia
Hydronephrosis
Pyelectasis
Nephronophthisis
Extragenital abnormalities
Ectopic kidney
Ambiguous external genitalia
Cryptorchidism
Scrotal hypoplasia
7. Endocrinology and nutrition
Hypothyroidism
Obesity
8. Other complications
Respiratory tract related
Stenosis of nasal cavity
Laryngomalacia and/for tracheomalacia

Adenoidal hypertrophy and/or enlarged tonsil

Obstructive sleep apnea
Allergy related
Atopic dermatitis
Food allergy
Bronchial asthma
Related to secondary
Precocious puberty
Breast enlargement
Others
Atresia of external acoustic foramen
Dental abnormalities
Non aleoholic steatohepatitis (NASH)
Constipation

NA
NA

NA
NA
NA
NA

NA
NA
NA

NA
NA

NA
NA
NA
NA

NA
NA
NA
NA

NA
NA
NA
NA

NA
NA

NA
NA
NA
NA

NA
NA
NA

NA
NA

NA
NA
NA
NA

NA
NA

NA
NA
NA
NA

NA
NA
NA

NA
NA

NA
NA
NA
NA

NA
NA
NA
NA

NA
NA

NA

NA

NA
NA
NA
NA
NA
NA
NA

NA

NA
NA

NA
NA

NA

NA
NA

NA
NA
NA

NA
NA

NA
NA

NA
NA
NA

NA
NA
NA
NA

NA
NA
NA
NA

NA
NA

NA
NA

NA
NA

NA
NA
NA

+

+ i

+

NA
NA

NA
NA
NA
NA

NA
NA
NA
NA
NA
NA
NA

NA
NA

NA
NA
NA

NA
NA

NA
NA
NA
NA

NA

NA
NA
NA
NA
NA
NA
NA

NA
NA
NA
NA

NA
NA
NA

NA
NA

NA
NA
NA
NA

NA
NA
NA
NA

NA
NA
NA
NA

NA

+ 1 !

+

NA
NA

NA
NA

NA
NA

NA
NA
NA
NA
NA
NA
NA

NA
NA

+ 4+ + 1

+ 4

+

NA
NA

NA
NA

NA

2% (1/49)
2% (1/49)

8% (4/49)
10% (5/49)
4% (2/49)

39% (19/49)

33% (15/46)
26% (12/46)
20% (9/46)
2% (1/46)
2% (1/46)
2% (1/46)
2% (1/46)

2% (1/43)
5% (2/43)
2% (1/43)
2% (1/43)

2% (1/44)
% (3/43)
64% (9/14)
14% (2/14)

16% (7/45)
11% (5/46)

NA, not available; S, severe; B, borderline; M, moderate.

TTs
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Fig. 1. Facial features of the patients with variably sized 1p36 deletions. Pt 1 (a; at 14 years of age) shows edematous eyelids rather than deep-set
eyes. Pt 3 (b; 6 years), 6 (c; 5 years), and 14 (d; 15 years) share characteristic features, including deep-set eyes, hypotelorism, and pointed chins. Pt 47
(e; 4 years) and 48 (f; 8 years) do not exhibit such characteristic features, with round faces rather than hypotelorism and pointed chins. Pt 50 (g;
3 years) exhibits distinctive features with arched eyebrows and hypertelorism. Written informed consent to publish patient photos was obtained from

all the patient families.

involved in chromatin remodeling and gene transcrip-
tion, regulating the expression of neuronal genes [29].
Thus, CHD5 also may be a modifier gene for severe ID.

It has been suggested that two genes, gamma-
aminobutyric acid (GABA) A receptor delta (GABRD;
chrl: 1,950,768-1,962,192), and KCNAB2 (chrl: 6,105,
981-6,161,253), are associated with the manifestations
of epilepsy [27]. This is also been suggested by our pres-
ent study, as there was no history of epilepsy in a patient
(Pt 2) with a 1.8 Mb terminal deletion and a patient (Pt
50) with a 10.0 Mb interstitial deletion; both of the dele-
tions includes neither GABRD nor KCNAB2 (Fig. 2).
The incidence of epilepsy was higher in the patients with
severe ID (30/38; 79%) than in the patients with
moderate ID (4/8; 50%). Thus, the severity of ID was
associated with the incidence of epilepsy and the same
gene/set of genes may be involved in both of these
neurological manifestations.

