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Abstract

Complex rearrangements of chromosomes 3 and 9 were found in a patient presenting with severe epilepsy, developmental
delay, dysmorphic facial features, and skeletal abnormalities. Molecular cytogenetic analysis revealed 46,XX.ish der(9)
(3qter—3q28::9p21.1-9p22.3::9p22.3-9qter)(RP11-368G14+,RP11-29908 — ,RP11-905L.2++,RP11-775E6++). Her
dysmorphic features are consistent with 3q29 microduplication syndrome and inv dup del(9p). Trio-based WES of the
patient revealed no pathogenic single nucleotide variants causing epilepsy, but confirmed a 3q28q29 duplication involving
FGF12, which encodes fibroblast growth factor 12. FGF12 positively regulates the activity of voltage-gated sodium
channels. Recently, only one recurrent gain-of-function variant [NM_021032.4:¢c.341G>A:p.(Argl 14His)] in FGFI2 was
found in a total of 10 patients with severe early-onset epilepsy. We propose that the patient’s entire FGF12 duplication may
be analogous to the gain-of-function variant in FGFI2 in the epileptic phenotype of this patient.

Introduction

Fibroblast growth factor 12 encoded by the FGF12 gene, is
an accessory protein which binds to the C-terminal of the
alpha-subunit of fast sodium channels associated with
voltage-dependent inactivation [1]. Siekierska et al. recently
reported a recurrent pathogenic variant of FGFI2
[NM_021032.4:c.341G>A:p.(Argl 14His)], which causes
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early-onset epileptic encephalopathies with cerebellar atro-
phy [2], To date, a total of 10 patients with the identical
FGFI2 variant (c.341G>A) have been reported [2-6].
Takeguchi et al. suggested that the phenotypic features of
this FGFI2 recurrent variant include severe epileptic
spasms with/without the brain abnormality characterized by
cerebral atrophy [6].

In this study, we encountered a 14-year-old Japanese girl
with complex chromosomal rearrangements. We present a
detailed clinical evaluation together with intensive genomic
analysis, and discuss new evidence for the etiology of
epileptic encephalopathy.
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Material and methods
Patient

The 14-year-old female patient (II-1) and her parents (I-1
and I-2) participated in Initiative on Rare and Undiag-
nosed Diseases (IRUD) in Japan. Written informed con-
sent to participate in this study was obtained from the
patient and her parents. This study was approved by
Institutional Review Boards of Yokohama City University
Graduate School of Medicine, National Center for Child
Health and Development and Tokyo University Graduate
School of Medicine, and Shinshu University School of
Medicine.

Genetic analysis
Whole exome sequencing

Trio-based whole exome sequencing (WES) was performed
for the patient and her parents. Genomic DNA was
extracted from peripheral blood leukocytes using a standard
method, captured by the SureSelect Human All Exon v6
(Agilent Technologies, Santa Clara, CA, USA), and
sequenced on an Illumina HiSeq 2500 system (Illumina,
San Diego, CA, USA) using 101-bp paired-end reads.
Exome data was processed as previously described [7, 8].
The mean whole exome sequencing read depth in the
RefSeq protein-coding regions was 70.38%, 73.29%, and
70.41x for the proband, her father and her mother, respec-
tively. There was at least 94.4% coverage of the target
regions with 20 reads or more in all of them. To identify
causal variants for neurodevelopmental disorders, variants
were excluded that were either synonymous, registered in
our in-house whole exome database of 575 Japanese control
individuals, or in the NHLBI Exome Sequencing Project
(http://evs.gs.washington.edu/EVS/), Human Genetic Var-
iation Database (http://www.genome.med.kyoto-u.ac.jp/
SnpDBY/) [9], Exome Aggregation Consortium (http://exac.
broadinstitute.org/), or Tohoku Medical Megabank Orga-
nization (http://www.megabank.tohoku.ac.jp/english/)
databases. We evaluated the remaining variants under the
assumption of autosomal dominant, recessive, and X-linked
dominant disease, with particular focus on rare variants in
known genes for neurodevelopmental disorders. Copy
number variations (CNVs) were detected from the WES
data as previously described [10, 11]. Two algorithms were
used: the eXome-Hidden Markov Model (XHMM) and
Nord’s method [12, 13]. In brief, XHMM detects CN'Vs by
analyzing normalized raw exome read depth data with
principal-component analysis (PCA) of the complete coding
regions. Nord’s method was performed using genes mapped
around the region identified by XHMM.
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Quantitative PCR (qPCR)

