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Abstract

Early-onset developmental and epileptic encephalopathy (DEE) is a group of devastating disorders that appear during the
neonatal and infantile periods. Despite great progress in the discovery of genes leading to early-onset DEE, many cases with
unexplained etiology remain. Furthermore, to date, the association of copy number variations (CNVs) with early-onset DEE
has seldom been addressed. Here, we investigated the contribution of CNVs to epilepsy in a cohort of Japanese children with
a variety of early-onset DEEs. Single nucleotide polymorphism (SNP) array analysis was performed for 83 cases that were
previously negative for pathogenic single nucleotide variants (SNVs) in 109 genes known or suspected to cause epileptic
seizures. Rare CNVs were detected in a total of 12 cases (14.4%), of which three cases (3.6%) involved clearly pathogenic
CNVs and nine cases (10.8%) were CNVs of uncertain significance. The three pathogenic CNVs included two de novo
heterozygous deletions involving known epileptic encephalopathy genes, such as GABRG2 and PCDHI9, and one
maternally inherited duplication encompassing MECP2. Our findings indicate rare CN'Vs are also relevant for the diagnosis
of early-onset DEESs, highlighting the importance of not relying only on the investigation of SNVs/small indels at the risk of

missing large deletions and duplications.

Introduction

According to the International League Against Epilepsy
(ILAE), epileptic encephalopathy (EE) is a group of
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epilepsy syndromes in which the epileptic activity itself
may contribute to severe cognitive and behavioral impair-
ments above and beyond what might be expected from the
underlying pathology alone, with potential worsening of
these impairments over time [1]. Early-onset developmental
and epileptic encephalopathy (DEE) is an EE in which the
onset occurs during the neonatal or infantile periods.
Common early-onset DEE syndromes include Ohtahara
syndrome (Online Mendelian Inheritance in Man [2] num-
ber, OMIM# 308350), West syndrome (OMIM# 308350),
Dravet syndrome (OMIM# 607208) and Malignant
Migrating Partial Seizures in Infancy (MMPSI, OMIM#
614959). In Far-East Asia, a total of 47% of infants with
DEEs were classified into West syndrome [3]. Febrile sei-
zures (FS) occur more frequently in Japanese young chil-
dren, ranging between 3.4 and 9.3% [4], in contrast to the
frequency of 2-5% found in Caucasian patients [5].

The refractory epileptic activity itself interferes with
brain development and causes severe neurological con-
sequences, especially in the immature brain [6]. Accord-
ingly, earlier ages of disease onset, especially those in the
first year of life, are likely to have much poorer outcomes
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{ Undiagnosed early-onset DEE patients (n=214) }

[ Targeted 109-gene panel (Ishii et al. J Med Genet. 2017) }

{ Negative cases (n=83) }

[ SNP array (This study) }

Non-causative CNVs
(n=71)

{ Rare, likely causative CNVs (n=12) }

{ VUS (n=9) } [ Pathogenic CNVs (n=3) ]

Fig. 1 Flowchart of the strategy of this study and summary of SNP
array results. CNV copy number variation, DEE developmental and
epileptic encephalopathy, VUS variant of uncertain significance

[7]. Therefore, early intervention and control of the seizures
are beneficial, particularly for younger children [8]. The
genetic component in the etiology of epilepsy has long been
recognized, with estimates of it accounting for 32% of all
epilepsies, 23% of focal epilepsy and 36% of nonfocal
epilepsy [9]. Approximately 20-30% of epilepsy cases are
caused by extraneous factors such as head trauma or stroke
[10]. However, without genetic analysis, the clinical diag-
nosis of epilepsy syndromes is challenging due to unspecific
and overlapping phenotypes [11]. Recently, a large number
of causative epileptic genes have been detected, and
approximately 30-50% of infants with EEs have been
reported to have causative mutations [12, 13]. Nonetheless,
many cases remain unsolved.