Several case reports have suggested an association
between periventricular nodular heterotopia (PVNH)
and 1p36 deletion [16,30-32], and the candidate region
for polymicrogyria has been mapped to the distal
4.8 Mb region [33]. As the smallest deletion among the
patients with abnormal neuronal migration was
3.0 Mb (Pt 8), the gene(s) responsible for this phenotype
may be narrowed down to the distal 3.0 Mb region
(Fig. 2; region D). Chiari malformation type II was
identified only in Pt 34, who showed an unbalanced
translocation with chromosome 4. Thus, this rare
feature may be attributable to the partial trisomy of
chromosome 4.

107

4.4. Cardiac abnormality

Previously, the genetic region responsible for left ven-
tricular noncompaction (LVNC) was assigned to the
1.9-3.4 Mb region [34-36]. On the other hand, there
are many reports which show an association between
Ebstein anomaly and 1p36 deletion {7,37-40]. The geno-
mic region responsible for Ebstein anomaly was
assigned to the 2.9-3.8 Mb region [39,40]. In 2005,
Sinkovec et al. reported two patients with LVNC asso-
ciated with Ebstein anomaly [41]. In this study, we iden-
tified a patient (Pt 24) who showed both LVNC and
Ebstein anomalies. Given this perspective, it might be
reasonable to conclude that the critical regions involved
in LVNC and Ebstein anomaly are relatively close.
As mentioned above PRDMI6 located on chrl:
2,985,742-3,355,185 was reported as a gene responsible
for cardiomyopathy and LVNC [28]. This is in agree-
ment with our study, as the smallest deletion identified
in a patient (Pt 9) with DCM was 3.1 Mb in size. It is
possible that PRDM16 may also be related not only to
LVNC but also to the Ebstein anomaly.

Although double-outlet right ventricle (DORYV) has
never been reported in individuals with 1p36 deletions,
we found DORYV in two patients. We found a relatively
small deletion (2.5 Mb) in a patient (Pt 6) with DORV
(Fig. 2; region D). There is a possibility that the protein
kinase C zeta gene (PRKCZ; chrl chrl: 1,981,909-
2,116,834) is related to cardiac abnormalities, because
this gene had been implicated in a variety of process
including cardiac muscle function [42,43]. The positional
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Fig. 2. Result of chromosomal microarray testing depicted in a genome map of the 1p36 region. The scheme of chromosome 1 (top) is downloaded
from the UCSC genome browser. Red and blue bars indicate the deletion regions identified in female and male patients, respectively. Black bars
indicate the locations of the genes, discussed in the text. The numbers depicted on the left side of each bar indicate patients’ numbering. “t” and

23

mos” indicate unbalanced translocations and mosaicism, respectively. Yellow and green translucent vertical lines emphasize the proposed

responsible regions for ID. Proposed responsible regions for each phenotype; A, distinctive craniofacial findings; B, ID; C, modifier effect for ID; D,
LVNC and Ebstein anomaly; E, DORYV; F, cardiac anomalies; G, cryptochidisms. (For interpretation of the references to color in this figure legend,

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

effects for PRDMI16 may be another possibility in this
case.

The arginine-glutamic acid dipeptide (RE) repeats
gene (RERE; chrl: 8,412,464-8,877,699) has been
reported to play a critical role in early cardiovascular
development [44]. In this study, all patients with dele-
tions larger than 8.4 Mb, which involve RERE, showed
cardiac anomalies. Thus, RERFE may be involved in
the pathogenesis of congenital heart defects (Fig. 2;
region G).