In order to confirm the CNVs which were detected from the
WES data using XHMM and Nord’s method, gPCR was
performed using the Rotor-Gene Q real-time PCR cycler
(Qiagen, Hilden, Germany) as previously described
[14, 15]. Briefly, two primer sets were designed for each
CNV region. The Rotor-Gene SYBR Green PCR kit (Qia-
gen) was used for the current gPCR testing according to the
manufacture’s manual. STXBP1 (NG_016623.1) and FBNI
(NG_008805.2) genes were used as references. The
sequences of the primers are shown in Table S1. Each
gPCR reaction was performed in duplicate and relative
quantification analysis was performed using the relative
standard curve method.

G-banded karyotyping and multi-color FISH

G-banded karyotyping and multi-color FISH of the
patient’s chromosomes were performed by LSI Medience
Corporation (Chiyoda-ku, Tokyo, Japan). Analysis was
performed under the provision of information from the
CNYV analysis.

Fluorescence in situ hybridization (FISH)

Metaphase chromosomes from the patient were prepared
from her peripheral blood leukocytes as previously descri-
bed [14, 15]. Briefly, appropriate RPCI-11 human bacterial
artificial chromosome (BAC) clones were selected from the
genome database to confirm the chromosomal rearrange-
ments related to CNVs of chromosomes 3 and 9. One
hundred nanogram of each DNA from BAC clone was
labeled using the nick translation kit (Abbott Molecular,
Des Plaines, IL) with Green-dUTP, Orange-dUTP, or Aqua-
dUTP (Enzo Life Science, Farmingdale, NY). Three probes
labeled with different colors were mixed and hybridized to
chromosome preparation for 24-48h. After washing,
VECTASHIELD Antifade Mounting Medium with 4',6-
diamidino-2-phenylindole (DAPI) (Vector Laboratories,
Burlingame, CA) was used for counterstaining and
mounting on slides. Images were captured using the Carl
Zeiss Microscopy Axio imager M2 (Carl Zeiss, Oberko-
chen, Germany) and Carl Zeiss Microscopy Zen2 (Carl
Zeiss).

Results

Clinical information

Detailed clinical features of the patient are summarized in
Table 1 and Table S6. The proband (II-2) showed severe
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Table 1 Clinical features of the current and reported patients with inv dup del(9)

Current case Recalcati et al. Hulik et al. ~ Swinkles Swinkles
et al. case 6 et al. case 7
(XX) (XY) XX) (XX) XX)
9p deleted region 9p24.3p22.3  9p24.3p22.2 9p24.3p24.2 9p24.3p22.2 9p24.3p22.3
9p duplicated region 9p22.3p21.1 9p22.2p12 9p24.2p21.3 9p22.2p13.3 9p22.3p12 Count
(ratio %)

9p deletion/duplication features
Developmental delay + + + + + 5/5 (100)
Psychomotor retardation + + + + + 5/5 (100)
Hypotonia — + + + + 4/5 (80)
Hypertelorism + + + - — 3/5 (60)
Low-set and posteriorly angulated ears + + + + + 5/5 (100)
Skeletal malformations =+ + - + - 3/5 (60)