Copy number variations (CNVs) are DNA segments that
differ in copy number at least 1kb in size compared to a
reference genome [14]. Several studies have documented
correlations between CNVs and various neurodevelop-
mental disorders, such as intellectual disability (ID), schi-
zophrenia and autism, where CNV's were determined to play
an important role in their genetic etiology [15]. In epilepsy
genetics, the focus has been put on the investigation of
monogenic epilepsies caused by single nucleotide variants
(SNVs). Consequently, the involvement of CNVs in the
pathogenesis of epilepsy, particularly to early-onset DEEs,
has seldom been addressed. Targeted resequencing, either
by custom or commercial gene panels, has been the pre-
dominant approach for the diagnosis of several disorders,
including epilepsy. However, a major limitation is that only
SNVs and small indels can be identified, while large
duplications and deletions are ignored in most cases [16].

In this study, we investigated the contributions of CNVs
in a cohort of Japanese children with early-onset DEEs of
unknown etiology who were previously investigated for
point mutations in known epilepsy genes.
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Materials and methods
Subjects

Our cohort consisted of 83 unrelated subjects (26 males and
57 females) of Japanese origin, except for two subjects of
British and one of Bengali origin. The subjects were pre-
viously examined for the presence of pathogenic SNVs
using a sequencing screen with a custom targeted 109-gene
panel [17]. This panel included around 70% of well-
established causative early-onset DEE genes such as
SCNIA and KCNQ?2, as well as other genes suspected to
cause epileptic seizures. A flowchart showing the strategy
of this study is displayed in Fig. 1. The subjects were
clinically diagnosed based on clinical features, character-
istic electroencephalogram (EEG) patterns or magnetic
resonance imaging (MRI). The majority of the patients were
clinically classified as Dravet syndrome or symptomatic
epilepsy (Table 1).

Genomic DNA was extracted from peripheral blood
following standard procedures. Written informed consent
was obtained for all patients from their parents or legal
guardians to participate in the project. This study was
approved by the ethics committees at Tokyo Medical and
Dental University (Approval number 2015-2) and Fukuoka
University (Approval number 06-51).

Single nucleotide polymorphism (SNP) array
analysis

An SNP array was performed on genomic DNA samples
from 83 cases using an Illumina HumanOmniExpress 24-
v1-1 BeadChip kit (Illumina, San Diego, CA, USA), which
contains 713,599 markers and has a mean overall spacing of
4.08 kb. All experiments were carried out following the
manufacturer’s instructions. Data extraction and CNV
calling was performed with KaryoStudio v1.4 software
(Ilumina) using the cnvPartition v3.0.7 plug-in algorithm.
Genomic coordinates refer to the GRCh37/hgl9 human

Table 1 Clinical diagnosis and characteristics of the cohort (n = 83)

Gender
Male 26 (31%)
Female 57 (69%)
Clinical diagnosis
Dravet syndrome 27 (32%)
Symptomatic epilepsy 18 (22%)
Ohtahara syndrome 9 (11%)
MMPSI 5 (6%)
Others 24 (29%)
Total 83

MMPSI malignant migrating partial seizures in infancy
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genome assembly. A threshold of >50 kb and seven markers
were set for the analysis of duplications, whereas a
threshold of >10 kb and five markers were set for deletions.
For the analysis of copy-neutral loss of heterozygosity
(CNLOH), the cut-off length was set at 3 Mb.

Data interpretation

CNVs were evaluated in accordance to the standards and
guidelines proposed by the American College of Medical
Genetics (ACMG) [18] for the interpretation of postnatal
constitutional CNVs, being ultimately classified as patho-
genic, variant of uncertain significance (VUS) or benign.
The following criteria were considered substantially indi-
cative of a pathogenic CNV: (1) the presence of genes
known to cause epileptic seizures; (2) a phenotype identical
to previously reported cases; (3) de novo occurrence; and
(4) rare, i.e., not reported or present at a low frequency in
public CNV databases, such as the Database of Genomic
Variants (DGV) [19], or in our internal MCG CNYV database
(http://www.cghtmd.jp/CNVDatabase). For the remaining
CNVs that did not include a known epilepsy gene, we
considered several characteristics regarding their gene
content (e.g., gene function, expression patterns, and
knockout mouse model phenotype). For genes included in
heterozygous losses, pLI scores from the constraint metrics
provided by the Exome Aggregation Consortium (ExAC)
[20] database were also examined. High pLI scores (20.9)
indicate that a gene might be extremely intolerant to a loss-
of-function mutation, thus suggesting haploinsufficiency.