108

Only Pt 20, with an unbalanced translocation
between 13q32.3, showed hypoplasia of the left ventricle
(HLHS) in this study. HLHS accounts for 2-3% of all
congenital heart defects, and a minority of HLHS cases
have been associated with congenital anomaly syn-
dromes, e.g., the Jacobsen, Turner, and Potocki~Lupski
syndromes, respectively [45-47]. As 13q duplication has
been reported to be associated with this manifestation,.
the findings of HLHS found in Pt 20 may be due to a
partial trisomy of 13q [48].
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4.5. Other complications

In patients with 1p36 monosomy, a Prader—Willi
syndrome (PWS)-like phenotype has been described
[6,13,49]. The clinical features that overlap between the
1p36 deletion syndrome and PWS are ID, neonatal
“hypotonia, obesity, craniofacial anomalies, hyperpha-
gia, short stature, and behavior problems. D’Angelo
et al. described a patient with a 2.5 Mb deletion within
the chromosome region 1p36.33-1p36.32 [13]. Tsuyusa-
ki et al. hypothesized that the critical region for the
PWS-like phenotype was within 4 Mb from lpter [49].
Rosenfeld et al. suggested a critical region for the
PWS-like phenotype in the 1.7-2.3 Mb region [12}. In
this study, all five patients with obesity (Pt 8, 10, 11,
13, and 21) were female, and acquired ambulatory
ability within the ages of 2-8 years. Two of the patients
(Pt 8 and 21) showed mosaic deletions {17]. From these
perspectives, we speculate that female patients who
showed 1p36 deletions involving the critical region and
who acquired ambulatory ability are likely to be at risk
for obesity.

5. Conclusion

In this study, we successfully accumulated the
genotype—phenotype data of 50 patients with the dele-
tions of 1p36 regions. As hypotelorism was commonly
observed in patients, it may be characteristic of Asian
patients. The genotype—phenotype correlation analysis
narrowed down the regions responsible for distinctive
craniofacial features and ID to the 1.8-2.1 and
1.8-2.2 Mb regions, respectively. Patients with deletions
larger than 6.2 Mb showed no ambulation, indicating
that severe neurodevelopmental prognosis may be mod-
ified by haploinsufficiencies of KCNAB2 and/or CHDS,
located 6.2 Mb away from the telomere. Although the
genotype—phenotype correlation for the cardiac abnor-
malities is unclear, PRDMI16, PRKCZ, and RERE
may be related to this complication. One more finding
revealed by this study for the first time, is that female
patients who acquired ambulatory ability are likely to
be at a risk for obesity.
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ABSTRACT Many new microdeletion syndromes have
been characterized in the past decade, including 2p15-p16.1
microdeletion syndrome. More than 10 patients with this syn-
drome have been described. Recently, we encountered two addi-
tional patients with 2p15-p16.1 microdeletion syndrome. All
patients showed variable degrees of intellectual disability, with
the autistic features characteristic of this syndrome. Seven out of
16 patients (44 %) showed structural abnormalities in the brain,
which is also an important feature of this syndrome. The shortest
region of microdeletion overlap among the patients includes two
genes, USP34 and XPO1. Although these genes have some func-
tional relevance to cancer, they have not been associated with
neurological functions. Diagnosis of additional patients with
2p15-p16.1 microdeletion syndrome and identification of patho-
genic mutations in this region will help identify the genes respon-
sible for the neurological features of the syndrome.

Key Words: 2p15-p16.1 microdeletion syndrome, autistic features,
intellectual disability, USP34, XPOI

NEWLY IDENTIFIED RECURRENT
MICRODELETIONS

Before the development of chromosomal microarray testing, only a
small number of interstitial chromosomal deletions had been clini-
cally recognized, including 22q11.2 deletion syndrome, Williams
syndrome, Smith-Magenis syndrome, Sotos syndrome, and Prader-
Willi/Angelman syndrome (Emanuel and Shaikh 2001). Because
patients with these syndromes show frequently distinct clinical
features, clinical examinations can yield an initial diagnosis. The
interstitial deletions associated with contiguous gene deletion syn-
dromes are often mediated by surrounding low-copy repeats
(LCRs) located on both ends of the deletions (Stankiewicz and
Lupski 2002). Therefore, most deletions mediated by LCRs share
the same size and the same region. Consequently, patients with such
interstitial deletions exhibit common clinical features. After chro-
mosomal microarray testing became widespread, numerous novel
interstitial deletions were identified (Nevado et al. 2014), some of
which have genomic structures associated with LCRs.

