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Abstract

Background: Epilepsy limited to females with mental retardation (EFMR) is a rare
type of epilepsy with an X-linked mode of inheritance, which affect heterozygous
females while the males are not affected. Mutations within the protocadherin 19
(PCDH19) gene have been identified as the direct cause of EFMR. The phenotype of
EFMR is characterized by seizure onset in infancy with or without cognitive impair-
ment, intellectual disturbances, and autistic features.

Methods: Whole-exome sequencing (WES) was performed in the proband to iden-
tify the underlying genetic mutations. The candidate genes were confirmed by Sanger
sequencing following PCR amplification. In silicoanalyses were conducted to pre-
dict the effect of the novel missense mutation on the function of PCDH19 protein.
Results: We identified three female patients in a family with a novel missense muta-
tion in PCDH19, ¢.812G>A (p. (Gly271Asp)). The patients III-1 and III-2 presented
with more severe clinical phenotypes and an earlier age of onset (6 and 11 months,
respectively), intellectual disability, and movement disorders. By contrast, pa-
tient II-4 has a later age of onset (23 months), and there was no relapse of seizures
without antiepileptic treatment after the age of six. In silico analyses showed that p.
(Gly271Asp)in the PCDH19 affects ahighly conserved residue.

Conclusions: Our results indicated that patients with the same PCDH 19 mutation in
a family may show intrafamilial phenotypic variability. Givening the mother of the
proband was 18 weeks pregnant and intends to have a prenatal diagnosis, the more
reasonable and less harmful strategies for prenatal diagnosis could be chosen based

on the results of noninvasive prenatal testing and genetic testing.
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1 | INTRODUCTION

Epilepsy and mental retardation limited to females (EFMR;
MIM300088) is a disorder with an X-linked mode of in-
heritance and an unusual sex-limited expression pattern.
Different from the classic X-linked pattern characterized by
affected males and unaffected carrier females, the females af-
fected by EFMR are connected through unaffected males. In
1971, Juberg and Hellman first reported the EFMR pattern,
with main clinical features including an early infantile onset
of seizures with or without cognitive impairment, intellectual
disturbances, and resistance to antiepileptic drugs (Juberg
& Hellman, 1971; Smith et al., 2018; Yang et al., 2019).
Patients often display fever-related seizures which typically
cluster, and the types are diverse, including tonic, clonic or
tonic—clonic, and partial seizures (Juberg & Hellman, 1971;
Marini et al., 2012).

Dibbens et al., (2008) first reported that PCDHI9
(MIM: 300088) gene mutations were associated with
EFMR. The PCDH19 gene is located at Xq22 and is com-
posed of six exons which encode an 1148-amino-acid pro-
tein belonging to the protocadherin (PCDH) 82 subgroup
within the cadherin superfamily of cell-cell adhesion
molecules(Dibbens et al., 2008). PCDH19 contains a sig-
nal sequence at its N-terminus, six extracellular cadherin
(EC) repeats, a transmembrane domain, and a cytoplasmic
region with conserved CM1 and CM2 domains. PCDH is
predominantly expressed in the nervous system and may
play a role in the development of neuronal connections
and signal transduction at the synaptic membrane (Bassani
et al., 2018; Compagnucci et al., 2015; Kurian et al., 2018;
Pederick et al., 2018).

With the development of next-generation sequencing
technology, the number of diagnosed cases of PCDHI9-
related epilepsy is increasing since 2008. According to the
Human Gene Mutation Database (HGMD: http://hgmd.cf.ac.
uk, 2019.4), 283 different mutations of the PCDHI19 genes
have been reported, 172 of which are missense and non-
sense mutations. Here, we report three female patients from
a Chinese family presenting with epilepsy due to a missense
mutation (G to A transversion at position 812 in exon 1) of
PCDH19. Since the mother of the proband was pregnant for
18 weeks, our results provided important information for pre-
natal genetic counseling of the family.

2 | MATERIALS AND METHODS

2.1 | Ethical compliance

The study and procedures were approved by the Research
Ethics Committee of Zhengzhou University. The subjects
gave informed signed consents.