Confirmation of the results by quantitative real-time
PCR (qPCR)

Candidate CNVs were validated by qPCR, which was per-
formed with samples from the patients and their parents.
Briefly, qPCR was carried out with the KAPA SYBR FAST
gPCR Master Mix (KAPA Biosystems, Wilmington, MA,
USA) on a 7500 Real-time PCR System (Applied Biosys-
tems, Carlsbad, CA, USA). As controls for copy number
calibration, samples obtained from healthy donors and the
gPCR values for GAPDH were used for normalization. All
samples were run in triplicate, and the data were analyzed
using the comparative cycle threshold method, which assumes
that the calibrator DNA has two copies of the control gene
[21]. The qPCR primer sequences are available upon request.

Androgen receptor methylation assay

The methylation status of the human androgen receptor (AR)
gene at Xql2 was assessed to infer X chromosome inacti-
vation using blood-derived DNA samples from the female
patient with a deletion that disrupts PCDH19 and the mother

carrier of a MECP2 duplication. The primers and protocol for
restriction digestion with the methylation-sensitive Hpall
enzyme (New England Biolabs, Ipswich, MA, USA) are
described in Kiedrowski et al. [22]. The PCR method was
adapted from that developed by Schuelke [23] to fluorescently
label PCR fragments. The PCR products were separated by
capillary electrophoresis on an ABI 3730x/ DNA Analyzer
(Applied Biosystems) with the GeneScan 500 LIZ size stan-
dard (Applied Biosystems), and fragment analysis was per-
formed with GeneMapper software (Applied Biosystems).

Results

CNV analysis using an SNP array for 83 patients with epi-
leptic disorders detected rare CN'Vs that might be potentially
linked to the phenotype of 12 cases (14.4%): pathogenic
CNVs in three cases (3.6%) and VUS in nine cases (10.8%)
(Fig. 1, Table 2). The 12 CNVs were further confirmed by
gPCR. The analysis of CNLOH did not indicate an excess of
homozygous regions; therefore, no case of uniparental dis-
omy (UPD) was detected in our cohort.

Pathogenic CNVs

The CNVs detected in patients 1—3 included genes that are
well known to cause epilepsy (Figs. 2—4, Table 2), and the
clinical findings of these patients were consistent with the
phenotypes generally correlated with aberrations involving
the same genes. Therefore, we concluded the rearrangements
to be clearly associated with the epileptic phenotypes of these
three cases.

In patient 1, a 10-Mb deletion was detected at 5q33.2-
q34, encompassing a total of 39 protein-coding genes
annotated in the Reference Sequence [24] (RefSeq) data-
base, of which the following are known to cause epileptic
seizures: GABRB2, GABRAI, GABRG2 and CYFIP2
(Fig. 2). The proband is a boy who showed early seizure
onset at 1 year and 1 month of age, with febrile seizures
(FS) as the initial seizure type. He also presented with
generalized tonic-clonic seizures with abnormal EEG find-
ings, slight ventriculomegaly at brain MRI examination and
moderate ID. The deletion was found to be de novo.

Patient 2 was found to have a de novo 6.7-Mb deletion at
Xq21.32-q22.1 partially involving the PCDHI9 gene
(Fig. 3), with the breakpoint located within intron 2 of
variant 1 (RefSeq NM_001105243). The proband is a girl
who had early seizure onset at 1 year and 1 month of age,
with an initial seizure type of generalized tonic seizures.
The seizures were highly sensitive to fever and occurred in
clusters. She also presented with borderline ID. All of the
abovementioned features are typically found in patients
with PCDH]I9-related epilepsy (OMIM# 300088). Since
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Fig. 2 SNP array result of Patient 1. a SNP array profile of the 10-Mb
deletion detected at 5q33.2-q34. The deleted region is depicted in
black. b Mapping of the deletion using the UCSC Genome Browser.
Genes within the deletion previously associated with epileptic

PCDH19 is located in the X chromosome, we performed an
AR methylation assay to investigate the X chromosome
inactivation pattern in the proband, which was highly
skewed (87%:13%).