Compared to LCR-mediated microdeletions, microdeletions
mediated by random breakpoints are more difficult to diagnose,
because the clinical features of the patients carrying random
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microdeletions are variable and less distinctive. However, this vari-
ability provides an opportunity to study genotye-phenotype corre-
lations and thereby understand the functions of the genes in the
deletion region. Williams etal. (2010) analyzed genotype-
phenotype correlations in patients with 2q37 deletions and nar-
rowed the critical region for brachydactyly to the histone
deacetylase 4 gene (HDAC4) region. They then identified HDAC4
mutations in patients with similar clinical features but no. 2q37
deletions, thereby establishing that HDAC4 is responsible for
brachydactyly (Williams et al. 2010). Thus, the study of genotype-
phenotype correlations is a powerful way to narrow the list of
potential candidate genes.

In 2007, 2p15-p16.1 microdeletion syndrome was reported as an
autism-related disorder (Rajcan-Separovic et al. 2007). Patients with
2p15-p16.1 microdeletions have distinctive clinical features associ-
ated with variable neurodevelopmental abnormalities. In addition to
a patient previously diagnosed by us (Liang et al. 2009), we have
identified two additional patients with 2p15-p16.1 microdeletions.
Since the publication of the first study, over 10 patients with 2p15-
p16.1 microdeletions have been described. However, the genes
responsible for the clinical features of the syndrome have not been
established. Here, we report on additional patients and review the
characteristics of 2p15-p16.1microdeletion syndrome.

ADDITIONAL NEW PATIENTS

The clinical features of two new patients and previously described
patients are summarized in Table 1.

Patient 1

A 3-year-old boy was born at 39 weeks of gestation with a
birthweight of 2360 g (3-10" centile), a length of 46 cm (310"
centile), and an occipitofrontal circumference (OFC) of 33 cm
(25"™-50" centile). His parents and elder sister are healthy. Imme-
diately after birth, he exhibited stridor due to laryngomalacia. He
had difficulty swallowing. He was able to sit alone at 9 months,
walk independently at 21 months, and jump at 3 years. However, he
spoke no meaningful words. Brain magnetic resonance imaging
(MRI) examined at 12 months revealed corpus callosum agenesis
(Fig. 1). He shows irritability and tactile hypersensitivity, suggest-
ing behavior abnormalities. At present, his weight is 13.7 kg (50—
75" centile), his height is 95.9 cm (75% centile), and his OFC is
45cm (<3 centile), indicating microcephaly. He has small
palpebral fissures, telecanthus, and low-set ears (Fig. 2A).