9p deletion features
Trigonocephaly - - - + + 2/5 (40)
Midface hypoplasia + + + + +/— 4/5 (80)
Up slanting palpebral fissures - - - - + 1/5 (20)
Short palpebral fissures — — — + + 2/5 (40)
Anteverted nostrils + - . + + 3/5 (60)
Long philtrum + + + + +/— 4/5 (80)
Thin upper lip + + + + + 5/5 (100)
Micrognathia — — + + + 3/5 (60)
Short/broad neck + + — + — 3/5 (60)
Cardiac defects — + — + + 3/5 (60)
Genital/gonadal disorders — + - - — 1/5 (20)
Inguinal hernia — + — — — 1/5 (20)
Omphalocele — — - + — 1/5 (20)

9p duplication features
Speech/language delay + + NA + + 4/5 (80)
Growth retardation/ short stature + - + + + 4/5 (80)
Microcephaly/brachycephaly - + - - - 1/5 (20)
Deep and wide-set eyes — — + — — 1/5 (20)
Down slanting palpebral fissures + + - - - 2/5 (40)
Bulbous nasal tip + + + + + 5/5 (100)
Short philtrum - - - — - 0/5 (0)
Downturned corners of the mouth - — + — - 1/5 (20)
Highly arched palate + + - + + 4/5 (80)
Cleft palate/lip - — + - - 1/5 (20)
Toes with short/dystrophic nails — — + - — 1/5 (20)
Clinodactyly - — + - - 1/5 (20)
Epilepsy + - - — - 1/5 (20)

Note: This table was referred to Table 2 in the previous report by Recalcati et al. [23]

NA not available

epilepsy, hypoglycemia with hyperinsulinemia, multiple
dysmorphic features, motor developmental delay, intellec-
tual disability, and congenital hypothyroidism (Fig. 1d-g).
She was born to non-consanguineous Japanese parents (I-1
and I-2) at 35 weeks of gestation with an Apgar score of 9 at

1 min and 10 at 5 min. She was admitted to the new-born
intensive care unit (NICU) due to hypoglycemic convul-
sion, which occurred on the first day of life. After admit-
tance to the NICU, where she received continuous
administration of a glucose infusion, octreotide, and
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Fig. 1 Clinical presentation of the identified 3q28q29 duplications
with inv dup del(9p). a Pedigree of the current family. The proband is
indicated with arrow. b and ¢ T1 weighted brain magnetic resonance
imaging (MRI) at 41 days following birth (b) and at four years of age
indicating mild frontal brain atrophy (c). d Picture of right foot indi-
cating third toe overlapped by fourth toe. e Bilateral X-ray of feet
showing short third and fourth bradymetatarsus. f and g Facial pictures
of the patient indicating low-set and posteriorly angulated ears,

leucine-reduced milk. After intensive care with adminis-
tration of continuous glucose infusion, octreotide, and
leucine-reduced milk, she could keep her sufficient blood
glucose level with 10 mg/kg diazoxide. Repeated abdominal
ultrasonic echography revealed no morphological abnorm-
alities of the pancreas. In the neonatal period, she exhibited
hyperbilirubinemia, which required phototherapy and
exchange transfusion; and congenital central hypothyroid-
ism, which was treated with levothyroxine (LT4). Magnetic
resonance imaging (MRI) at the age of 4 years showed
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hypertelorism, down slanting palpebral fissures, mid face hypoplasia,
bullous nasal tip, anteverted nostrils, long philtrum, and thin upper lip.
h Electroencephalogram (EEG) at 26 weeks of age showing left
anteriotemporal polyspike-wave pattern. i Electroencephalogram
(EEG) at eleven months of age showing hypsarrhythmia. j EEG at
12 days after the initiation of intravenous immunoglobulin therapy for
epileptic spasms indicating disappearance of hypsarrhythmia

normal pituitary and laboratory data that did not suggest any
hypopituitarism.