Patient 3 was found to have a 1.1-Mb duplication at Xq28
including the MECP2 gene (Fig. 4). Parental analysis indi-
cated maternal inheritance of the duplication. The proband is
a boy whose seizure onset was at 2 years and 4 months of
age, with a generalized initial seizure type. Other seizure
types included febrile, absence, generalized tonic-clonic and
atonic seizures. The patient also presented with severe 1D,
abnormal EEG findings, hypotonia, impaired speech, loss of
ambulation, and recurrent infections, features that are
usually encountered in other males with MECP2 duplication
syndrome (OMIM# 300260). He also had hypoplasia of the
corpus callosum and pons, a typical finding for those who

encephalopathy (CYFIP2, GABRB2, GABRAI and GABRG?2) are
highlighted in red. ¢ Cases with copy number variations involving the
cluster of GABA, receptor genes at 5934 in the literature, represented
by red bars (color figure online)

have copy number gains that overlap two low copy repeats
(LCRs), LCRK2 and LCRLI1 [25]. Since his duplication was
maternally inherited, we sought to determine the X inacti-
vation pattern in the reportedly unaffected mother; her X
chromosome inactivation was extremely  skewed
(90%:10%), a pattern often seen in female carriers of X-
linked pathogenic mutations.

Variants of uncertain significance

Of the 12 rare CNVs detected in this study, nine were
classified as VUS since pathogenicity could not be
unequivocally assigned to these variants. This category
includes CNVs that overlap with a few previously reported
cases that presented with epilepsy, for example, the CNVs
involving CNTN6 (patient 5) or TUBB3 (patient 12) in

SPRINGER NATURE
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Fig. 3 SNP array result of Patient 2. a SNP array profile of the 6.7-Mb
deletion detected at Xq21.32-q22.1. The deleted region is depicted in
black. b Mapping of the deletion using the UCSC Genome Browser.
The deletion disrupts the PCDH19 gene, which is highlighted in red,

which parental analysis determined they were inherited
from an unaffected parent.

Notably, we detected four rearrangements in the 15q11.2
locus of which two were duplications (patients 8 and 9) and
two were deletions (patients 10 and 11) (Supplementary
Fig. S1). Recurrent microdeletions or microduplications in
15q11.2 are known to increase susceptibility to neu-
ropsychiatric or neurodevelopmental disorders, including
seizures [26]. Moreover, previous studies have detected
15q11.2 microdeletions in patients with idiopathic general-
ized epilepsies and other types of epilepsy [27, 28]. How-
ever, early-onset DEEs are unlikely to be caused solely by
subtle genetic alterations that confer susceptibility; therefore,
whether 15q11.2 rearrangements could in fact be involved in
the etiology of early-onset seizures is unclear. Thus, the four
CNVs in this study were classified as VUS, even though two
of them (found in patients 9 and 11) occurred de novo.
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Vincent et al. 2012 [_-:

Higurashi et al. 2013 [ =
Breuillard et al. 2016 [ -|

Smith et al. 2018 [ —
|

. Y
Kurian et al. 2018 [ A

and includes exons 3-5 of variant 1 (RefSeq NM_001105243). ¢
Cases with copy number variations involving PCDH19 reported in the
literature. Red bars represent deletions and the blue bar represents
a duplication (color figure online)

Among the CNVs classified as VUS were two hetero-
zygous deletions involved in genes that have never been
associated with epilepsy; yet, based on their functions, we
considered that they could be novel candidate genes:
LRFN4 (11q13.2) in patient 6 and SYT/0 (12pl1.1) in
patient 7. However, as parental analysis revealed that the
two deletions were inherited from unaffected parents, a
causal role in epilepsy cannot be attributed to either of
these genes yet.