2.2 | Samples and DNA extraction

Genomic DNA was extracted from EDTA peripheral
blood samples using a Lab-Aid® 824 DNA Extraction Kit
(ZEESAN), according to the manufacturer's protocol.

2.3 | Whole-exomesequencing

First, 1 pg of genomic DNA was fragmented to an average
size of 200 bp using a Biorupter UCD-200 (Diagenode).
The DNA fragments were then end-repaired, and an
A was added to the 3'end. Second, the DNA fragments
were connected with sequencing adaptors, and frag-
ments of approximately 320 bp were collected using XP
beads. After PCR amplification, the DNA fragments were
hybridized and captured using the IDT's xGen Exome
Research Panel (Integrated DNA Technologies) according
to the manufacturer's protocol. The hybrid products were
eluted and collected. Then the DNA was PCR amplified
and purified. Next, the libraries were tested for enrich-
ment by qPCR, and their size distribution and concentra-
tion were determined using an Agilent Bioanalyzer 2100
(Agilent Technologies). Finally, a Novaseq6000 platform
(Illumina), with 150-bp paired-end reads was used for
sequencing the genomic DNA of the family. Raw image
files were processed using CASAVA v1.82 for base call-
ing and generating raw data.

The sequencing reads were aligned to the human refer-
ence genome (hg19/GRCh37) using the Burrows—Wheeler
Aligner tool, and PCR duplicates were removed using Picard
v1.57 (http://picard.sourceforge.net/). The Verita Trekker®
Variants Detection System by Berry Genomics and the
third-party software GATK (https://software.broadinstitute.
org/gatk/) were employed for variant calling. Variant anno-
tation and interpretation were conducted using ANNOVAR
(Wang, Li, & Hakonarson, 2010) and the Enliven®
Variants Annotation Interpretation System authorized by
Berry genomics. The variants were classified into the five
categories—“‘pathogenic,” “likely pathogenic,” “
significance,” “likely benign,” and “benign”—according to
the American College of Medical Genetics and Genomics
(ACMG) guidelines for interpretation of genetic variants
(Richards et al., 2015). Variants with minor allele frequen-
cies (MAF) <1% in exonic regions or with splicing impact
were taken for deep interpretation considering ACMG
category, evidence of pathogenicity and clinical synopsis,
and inheritance model of the associated disease. Annotated
whole-exome sequencing (WES) data were examined for
variants in 100 genes selected for relevance for the epilepsy
phenotypes (Lindy et al., 2018): SCNIA, KCNQ2, CDKLS5,
SCN2A, PRRT2, PCDHI19, STXBPI, SLC2A1, GABRG?2,
SCNSA, UBE3A, MECP2, GRIN2A, TSC2, FOXGI,

uncertain
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TABLE 1 Clinical information of the three EFMR patients

GABRAI, TPPI1, ZEB2, CHRNA4, ARX, TSCI, ALDH7AI,

CHRNA7, TCF4, POLG, SLCY9A6, SCNIB, MEF2C,
SPTANI, EPM2A, PNPO, MBDS5, KCNQ3, TBCID24,

investigated in this case report

Patients features 1II1-1 III-2 I1-4
CLNS5, ATPIA2, LGII, KANSL1, GAMT, GRIN2B, CLN6,

Age at present age (years) 9 13 40
CLN3, CNTNAP2, CHRNB2, NHLRCI, KCNJ10, PNKP, ]
PPTI, SCARB2, ADSL, MFSDS, SYNI, KCTD7, CLN§, ~ E¢a scizurconset(months) 6 H =
ATP6AP2, CACNB4, CHRNA2, CSTB, CTSD, DNAJCS, ~ Typeofseizures atonset GTes — GTes T8
EFHCI, FOLRI, GATM, GOSR2, LIAS, MAGI2, NRXNI, Presence of febrile seizures Yes Yes Yes
PRICKLEI, SLC25A22, SRPX2, HNRNPU, CACNAIA, Absence - - -
ST3GAL2,CNTNS5, CASK, NEDD4L, ARHGEF9, MAPK10, Cluster/repetitive + + +
I0SEC2, GABRA6, TBCID24, SZT2, PLCBI, CLCN2, GTC + + _
SLC2A1, ME2, ARHGEFI15, CLCN4, DNMI, KCNHS, Myoclonic jerks _ _ _
EEFIA2, RYR3, FASN, GABBR2, KCNBI, DOCK7, Partial _ _ _
SLCI3A5, CHD2, VRK2, KCNMAI. Variants identified .