Despite maintaining sufficient glucose levels, she
developed paroxysmal episodes of motion arrest and staring
at age six weeks. These episodes once disappeared after
starting oral phenobarbital with the diagnosis of epilepsy
although inter-ictal EEG was normal findings. Additional
zonisamide was effective against the seizures of tonic pos-
turing with staring at age 16 weeks. Interictal EEG at age of
26 weeks first revealed abnormal patterns such as multifocal
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spike-wave and polyspike-wave (Fig. 1h). She developed
epileptic spasms with clusters as dozen times per day at age
11 months with hypsarrhythmia on interictal EEG (Fig. 1i).
We chose intravenous immunoglobulin therapy (IVIG)
prior to adrenocorticotropic hormone because we con-
sidered the side effects to hyperglycemia and severe infec-
tion. IVIG successfully led to termination of spasms in one
week, and disappearance of hypsarrhythmia was confirmed
at 12th day (Fig. 1j) [16]. However, partial seizures with
unconsciousness, which were resistant to multiple anti-
epileptic drugs, have remained. Initial MRI findings at the
age of 41 days were unremarkable, but the second MRI
indicated mild frontal lobe atrophy at the age of 4 years
(Fig. 1b, c). She could not stand without support and could
speak only two-word-sentence at the age of 14 years. Her
birth length, weight, and head circumference was 47.0 cm
(SD: 0.0), 2.35kg (SD: 0.7), and 33.5cm (SD: —0.7),
respectively. At the age of 14 years, her height, weight,
body mass index, and head circumference was 147.0 cm
(SD: —1.82), 37.7kg (SD: —2.18), 17.4 (percentile: 11.5),
and 52.4 cm (SD: —1.99), respectively.

Identification of the current structural variation
from WES data

Trio-based WES analysis did not detect any causative var-
iants in known genes related to neurodevelopmental dis-
orders with epilepsy. On the other hand, the large deletion
and duplications at chromosome 3 and chromosome 9 were
detected by XHMM (Table S2, S3 and S4). A large
duplication from 3q28-q29(3qter) (7.2 Mb in size), a large
deletion from 9p24.3(9pter)-p22.3 (14.2Mb) and a large
duplication of 9p22.3-p21.1 (17.4 Mb) were identified both
by Nord’s method and qPCR (Fig. 2a, b).

Structural rearrangements revealed by fluorescence
in situ hybridization

The 24-color FISH (mFISH) indicated that the subtle seg-
ment derived from chromosome 3 had translocated to one of
the distal short arms of chromosome 9 (Fig. SIA, B).
However, the corresponding segment of chromosome 9 was
not observed anywhere other than chromosomes 9 (Fig. 3a—d
and S1A, B). Together with CNV from WES data, the
patient’s G-banded karyotype was considered to be 46,XX.
ish der(9)(3qter—3q28::9p21.1-9p22.3::9p22.3—>9qter).
To address the orientation of the CNV segments, five
BACs were selected (Table S5) and three color FISH was
performed using two combinations (I and II) as follows. I:
RP11-466H23 (3p26, labeled orange), RP11-368G14
(3928, yellow) and RP11-775E6 (9p21.1, aqua) (Fig. 3e);
II: RP11-29908 (9p24.3, green), RP11-905L2 (9p22.2,
orange), and RP11-775E6 (9p21.1, aqua) (Fig. 3i).

Combination I revealed that the segments including 3q28
and 9p21.1 were both observed on derivative chromosome
9 (der(9)) (Fig. 3e—h). Combination II also confirmed that
der(9) had inverted duplication of the segment 9p22.2-
p21.1, and deletion of the segment including 9p24.3, as it is
called inv dup del 9p. The FISH images showed a green-
orange-aqua pattern (direct orientation) on normal chro-
mosome 9 and another aqua-orange-orange-aqua pattern on
der(9) (Fig. 3i-1). These patterns were consistently observed
metaphases. Summarizing these data, this patient had a
complex abnormal chromosome 9 consisting of unbalanced
translocation between chromosome 3 and 9 with inv dup del
(9p). The current chromosomal abnormalities are described
as follows: 46,XX.sh der(9)(3qter—3q28::9p21.1—
9p22.3::9p22.3—-9qter)(RP11-368G14+,RP11-29908—,
RP11-905L2++,RP11-775E6++). We could not confirm
whether our patient’s rearrangements occurred de novo as
the parents did not wish for their chromosomes to be
analyzed.