Discussion

We performed an SNP array analysis of 83 patients with
early-onset DEE and detected rare CNVs in 12 cases.
Among them, three cases with clearly pathogenic CNVs
that encompassed known epilepsy genes were found.
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sLCeRsS i SRFKS I AVFRZ N IRAK1 RPL1iG | SLC18AS | FAM223A 1
sLcERS 10H3G | AVFRZ | IRAKL RFL18] SLC18A3h
BCAPSL b 10H3G AVFRE | MIRT1S | RFL18]  SLC18AS )
BCAP3L f4  SSR4ff ARHGAF4 IHH (Y= [ T—— RFL18 ) FAMSA
BCAFS1 4 SER4 || ARHGAF4 IHH SNORAT78 | FrAM3A [
BCAPS1 b4 SSR4m HAALE | DNASELL1 FAM3A J
s5R4 || ARG | DMASELL1 1 FAM3A B
FDZD4 - NAA1E | DNASELL1 §4 FAMzA J
FDZD4 4 MIR3282-21 DHASELIL1 1 IKBKG il
FDZD4 it DMASELL1 §4 IKEKG Hiff
FDZD4 - TRZH IKEKG Hi
FDZD4 TRz H TKEKG Hill
FDZD4 o TAZ H
Az H
TAZ M
TAZ
CH17-348M24. 5 H
ATPSAF1
FLENAS

Fig. 4 SNP array result of Patient 3. a SNP array profile of the 1.1-Mb
duplication found at Xq28. The duplicated region is shown in black. b
Mapping of the duplication using the UCSC Genome Browser. The

The deletion detected in patient 1 included the 5q34
cluster of six genes encoding gamma-aminobutyric acid A
(GABA,) receptors of which GABRB2, GABRAI and
GABRG?2 have been previously associated with epileptic
phenotypes. Mutations in GABRB2 have been reported to
cause infantile or early childhood epileptic encephalopathy-
2 (IECEE2, OMIM# 617829), characterized by seizures of
several types and variable severities associated with global
developmental delay and variable ID. Missense or loss-of-
function mutations in GABRAI are the cause of idiopathic
generalized epilepsy or early infantile epileptic
encephalopathy-19 (EIEE19, OMIM# 615744). Conversely,
GABRG2 mutations have mostly been associated with
familial FS 8 (FEB8, OMIM# 607681) or early infantile
epileptic encephalopathy-74 (EIEE74, OMIM# 618396), in
which the seizure phenotypes range from FS or childhood
absence seizures to genetic epilepsy with febrile seizures
plus (GEFS+) or Dravet syndrome [29]. In addition to the
GABA, receptor gene cluster, the deletion in patient 1 also
involved CYFIP2, a component of the WASP-family

gene highlighted in red (MECP2) is thought to be causally linked to
the phenotype of Patient 3 (color figure online)

verprolin-homologous protein (WAVE) regulatory complex
that is involved in actin dynamics [30], in which missense
mutations have been recently reported to cause early
infantile epileptic encephalopathy-65 (EIEE65, OMIM#
618008). While most cases with epileptic phenotypes are
due to SN'Vs in these genes, to date, only three patients with
deletions at 534 involving the GABA, receptor gene
cluster have been previously described [27, 31, 32], with the
shortest deletion (0.5Mb) involving only GABRAG,
GABRAI and GABRG?2 [27]. Collectively, the aforemen-
tioned three cases with 534 deletions and our patient
1 showed extremely similar clinical features: FS as the
initial seizure type and mild to moderate ID. Nevertheless,
due to the large deletion size (10 Mb), determining which of
these gene(s) is responsible for the phenotype of patient 1 is
difficult.

In patient 2, a deletion disrupting the PCDHI9 gene,
which encodes a calcium-dependent cell adhesion protein
that is primarily expressed in the brain, was found. Over a
hundred cases of PCDH19-related epilepsy described in the
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literature are caused by point mutations, whereas CNVs
were reported in only 15 cases [33-38]. A correlation
between the phenotype and the type of mutation does not
appear to exist. Since a highly but not completely skewed X
chromosome inactivation pattern (87%:13%) was observed
in patient 2, the patient likely presents with mosaic
expression of PCDHI19-normal and deficient cells, which
characterizes the unique inheritance seen in PCDH9-rela-
ted epilepsy [39].