Patient 2

An 18-year-old female patient was born at 41 weeks of gestation
with a birthweight of 2310 g (3-10" centile). She has exhibited
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Table 1 Clinical features of patients with microdeletions around 2p15-p16.1
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Pl P2 P1 P2 Pl P2 PL P2 #1  #2 #3  #4 #5 #6 #7 P1 P2
General
Current age (years) 9 7 34 9 4 4 9 8 12 0 2 03 11 4 13 21 10 4 11 1 16 14 4 3 18
Gender F M M M F F F M F F F M F M F M M M M M M M M M F MF=12/10
IUGR + - - NA + + NA - - + NA NA - NA NA - - - - - - - - + 4+ 6/14
Mild to severe intellectual + + + + + + + + 4+ + + + + + + + - + + + + + + + o+ 20/20
disability
Feeding problems + + + NA NA + + + - + NA NA + NA NA NA - - - - + NA NA + 9/12
Short stature -+ - + NA NA - - + - + + - - - - - + NA NA NA NA - + 8/15
Microcephaly + o+ o+ - + + + + - + - + + + + - - - + + + NA NA + + 16/19
Facial features
Bitemporal narrowing + + + NA - NA + - - + NA NA - + + + NA NA NA NA NA + NA - + 10/13
Receding short forehead + o+ o+ - - + - - - + NA NA - - 4+ NA NA NA NA NA NA NA NA - + 6/12
Strabismus + - 4+ NA - - - - - + + - + + - - NA NA NA NA NA NA NA - + 15
Ptosis + 4+ + NA + + + - - - - - + + + + NA NA + NA + NA + + - 13/17
Telecanthus + o+ 4+ + + + + - - + + + + + + + NA NA + NA NA + NA + + 18/18
Widened inner canthal + + + NA + NA + - - + NA NA NA + + - NA NA NA NA NA NA NA + - 9/11
distance
Short palpebral fissures + + 4+ NA + + + - - - NA NA + - - - NA NA NA NA NA NA + + - 7/13
Down slanting palpebral +  + o+ + - NA - - - - + - + - - + NA NA + + NA NA NA + + 11/17
fissure
Epicanthal folds + 4+ 4+ NA + NA + - - + + + + + + - NA NA + + NA NA NA + + 15/16
Broad/high nasal root + 4+ o+ +  +- o+ + - + + - - + + + + NA NA NA NA NA NA NA + + 13/15
Prominent nasal tip + 4+ - + - NA + - - + NA NA + - - + NA NA + NA NA NA NA - + 9/14
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Long, straight eyelashes + + + NA - + - - - NA NA NA + - + NA NA NA + NA NA NA NA - - 712
Long, thin eyebrows -+ - NA - NA - - - NA NA NA + - + NA NA NA NA + NA NA NA - - 4/11
Large ears + o+ - + - + + - - - - - - + - NA NA NA + NA NA NA + - - 1116
Smooth and long philbum + + + NA  + + + - - NA + + + + + + NA NA NA NA NA NA + - + 13/14
Smooth upper vermillion + 4+ o+ + - NA + - - NA - - + - - + NA NA NA NA NA NA NA + + 9/14
border
Everted lower lip + + o+ o+ - NA + - - + - + + - - - NA NA NA NA NA NA NA + + 10/15
High narrow palate + o+ o+ + - + + - - + - + + - - NA NA NA + NA + + NA - + 13/18
Retrognathia -+ o+ - + 4 - - - + NA NA - - - + NA NA + NA NA NA NA + + 9/15
Other physical features
Widened internipple + + + NA - + + NA NA - NA NA + - - - NA NA NA NA NA NA NA + - 7/13
distance
Extra nipple - 4+ - NA - NA - NA NA - NA NA - - - + NA NA NA NA NA NA NA - - 2112
Camptodactyly + 4+ - - - + - NA NA NA - + - + + - NA NA + NA + + + - + 10/18
Metatarsus abductus + o+ - - +t + - NA NA NA - - + - - NA NA NA NA NA NA NA NA - - 5/14
Spasticity legs + o+ - - + NA + NA NA + NA NA + - - NA NA NA NA NA NA NA NA - - 6/12
Other
Optic nerve hypoplasia + + + NA + - - NA NA - - - - - - - NA NA NA NA NA NA NA - - 4/15
Disturbed vision - + + NA NA + NA NA NA + NA NA + - - NA NA NA + NA NA NA NA - - 6/11
Hearing loss - 4+ - NA - - - NA NA - - + - - + + NA NA NA NA NA NA NA - - 4/15
Frequent upper respiratory + - + NA - - - NA NA + - - - - - NA NA NA NA + + NA NA + - 6/16
infections
Laryngomalasia -+ - NA - NA - NA NA - NA NA - - - NA NA NA NA NA NA NA NA + - 2/11
Hydronephrosis + + 4+ NA - - - NA NA + - - - - - - NA NA NA NA - NA NA - - 4/16
Hypogonadism - + - NA - - - NA NA - + + - - - - + + + + - + + - - 6/19
Attention deficit behavior + + - - + NA + NA NA NA + NA - NA NA NA NA NA - NA + NA + - - 6/12
Structure brain + + NA NA - - - - - + - + - + NA - NA NA NA + NA NA NA + - 7114
abnormalities

NA, not assessable; tMetatarsus adductovarus rather than Metatarsus abductus; $Micrognathia; NA and +/- are not included in the total counts. §The patient reported by Wohlleber et al. (2011) and #1,
#2, and #7 reported by Jorgez et al. (2014), indicated column are shaded, excluded from total counts due to the genotype point of view.
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Fig.1 Brain magnetic resonance imaging
(MRI) of patient 1. Parallel dispositions
of the lateral ventricles are noted in the
T1-weighted axial image (left). Com-
plete loss of the corpus callosum is
shown in the T2-weighted sagittal
image (right).

