
Brain and Behavior. 2019;9:e01455.	 		 	 | 	1 of 12
https://doi.org/10.1002/brb3.1455

wileyonlinelibrary.com/journal/brb3

1  | INTRODUC TION

Now, PCDH19 has become the second most relevant gene in 
epilepsy after SCN1A (Depienne & LeGuern, 2012; Duszyc, 
Terczynska, & Hoffman‐Zacharska, 2015). PCDH19 is located on 
chromosome X and is composed of six exons. PCDH19‐related 

epilepsy is characterized by incomplete penetration rate and phe‐
notypic heterogeneity. Phenotypes ranged from mild epilepsy to 
epileptic encephalopathy, with epilepsy and mental retardation 
limited to females (EFMR), Dravet syndrome (DS), and genetic ep‐
ilepsy with febrile seizures plus (GEFS+) (Specchio et al., 2011). 
EFMR as the main clinical phenotype is characterized by seizures 
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Abstract
Background: PCDH19 has become the second most relevant gene in epilepsy after 
SCN1A. Seizures often provoked by fever.
Methods: We screened 152 children with fever‐sensitive epilepsy for gene detection. 
Their clinical information was followed up.
Results: We found eight PCDH19 point mutations (four novel and four reported) and 
one whole gene deletion in 10 female probands (seven sporadic cases and three fam‐
ily cases) who also had cluster seizures. The common clinical features of 16 patients in 
10 families included fever‐sensitive and cluster seizures, mainly focal or tonic‐clonic 
seizures, and absence of status epilepticus, normal intelligence, or mild‐to‐moderate 
cognitive impairment, the onset age ranges from 5 months to 20 years. Only four 
patients had multiple or focal transient discharges in interictal EEG. Focal seizures 
originating in the frontal region were recorded in four patients, two from the parietal 
region, and one from the occipital region.
Conclusion: PCDH19 mutation can be inherited or de novo. The clinical spectrum of 
PCDH19 mutation includes PCDH19 Girls Clustering Epilepsy with or without men‐
tal retardation, psychosis, and asymptomatic male. The onset age of PCDH19 Girls 
Clustering Epilepsy can range from infancy to adulthood. Sisters in the same family 
may	be	sensitive	to	the	same	antiepileptic	drugs.	And	our	report	expands	the	muta‐
tion spectrum of PCDH19 Girls Clustering Epilepsy.
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with an early seizure onset and cognitive impairment. Seizures 
often occur in clusters and are often provoked by fever. With 
the expansion of phenotypic spectrum in PCDH19 mutation pa‐
tients, some patients do not have severe intellectual disability. 
Subsequent studies highlighted that most patients had focal epi‐
lepsy clusters triggered by fever, so “PCDH19 girls clustering epi‐
lepsy” (Homan et al., 2018; Vlaskamp et al., 2019) (PCDH19‐GCE) 
was proposed as a name to facilitate clinical identification of this 
disorder.

The reported PCDH19 mutations were mostly located at exon 
1 (Depienne et al., 2011; Leonardi et al., 2014), which encodes 
the	 entire	 extracellular	 domain.	About	one‐half	 of	 the	 reported	
mutations leading to PCDH19‐related diseases are nonsense, 
frameshift, and splicing mutations, which severely truncate the 
protein protocadherin 19 (PCDH19). The remaining are missense 
mutations, and the missense mutations are concentrated in the 
extracellular domain of the protein (Kolc et al., 2019). The extra‐
cellular domain is essential for the normal function of the origi‐
nal cadherin function (Gerosa, Francolini, Bassani, & Passafaro, 
2019). PCDH19 is mainly expressed in nerve tissues at different 
developmental stages, but its specific function is still unclear. 
Studies have shown that the function of PCDH19 may be related 
to neuronal connections and signal transduction on synaptic 
membranes (Duszyc et al., 2015). PCDH19 mutation may lead to 
protein dysfunction.

In this study, we have screened 152 children with fever‐sensitive 
epilepsy and found PCDH19 mutation in 10 female probands who 
also had cluster seizures with or without cognitive impairment or 
mental retardation in order to further understand the clinical and 
mutational features of PCDH19‐GCE.

2  | METHODS

2.1 | Subjects

We analyzed fever‐sensitive epilepsy children with the onset age 
0–14 years between 2015 and 2019 in the Pediatrics Department 
of	Qilu	Hospital	Affiliated	to	Shandong	University	and	Linyi	people's	
Hospital	Affiliated	to	Shandong	University,	China.	Exclusion	criteria	
included seizures caused by nongenetic factors, such as an acquired 
brain injury (including traumatic brain injury, encephalitis, vasculitis, 
hypoxia, tumors, metabolic disorders, and toxicity); blood and urine 
screening indicate a metabolic disease; chromosome disease and 
clinically phenotypically defined monogenic diseases (e.g., tuberous 
sclerosis complex). Their clinical information was retrospectively col‐
lected and followed up, such as seizure types, onset age, treatment 
process, growth and development history, previous disease history, 
family history, degree of intellectual regression, physical examina‐
tions, autistic disorder test, cranial magnetic resonance imaging 
(MRI), and video‐EEG characteristics. The patients were followed up 
by phone or visit the clinic every 3 months. The study protocol was 
approved	by	 the	 ethical	 committee	of	 the	Qilu	Hospital	Affiliated	
to	Shandong	University	(No.	2016(027))	and	Linyi	People's	Hospital	 TA
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Affiliated	to	Shandong	University	(No.	13003).	All	guardians	signed	
informed consent forms.