Discussion

In this study, we encountered a 14-year-old Japanese patient
with severe epilepsy, developmental delay, dysmorphic
facial features, and skeletal abnormalities. We performed
trio-based WES and found that the patient had the complex
chromosomal rearrangements with entire FGF12 duplica-
tion. Considering her chromosomal rearrangements, she has
both 9p deletion and the 3q28q29 microduplication syn-
dromes. The common phenotypic features observed in both
typical 9p deletion syndrome and 3929 microduplication
syndrome are multiple dysmorphisms, mild to moderate
psychiatric disabilities and/or delay (Table 1, S6 and S7). In
the following sections, we will argue that our clinical eva-
luation and intensive genomic analysis suggest that the
patient’s epileptic encephalopathy may be caused by the
gain-of-function in FGF12 due to its duplication.

Confirming inv dup del(9p) in the current patient, clinical
features were compared with those of four previously
reported patients with inv dup del(9p) (Table 1) [17-20].
Common clinical features are developmental delay (5/5,
100%), psychomotor retardation (5/5, 100%) and speech/
language delay (4/5, 80%) [21-23]. Head and neck dis-
morphologies described by Recalcati et al. are also observed
in our patient (Table 1) [23].

Our patient developed neonatal-onset epilepsy followed
by West syndrome, which are one of the common types of
epileptic encephalopathy. However, this contrasts with the
patients with 9p deletion syndrome who were previously
reported [21-24]. On the other hand, the phenotypic fea-
tures of 3q29 duplication syndrome (MIM611936) is het-
erogeneous (Table S6) [17, 18, 20, 25].

SPRINGER NATURE
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Fig. 2 Copy number changes in this patient. Copy number changes in
chromosomes 3 (a) and 9 (b) based on WES data. Results from
XHMM are described in the upper portion and results from Nord’s
method are in the lower portion. The gPCR results are shown in lower
right. The total number of genes located at the duplication of 3q28q29,
the deletion of 9p24.3p22.3 and the duplication of 9p22.3p21.1 are 78,
53 and 73, respectively (the lists are shown in Table S2-S4). As for
XHMM, X-axis shows the genomic position and Y-axis indicates the Z
score of each target probe. For Nord’s method, 14 to 25 genes are
selected, mapped around CNVs (data not shown). The X-axis shows
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arrays of targeted genes with different colors based on their propor-
tional physical length and the Y-axis shows log2 ratios for each tar-
geted base in the tested genes. In each method, blue and dark orange
thick bars represent copy number gain and loss, respectively. We
detected a 7.2-Mb deletion at 3q28q29, 14.2-Mb deletion at
9p24.3p22.3 and 17.4-Mb duplication at 9p22.3-9p21.1. For qPCR,
X-axis shows respective samples, and Y-axis shows the relative copy
number. Targeted genes for gPCR are shown below the bar graphs. A
normal female control and family members were used reference
for qgPCR
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chr3 chr3 chr3 chr9
(E)
3p26.3: Orange @
3028: Yellow

9p21.1: Aqua ®

chr3 c¢hr8 chr9 der(9)
Normal

|
M 9p24.3: Green ®
9p22.2: Orange @
9p21.1: Aqua @

chr9 der(9)
Normal

Notably, only two cases with 3q29 duplication syndrome
(2/15, 13.3%) had epilepsy, while the other 13 and two
cases registered in DECIPHER did not displayed no evi-
dence of this condition (Table S6 and S7) [17-20, 25]. In
fact, 3q29 duplication syndrome which has been previously
described across three generations showed a mild

chr9 der(9)

phenotype with no epilepsy [25]. The 3g28 duplication in
the current patient involved FGFI2, which encodes fibro-
blast growth factor 12 (OMIM 601513) (Fig. 4). After
careful evaluation of genes involved in 9p24.3p22.3 dele-
tion, 9p22.3p22.1 duplication and 3q28ter duplication,
FGFI2 only remained as a strong candidate for severe