Fig. 2 Distinctive features of the patients. (A)
Patient 1 at 3 years has small palpebral
fissures, a flat nasal bridge, telecanthus,
and low set ears. (B) Patient 2 at 18
years has a small mandible. Written
informed consent to use this photograph
was obtained from the family of
patient 1.

developmental delay since early infancy; she was able to turn over
at 9 months and sit at 11 months. She started to walk unsupported
at 2 years and 7 months. Brain MRI showed no abnormalities. At
present, her weight is 44 kg (3™-10" centile), her height is 147 cm
(<3" centile), and her OFC is 52.8 cm (<3 centile), indicating short
stature and microcephaly. We also noted the distinctive feature of a
small mandible (Fig. 2B). She exhibits severe developmental delay
and speaks no meaningful words. Her unbalanced diet and strong
resistance to changing her daily life pattern indicate autistic
features.

CHROMOSOMAL MICROARRAY TESTING
FOR 2P15-P16.1 MICRODELETIONS

This study was performed after receiving approval from the ethics
committee at Tokyo Women’s Medical University. After obtaining
written informed consent from both patients’ families, blood
samples were obtained from the patients and from the parents of
patient 1. Genomic DNA extracted from blood samples was used
for further studies. Genomic copy number aberrations were exam-
ined using an Agilent Hmn array 60 K (Agilent Technologies,
Santa Clara, CA, USA) as described previously (Shimojima et al.
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2012). In patient 1, we identified a 238-kb microdeletion in 2p15,
indicating arr 2p15(61 495 220-61 733 075) x 1. Chromosomal
microarray testing using the same platform was performed using
DNA from the parents, and the deletion identified in patient 1 was
not detected in either parent, indicating a de novo origin. Patient 2
had a 3.5-Mb interstitial deletion in 2p14-p15, described as arr
2p15p14(61 618 699-65 142 743) x 1. Because the parents of this
patient declined to be genotyped, it is unknown whether the deletion
is of de novo origin. The presence of the deletions was not con-
firmed in the described patients (such as by quantitative polymerase
chain reaction [PCR]). The deletion regions in both patients are
summarized in Table 2 and depicted on the genome map together
with those of previously reported patients (Fig.3). All of the
genomic positions refer to build19 in this study.

GENOTYPE-PHENOTYPE CORRELATION

The 2pl15-pl16.1 microdeletion was first reported in 2007 by
Rajcan-Separovic et al. (2007). They described two patients with
2p15-p16.1 microdeletions. The patients shared common features
with moderate to severe intellectual disability, autistic features,
microcephaly, structural brain anomalies including cortical
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Table 2 Deletion regions in with  2p15-p16.1

microdeletion syndrome

patients

Published Deletion regiont
Researchers year Start End
Rajcan-Separavic 2007 P1 56,143,087 61,660,124
et al.
P2 57,307,217 61,660,124
Chabchoub et al. 2007 61,389,240 61,660,124
de Leeuw et al. 2008 57,913,898 61,488,792
Liang et al. 2008 59,241,620 62,385,716
Félix et al. 2010 59,139,200 62,488,871
Prontera et al. 2010 56,853,162 60,380,981
Wohlleber et al. 2011 P1 63,903,236 66,130,003
P2 62,687,128 65,523,986
Hucthagowder 2012 60,672,255 63,144,695
etal.
Piccione et al. 2012 P1 60,604,088 68,391,261
P2 60,347,280 62,852,277
Hancarova et al. 2013 60,689,977 61,127,979
Florisson et al. 2013 Pl 55661474 62,509,701
P2 58,532,874 65,503,931
Fannemel et al. 2014 61,500,346 61,733,075
Jorgez et al. 2014 #1 63,277,168 63,343,150
#2 62,970,000 68,020,000
#3 61,130,000 63,520,000
#4 60,070,000 66,380,000
#5 61,060,000 65,660,000
#6 61,570,000 64,320,000
#7 62,890,000 65,910,000
Present study Pl 61,495,220 61,733,075
P2 61,618,699 65,142,743

tGenomic positions of chromosome 2 are uniformly translated
into build19.

dysplasia/pachygyria, renal anomalies (multicystic kidney,
hydronephrosis), digital camptodactyly, visual impairment, strabis-
mus, neuromotor deficits, communication and attention impair-
ments, and a distinctive pattern of craniofacial features. Since the
publication of their study, over 10 patients with 2p15-pl6.1
microdeletion have been reported that they share similar clinical
manifestations (Chabchoub etal. 2008; de Leeuw etal. 2008;
Liang etal. 2009; Felix etal. 2010; Prontera etal. 2011,
Hucthagowder et al. 2012; Piccione et al. 2012; Florisson et al.
2013; Hancarova et al. 2013; Fannemel et al. 2014). All of the
patients were diagnosed with the genotype-first approach using
chromosomal microarray testing and all deletions were of de
novo origin, indicating that copy number losses in this region are
pathogenic.