Finally, the duplication in patient 3 included the MECP2
gene, the cause of Rett syndrome (OMIM# 312750), which
predominantly affects females with loss-of-function muta-
tions. Conversely, MECP2 duplication syndrome affects
only males, with a penetrance of 100%. Epilepsy is reported
in 50% of subjects with MECP2 duplication syndrome [40].
Additionally, most affected patients have severe to pro-
found ID, absence of speech (>70%), infantile hypotonia
(75%), loss of ambulation (33%), recurrent infections
(~75%) and mild facial dysmorphism [40]. Lugtenberg et al.
[41] described a 0.1-Mb microduplication including
MECP?2 in two brothers with similar phenotypic features to
that of patient 3, such as ID, speech impairment, and loss or
delay of ambulation. One of the brothers had absence sei-
zures like patient 3.

Among the rare CNVs detected in this study, two
involved genes that have never been associated with epi-
lepsy, namely, LRFN4 and SYTI10 in patients 6 and 7,
respectively. LRFN4 is a member of the synaptic adhesion-
like molecule (SALM) family, which regulates synapse
formation and is highly expressed in the brain [42]. Its pLI
score from the ExXAC database is 0.94, a high score sug-
gestive of haploinsufficiency. Moreover, LRFN4 was
reported to show significantly high expression in the hip-
pocampus and cerebral cortex of epileptic rat models [43].
Downregulation of LRFN4 was also reported to inhibit
status epilepticus [43]. SYT10 is a member of the synapto-
tagmin family, which plays an essential role in neuronal
exocytosis [44]. In rats, Sytl0 was shown to be strongly
upregulated in the hippocampus of animals with status
epilepticus induced by kainic acid [45]. SYTI0 was also
reported to be required for the protection of hippocampal
neurons against excitotoxic cell death [46]. Additionally,
another member of the same family, SY72, was considered
to be a novel candidate gene after being involved in a de
novo 700-kb duplication found in a patient with epilepsy-
aphasia syndrome and mild ID [31]. Since the deletions in
patients 6 and 7 were inherited from unaffected parents, we
sequenced the coding regions of LRFN4 and SYTIO to
detect mutations in the remaining alleles of the respective
patients, but no mutations were detected. Nevertheless, due
to the possibilities of incomplete penetrance or a second hit
in other genes, the pathogenicity of these two CNVs cannot
be fully discarded. The discovery of additional EE patients
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with point mutations or CNVs involving LRFN4 or SYT10
might offer more significant clues about their hypothetical
associations with epilepsy.

To date, few studies have examined the contributions of
CNVs to early-onset DEEs. Allen et al. [47] reported that
pathogenic CNVs accounted for 5.9% of 52 Irish infants
with unexplained EEs under the age of 1 year or with
unexplained refractory epilepsy with abnormal develop-
ment. In the study of Ma et al. [48], pathogenic CNVs
accounted for 3.4% of 116 Chinese patients with early-onset
DEEs who were negative for SCNIA and KCNTI muta-
tions. Although our study and these previous studies differ
in their inclusion criteria for their respective cohorts, the
overall diagnostic yields for clearly pathogenic CNVs in the
three studies are similar. It should be noted that the sample
size might be relatively small to thoroughly evaluate the
CNV frequency in early-onset DEEs, both in our study and
in previous reports.

Our study showed that rare CNVs might play a causative
role in the phenotypes of 14.4% of Japanese patients with
early-onset DEEs, of which 3.6% definitely involve patho-
genic CNVs. Notably, the genes found to be implicated
with the three pathogenic CNVs were in fact included in the
109-gene panel that had been applied prior to the CNV
analysis [17]. These findings emphasize the importance of
CNVs in the genetic etiology of children with early-onset
DEE, and also underline the limitation of the application of
targeted next-generation sequencing as the main approach
for the genetic diagnosis of epilepsy, at the risk of missing
large duplications and deletions. The application of several
genetic analysis tools, ranging from the detection of single
nucleotide to larger variants, may help to establish accurate
and early diagnosis. Consequently, more effective treatment
planning may enable better neurological outcomes for these
patients with early-onset DEE.
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