. . . Status epilepticus aF = =

using WES were confirmed by Sanger sequencing.

Results of head MRI N NP NP

Persistence of seizures in spite of ~ + I =
3 | R E S U LT S treatment

Intellectual disability + + -
3.1 | Case report Language delay + + —

Behavioral disturbances (Crying/  + + -
The proband (III-1) was a 9-year-old girl, who suffered from Irritability/Outbursts)
repetitive seizures for more than 8 years. The disease onset Autistic features + + -
was at 6 months and the symptoms included predominantly Motor delay + + -

generalized tonic—clonic seizures. The seizures recurred
with a fever and frequently lasted for 4 to 6 days. Magnetic

=

B

Abbreviations: GTCS, generalized tonic—clonic seizures; N, normal; NP, not

performed; TS, tonic seizure.
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FIGURE 1 (a) Pedigree of the three- -2

generation kindred and associated PCDH19
¢.812G>A genotypes. A solid circle denotes
an affected female, an open circle denotes an
unaffected female, and an open square with
a small point denotes an unaffected male
who is a carrier for the PCDH19 ¢.812G>A
mutation. (b) Electropherograms of Sanger
sequencing of the PCDH19 confirming the
¢.812G>A missense mutation
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TABLE 2 Information of three candidate gene variants obtained after variant calling
Sequencing  Sanger Mode of Source of
Gene Transcript Mutation depth sequencing inheritance Phenotype variation
PCDHI9 NM_001184880.1 ¢c.812G>A 102/61 Positive XL Epileptic encephalopathy, early ~ Father
infantile, 9 (OMIM:300088)
SCNIA NM_001165963 c.2378C>T 27127 Positive AD Dravet Mother
syndrome(OMIM:607208)
HNRNPU NM_031844 c.16_17delGT  25/33 Negative AD Epileptic encephalopathy, early ——
infantile, 54(OMIM:617391)
Abbreviations: AD, autosomal dominant; XL, X-linked.
p_Gly271 Asp FIGURE 2 Alignment of the p.

. — (Gly271Asp) mutation with PCDH19
Homo_sapiens.pro {NASDPDEGTNGRVVYSFYGYVNDR orthologs in different vertebrate species.
BosTtaurug .PpXro {NAtDPDEGTNGRVVYS FYGYVNDR' Position 271 is indicated by the red box
Danio_rerio.pro NAtDPDEGTNGEVVYSFinfVsnl'

Gallus_gallus.pro {NASDPDEGTNGRV1YSFhsYVsDR.
Macaca_mulatta.pro NASDPDEGTNGRVVYSFYGYVNDR'
Mus_musculus.pro NASDPDEGTNGRVVYSFYGYVNDR'
Xenopus_tropicalis.pro NAtDPDEGTNGEiVYSFnsYVsDk'

TABLE 3 The pathogenicity of the PCDH19, p. (Gly271Asp)
variant was supported by multiple in silico analyses

Method Score Prediction

PhyloP 7.892 Conserved
phastCons 1.000 Conserved
GERP++ 5.95 Conserved
Polyphen-2_HDIV 1.0 Probably_damaging
Polyphen-2_HVAR 1.0 Probably_damaging
Mutation Taster 1 Disease_causing
SIFT 0.0 Damaging
PROVEAN -5.89 Damaging

resonance imaging (MRI) was normal and the electroencepha-
logram (EEG) showed nonspecific slow waves. In infancy,
she showed normal early developmental milestones, but later
exhibited signs of intellectual disability (ID) and autism. She
was inattentive, very impulsive, and prone to crying. When
running or going up and down the stairs, she walked unsteadily
and would frequently fall. Although she received antiepileptic
treatments, including levetiracetam, sodium valproate, carba-
mazepine, and topiramate, the treatment effects were limited.
The patient I1I-2 was a 13-year-old girl and her seizure onset
was at 11 months. The other symptoms were similar to those of
the proband III-1, such as intellectual disability (ID), autism,
and resistance to antiepileptic drugs (Table 1). The patient II-4,
who was the mother of proband III-2, was a 40-year-old fe-
male and her seizure onset was at 23 months. Although she
didn't receive antiepileptic treatments, her seizures had disap-
peared after 6 years old. She showed normal intelligence and
had no signs of autism.