Compared to patients with 2p15-p16.1 microdeletion syndrome,
patients whose microdeletions occur closer to the centromeric
regions exhibit different clinical features (Fig. 3). Wohlleber et al.
(2011) described two patients with microdeletions in 2p14-p15. The
deletion regions in the two patients do not overlap with those in the

original cases reported by Rajcan-Separovic et al. (2007) (Fig. 3).
Indeed, the patients described by Wohlleber et al. (2011) did not
show any distinctive facial features of 2p15-p16.1 microdeletion
syndrome. These findings establish a borderline at the 62.5-Mb
region, which divides the reported patients into separate categories
(Fig. 3). Patients in the first category have deletions closer to the
telomeric region, near the chromosome band boundary between
2pl16.1 and 2p15. These patients exhibit a typical combination of
clinical features, including mild to severe developmental delay,
growth delay in association with microcephaly, distinctive features,
and brain anomalies.

On the other hand, patients with deletions closer to the
centromeric regions, not including the chromosome band boundary
between 2pl6.1 and 2pl5, do not exhibit the characteristics
described above. Rather, as Jorgez et al. (2014) have suggested,
patients whose chromosomal deletion encompasses the
orthodenticle homeobox 1 gene (OTX1I) region exhibit genitouri-
nary defects with variable penetrance. The study by Jorgez et al.
(2014) included seven patients with microdeletions around 2p15;
six patients exhibited genitourinary defects. The smallest deletion
represented the shortest region of overlap among the patients and
included OTXI, which might be responsible for the observed geni-
tourinary defects. Although the deletion in patient two reported in
this study includes OTXI, the patient did not exhibit any genitou-
rinary defects. Moreover, the two patients described by Wohlleber
et al. (2011) did not exhibit any genitourinary defects either. There-
fore, the phenotypic penetrance of genitourinary defects might be
less than 100% in patients with deletions in this region.

Four patients described by Jorgez et al. (2014) had chromosomal
deletions that extended to the 2p16.1-2p15 boundary region. Their
clinical features were typical of the 2p15-p16.1 microdeletion syn-
drome, suggesting that the 2p16.1-2p15 boundary region is respon-
sible for the characteristic features (Fig. 3).

In this study, we identified the smallest deletion of 2p15 in patient
1. Upon combining it with the deletion region identified in patient
2, we narrowed the shortest region of the microdeletion overlap to
a 114-kb region of chr2:61 618 699-61 733 075. In the overlap
region, only two genes are located, the ubiquitin-specific protease
34 gene (USP34) and the exportin 1 gene (XPOI). Most of the
previously identified 2p15-pl16.1 microdeletions included this
region (Fig. 3). Therefore, USP34 and XPOI are the candidate
genes most likely responsible for the characteristic features.

Some patients have deletions that do not include USP34 and
XPOI, namely the patients reported by de Leeuw et al. (2008),
Hancarova et al. (2013), and Prontera et al. (2011). However, the
clinical features of these patients are quite similar to those of the
patients whose deletions are restricted to the small regions
described above, though they do not overlap. A long-range control
of gene expression due to a genomic-positional effect might explain
this observation (Kleinjan and van Heyningen 2005).

The original report of 2p15-p16.1 microdeletion syndrome sug-
gested an association with autistic features (Rajcan-Separovic et al.
2007). Many patients with this microdeletion syndrome exhibit
autistic features, including the two patients described in the present
study. However, most patients exhibit severe intellectual disability,
and their autistic features cannot be evaluated with any battery of
tests. Patient 1 in this study had the shortest deletion in the 2p15-
p16.1 region, but his developmental delay was severe.