SPRINGER NATURE



Y. Oda et al.

<« Fig. 3 G-banded karyotyping and three-color metaphase FISH deli-
neating inv dup del(9p). The presentation of g-banded chromosomes 3,
9, and der(9). a—d Chromosomal segments of 3q28—3qter, Ipter—p22
and 9p22 to 9p21 are indicated by I, II, and III, respectively, together
with an arrow depicting the direction. e Schematic representation of
the BAC probe mix I: 3p26.3 (RP11-466H23: orange, white doubled
arrowheads), 328 (RP11-368G14: green, as represented in yellow,
depicted by white arrowheads) and 9p21.1 (RP11-775E6: aqua,
represented in blue-green, depicted by white arrow). FISH results
using these BACs are shown in f-h. f Metaphase FISH result from the
patient. Duplicated 9p21.1 (aqua) with 3q28 (yellow) on derivative
chromosome 9, two normal depictions of chromosome 3 similarly
signaled with 3p26.3 (orange) and 3q28 (green) and one normal
chromosome 9 with 9p21.1 (blue-green). Close up views of normal
chromosomes 3 and one chromosome 9 (g) and one derivative chro-
mosome 9 (h). i Schematic presentation of BAC probe mix II: 9p24.3
(RP11-29908: green, doubled black arrowheads with white outline),
9p22.2 (RP11-905L2: orange, filled black arrowheads with white
outline), and 9p21.2 (RP11-775E6: aqua, filled black arrows with
white outline). FISH result using these BACs are shown in j-1. j
Metaphase FISH in the patient. Normal chromosome 9 is seen with
signals of 9p24.3 (green), 9p22.2 (orange) and 9p21.1 (aqua) from
Opter to centromere. The derivative chromosome 9 with duplicated
RP11-775E6 signals (aqua) between duplicated RP11-905L2
(orange). Close up views of chromosome 9 (k) and derivative chro-
mosome 9 (1)

early-onset epileptic encephalopathy (please see Supple-
mentary information, and Tables S8 and S9). The identical
missense variant (NM_021032.4:¢c.341G>A:p.Argl 14His)
[2-6, 26, 27] and the entire FGF12 duplication in the cur-
rent both may likely be gain-of-function changes.

In our patient, despite of trio-based WES analysis and
intensive chromosomal analysis, no causative variants were
found which explain her congenital hypoglycemia with
hyperinsulinemia and congenital central hypothyroidism
[28-30]. The first and second MRI studies suggested that
hypoglycemic encephalopathy was unlikely. Resistance to
multiple antiepileptic drugs in controlling her epilepsy
strongly indicates that it has a monogenic origin. Therefore,
FGFI12 duplication, which is possibly analogous to the
gain-of-function FGFI2 variant, may be the cause for her
epilepsy.

In conclusion, we found a patient having 9p deletion and
3929 microduplication syndromes together with entire
FGF12 duplication. We propose FGFI2 duplication could
be similarly epileptogenic to the identical FGF12 variant
repeatedly found.

190.00 Mb

o FGF12 | ™

191.00 Mb 192.00 Mb 193.00 Mb

current case

Fig. 4 3928929 duplications. Chromosome 3 and corresponding genes
are shown based on data from DECIPHER (https://decipher.sanger.ac.
uk/). Horizontal thick bars indicate duplicated regions of the current
patient and other registered patients. Green bars show epilepsy and
blue bars show no epilepsy. From the top of the bars to the bottom,
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194.00 Mb 195.00 Mb 196.00 Mb 197.00 Mb

331860

266509

Lisi et al., 2008

Fernandez-Jaen et al., 2014

Quintela et al., 2015

Tassano et al, 2018, patient1

Tassano et al, 2018, patient2

duplications are shown of the current case, 331860 (DECIPHER ID),
266509 (DECIPHER ID), each patient described by Lisi et al,
Fernandez-Haen et al., Quintela et al., and patients 1 and 2 by Tassano
et al. [19, 20, 25, 31]
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