3.2 | Whole-exome sequencing revealed
anovel PCDH19 ¢.812G>A (p. (Gly271Asp))
missense variant

Whole-exome sequencing was performed on the proband (III-1),
and variant filtering was performed as described in the methods. Two
non-synonymous variants and one frameshift variant were identi-
fied in genes associated with epilepsy. One variant in the PCDH19
(NM_001184880.1: ¢.812G>A) was not previously reported in
variant databases including NCBI dbSNP, 1000Genomes, gno-
mAD, and ExAC. Two additional variants were also considered be-
cause of their low minor allele frequency (MAF < 0.1%o0) (SCNIA,
¢2378C>T, NM_001165963 and HNRNPU, c.16_17delGT,
NM_031844). Sanger sequencing confirmed the heterozygous
¢.812G>A variant of the PCDH19 in the proband III-1, which was
inherited from her unaffected father. The two affected female pa-
tients I1I-2 and II-4 in the family also carried heterozygous variation
in PCDH19 (Figure 1). The variant ¢.2378C>T of SCNIA in the
proband was inherited from her unaffected mother. We did not find
the ¢.16_17delGT variant in the HNRNPU by Sanger sequencing,
and it was presumed to be a false positive of the WES technology
(Table 2). Considering the nontypical inherence mode of the family
and the known association of PCDH 19 with EFMR, the PCDH19
¢.812G> A variant was identified as the most promising candidate.

3.3 | Insilicoanalysesshowed that the
p- (Gly271Asp) variant of PCDH19
affects a highly conserved residue

The p. (Gly271Asp) mutation is located in the cadherin func-
tional domain and amino acid sequence alignment showed
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FIGURE 3 (a) Schematic (a)
representation of the structure of the mRNA |
PCDHI19 mRNA and protein. Square Protein [58

indicate the point mutations identified in the
three EFMR females. SP, signal peptide;

p-Glv271Asp

EC, extracellular cadherin domain; TM, (b)
transmembrane domain; CM1 and CM2, 250 - i
cytoplasmic domains 1 and 2. The figure E -
is adapted from Depienne et al. (2009). (b) 0
The number of reported PCDH19 exon 1-6 z 200 +
variants (small deletions, small insertions, S
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g B Small deletions
£ 100 1
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&
-
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3
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PCDH19

that it occurs at a highly conserved residue in PCDHI9
with surrounding amino acid residues being conserved be-
tween orthologs (Figure 2). The conservation of the Gly271
amino acid residue and pathogenicity of the p. (Gly271Asp)
variant were predicted by multiple in silico analysis tech-
niques (Table 3). The scores obtained using PhyloP (Pollard,
Hubisz, Rosenbloom, & Siepel, 2010) (http://compgen.cshl.
edu/phastweb/runtool.php), phastCons (Siepel et al., 2005),
and GERP (Davydov et al., 2010) (http://mendel.stanford.
edu/sidowlab/downloads/gerp/index.html) demonstrated that
the Gly271 amino acid residue was highly evolutionarily
constrained. Furthermore, the Polyphen2 (Adzhubei et al.,
2010) (http://genetics.bwh.harvard.edu/pph2/), PROVEAN
(Choi, Sims, Murphy, Miller, & Chan, 2012) (http://prove
an.jcvi.org/seq_submit.php), SIFT (Sim et al., 2012) (https://
sift.bii.a-star.edu.sg/www/SIFT_seq_submit2.html), and
MutationTaster2 (Schwarz, Cooper, Schuelke, & Seelow,
2014) (http://www.mutationtaster.org/) scores indicated that
the functional effect of the p. (Gly271Asp) variant was dam-
aging (Table 3).