BRAIN MALFORMATION

Brain structural abnormalities were observed in 7 of 14 patients
(50%) with 2p15-p16.1 microdeletion syndrome (Table 3). Among

© 2015 Japanese Teratology Society

115



130

K. Shimojima et al.

CCDC88A POt : E ng \LSL*
ix Jar | R
EFEMP1 [» COMNID] +» i SLCIAd*
CCOCB5A BIGNTR & | i CEPG8
TMEM1T7 - | 1 RABIA=
EHBPT ++ ACTR2»
I SPRED2
Patierlt 1 i
Rajqan-Separovic ef al. 2007 Patient2 1 0
2 ? : i
Chabchoub gt al. 2007 : i
de Leeuw eflal. 2008 £ = A i
Liang et al. 2008 : = ‘
Féli ef al, 2010 : s |
Prontera ef 3/. 2010 i
Wolhlleber ef al. 2011 P1 e o
i P2 e
Fig.3 Genome map of the region around 2p15- Hucthagowder ef al./2012
p16.1 depicting the aberrations identified Picdione et 4/, 2012 P1
in the patients. Bars with arrows on both P2 i
ends indicate the locations of the genes. ~ Hanfarova efal. 2013 =T i i
Red bars, blue bars, and gray bars indi- Flor 55;1“ etpl. 2013 H
cate the deletion regions identified in P2 : :
the present study, previous studies, and a Fanhemel etal. 2014 L
study by Jorgez etal. (2014), respec- Jordez ef /2014 #iH
tively. The shaded gray bars indicate the #2 bt
deletions identified in patients with #
facial features typical of 2pl5-pl6.1 # ” ;
microdeletion syndrome. Whereas the R | m—
parental origins of the deletions in patient e -
2 in this study and in patients #1 and #2 in 5z %5 5 5 %5 &6 Fra— Rt i 5 &7 56 )

the study by Jorgez et al. (2014) were not
examined, the de novo origin of all other
deletions was confirmed.

Table3 Brain anomalies in
microdeletion syndrome

patients with 2pl15-pl6.1

Authors Brain abnormalities
Rajcan-Separovic P1 Bilateral perisylvian cortical dysplasia
etal.
P2 Dysmyelination
Cortical dysplasia
Small anterior pituitary and pons
Hucthagowder et al. Simplified gyral pattern

Hypoplasia of the corpus callosum

Piccione et al. P2 White matter malacia with cerebral
atrophy

Hypoplastic corpus callosum

Simplified gyral pattern

Hypoplasia of the corpus callosum

Small aspects of the cerebelum and

Florisson et al. P1

pons
Cerebral atrophy
Colpocephaly

Jorgez et al. P4

Enlarged cisterna magna

Present patients P1 Complete agenesis of the corpus

callosum
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Critical region for 2p15-p 18,1 microdeletion syndrome

them, three patients showed hypoplasia of the corpus callosum.
Complete agenesis of the corpus callosum was observed for the first
time in 2p15-p16.1 microdeletion syndrome in patient 1 of this
study (Fig. 1). Thus, brain structural abnormalities, especially those
related to the corpus callosum, are characteristic of this syndrome.

GENE FUNCTION

The smallest deletion region in patients with 2pl15-p16.1
microdeletion syndrome includes only two genes: USP34 and
XPO1l.

USP34 is an ubiquitin-specific protease that functions in Wnt
signaling and removes ubiquitin modifications from ubiquitinated
proteins (Lui et al. 2011). Although this pathway is associated with
multiple human diseases, including cancer, the functional relevance
of USP34 haploinsufficiency to the neurological features of 2p15-
p16.1 microdeletion syndrome is unknown.

XPO1, also called chromosome region maintenance protein 1
(CRM1), is one of the nuclear transport receptors. Eukaryotic cells
are compartmentalized into the cytosol and the nucleus, and com-
munication between the compartments is essential for cell mainte-
nance (Raices and D’Angelo 2012). While seven nuclear export
proteins have been identified, XPO1 uniquely mediates the export
of almost all major tumor suppressor proteins (Mugbil et al. 2014).
Inhibition of XPO1 is one approach to restoring the nuclear locali-
zation, activation, and function of multiple tumor suppressor pro-
teins. Leptomycin B was the first natural agent identified that
irreversibly inhibits XPO1 (Kau and Silver 2003). However, the
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