4 | DISCUSSIONS

According to the clinical manifestations, genetic testing
report, and the typical pedigree, the proband in this family
was diagnosed as having EFMR resulting from a PCDHI9
c.812G>A variant. The female children with the PCDHI19
mutation showed phenotypic diversity. Most EFMR patients
show epilepsy with or without mental retardation, and some
share certain features with the Dravet syndrome (DS), caused

by mutations in SCNIA. These common features include
early onset in infancy, fever sensitivity, cognitive impair-
ment, and resistance to antiepileptic treatment (Liu et al.,
2017; Trivisano et al., 2016). Additionally, a few female
family members with the PCDH 19 mutation may have fever
convulsions or normal phenotypes (Depienne et al., 2009;
Marini et al., 2010). The age of onset of PCDH]I9-related
epilepsy ranges between land 70 months, with a median of
10 months (Dibbens et al., 2008; Kolc et al., 2019). In this
family, the patients III-1 and III-2 displayed more severe
clinical phenotypes with earlier onset age (6 and 11 months,
respectively), intellectual disability, behavioral disturbances,
and movement disorders (Table 1). By contrast, the onset age
for patient II-4 was later (23 months), she did not have other
disorders, and there was no relapse of seizures after the age
of six, even without antiepileptic treatment. Thus, our results
indicate that patients with the same PCDHI9 mutation may
show intrafamilial phenotypic variability.

The PCDHI9 gene consists of 6 exons, whereby the
first one encodes the transmembrane domain and the en-
tire extracellular domain of the protein (Dibbens et al.,
2008), which plays an important role for the normal cad-
herin function (Figure 3a). Reported mutations of the
PCDH19 gene are most commonly located in exonl, and
are extremely rare in exon 2—6. The Human Gene Mutation
Database (HGMD: http://hgmd.cf.ac.uk, 2019.4), contains
283 different mutations of the PCDHI9, including 172
missense/nonsense mutations, 48 small deletions, 30 small
insertions, 8 small indels, 6 splicing mutations, 1 duplica-
tion, and 18 large fragment deletions. Among the 258 small
variations (small deletions, small insertions, small indels,
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and missense/nonsense mutations), 235 (91%) were located
in exon 1 (Figure 3b).

In this family, we found the novel missense mutation
p. (Gly271Asp) in the PCDH19, which was also located
in exon 1 and the genotypes corresponded to the atyp-
ical phenotypes of EFMR (affected female and unaf-
fected males). This variant can be classified as “likely
pathogenic” according to guidelines determined by the
American College of Medical Genetics and Genomics
(PM1 + PM2 + PP3 + PP4).

The unique sex-limited expression pattern of EFMR may
be explained by a “cellular interference” model (Depienne
et al., 2009; Dibbens et al., 2008). The X-inactivation in fe-
males heterozygous for a PCDHI9 mutation would lead to
the coexistence of two cell populations (expressing wild-type
and mutated PCDH19), which may interfere with cell—cell
interaction thus manifesting clinically as EFMR. By contrast,
normal individuals and hemizygous carrier males with ho-
mogeneous cell populations would not develop the disease
(Jamal, Basran, Newton, Wang, & Milunsky, 2010). This
hypothesis was supported by the report that two symptom-
atic males carried two mosaic PCDHI9 point mutations
(Terracciano et al., 2016). In this family, the father of pro-
band III-1 was asymptomatic because of a hemizygous mu-
tation in PCDH19.

Because of the atypical symptoms of EFMR, genetic
testing plays an important role in the diagnosis. The mother
of the proband was 18 weeks pregnant and intended to
have a prenatal diagnosis. The noninvasive prenatal testing
indicated that the fetus is a boy, and the X chromosome
of the fetus comes from the mother, did not carry the p.
(Gly271Asp) mutation in the PCDH19 gene. Consequently,
we did not recommend an interventional prenatal diagnosis
for this family.

In conclusion, we identified three patients in a family with
clinical presentation of EFMR having a new PCDH19 muta-
tion not previously described in the scientific literature. The
study provides important information for genetic counseling
in this family and enriches our knowledge of mutations that
can cause EFMR.
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