2.2 | Next‐generation sequencing (NGS) and DNA 
sequence analysis

Informed consent and blood samples were obtained from all the 
participants	 in	 the	 families.	 Genomic	DNA	was	 extracted	 using	
the	QIAamp	DNA	Blood	Mini	Kit	(Qiagen),	according	to	the	man‐
ufacturer's	protocol.	Each	DNA	sample	 is	quantified	by	agarose	
gel electrophoresis and Nanodrop 2000 (Thermo). Libraries were 
prepared	 using	 Illumina	 standard	 protocol.	 The	 amplified	 DNA	
was captured with whole‐exon sequencing which contained the 
exons of PCDH19	 gene	 and	 its	 flanking	 UTRs.	 The	 capture	 ex‐
periment was conducted according to manufacturer's protocol. 
The junction sequences were trimmed, and the contamination or 
low‐quality reads were filtered for the raw data. Then, the clean 
data were aligned to the human reference genome sequence 
(hg19)	 by	 Burrows–Wheeler	 Alignment.	 Single‐nucleotide	 vari‐
ation (SNV) and insertion–deletion mutation (InDel) were called 
by	Genome	Analysis	Toolkit.	Then	all	SNVs	and	InDels	were	an‐
notated	 by	 ANNOVAR	 (RRID:	 SCR_012821)）. The mutation 
sites with frequencies <0.05 in the normal population database 
were screened out, including the 1,000 genome project, Exome 
Variant	 Server,	 and	 Exome	 Aggregation	 Consortium.	Mutations	
were predicted by MutationTaster (MT), Sorting Intolerant From 
Tolerant (SIFT, RRID: SCR_012813), PolyPhen‐2 (PP2, RRID: 
SCR_013189), Genomic Evolutionary Rate Profiling (GERP++, 
RRID: SCR_000563), and Clustal‐W (RRID: SCR_017277). The 
selected mutation sites were verified by Sanger sequencing. The 
analysis of deletions or duplications was performed using mul‐
tiplex	 ligation‐dependent	 probe	 amplification	 (MLPA)	 in	 those	
patients determined to be PCDH19 mutation‐negative by Sanger 
sequencing.

3  | RESULTS

3.1 | Genetic analyses

We screened 152 children with fever‐sensitive epilepsy for gene 
detection (85 male and 67 female). We found eight PCDH19 point 
mutations and one whole gene deletion, four novel and four re‐
ported mutations in 10 female probands who also had cluster sei‐
zures (10/152, 6.57%) (Table 1 and Figure 1). Seven mutations 
were located in exon 1 and one in exon 6. Two missense mutations 
(c.1142A	>	G/p.Asn381Ser;	c.790G	>	C/p.Asp264His),	one	nonsense	
mutation	 (c.1804C	>	T/p.Arg602*),	 four	 frameshift	mutations,	 two	
frameshift deletions (c.577delG/p.Glu193Lysfs*19; c.134_135del/p.
Asp45Glyfs*43),	 two	 frameshift	 insertions	 (c.1091dupC/p.Tyr366L
eufs*10;c.2859_2860insT/p.Gly954Trpfs*15), and one in‐frame de‐
letions of three amino acids (c.352_354del/p.Glu118del). Missense 
mutations all affected amino acids of the extracellular domain of 
PCDH19, which are highly conserved in orthologs and in paralogs 
of protocadherins (PCDHs), and were predicted to be pathogenic by 
MutationTaster, Polyphen2, and SIFT (Figure 2, Table 2). One case 
was deletion of whole PCDH19 gene (Figure 3). Seven of the 10 
probands for PCDH19 mutations were de novo (family 4–10). The 
inheritance of PCDH19 mutations in three families, females in family 
No. 1 and No. 2 inherited the mutation from asymptomatic fathers, 
while the asymptomatic father and the symptomatic aunt inherited 
from their symptomatic grandmother and great‐grandmother. Family 
No. 1 was four‐generation pedigrees, family No. 2 was three‐gen‐
eration pedigrees, and family No. 3 was two‐generation pedigrees 
(Figure 4).

3.2 | Clinical features

The follow‐up period ranged from 2 months to 4 years. The onset age 
of 152 children ranged from 6 days after birth to 7 years old. Twenty 

F I G U R E  1   Schematic diagram of the mutations identified in the PCDH19 gene. CM1 and CM2, cytoplasmic domains 1 and 2; EC, 
extracellular cadherin domain; SP, signal peptide; TM, transmembrane domain
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F I G U R E  2   Sequence chromatograms and conversation of amino acid residues affected by the missense mutations. Sequence 
chromatograms of a PCDH19 mutation as detected in an affected female is shown for each family. Mutation nomenclature is based on the 
PCDH19 transcript reference EF676096. The red arrow upon orthologous and paralogous protein alignments showing the high conservation 
of each amino acid altered by missense mutations in vertebrates and in the delta 2 protocadherin paralogous genes

TA B L E  2   Pathogenicity assessment and conservative analysis of 2 missense mutations

Family Domain
Amino acid 
changes

Consequence at 
the protein level

Parents' 
analysis SIFT Polyphen 2 MutationTaster GERP++

3 EC4 c.1142A	>	G p.Asn381Ser Paternal Damaging Probably damaging Disease causing 5.95 (Conserved)

9 EC3 c.790G	>	C p.Asp264His De novo Damaging Probably damaging Disease causing 5.95 (Conserved)

Abbreviation:	EC,	extracellular	cadherin	domains.
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two patients were diagnosed as DS. One hundred and twenty six cases 
had generalized tonic‐clonic seizures, 98 had focal seizures, three had 
spastic seizures, five had myoclonic seizures, one had atypical ab‐
sence seizures, and one had typical absence seizures. EEG revealed 
focal spike‐waves in 28 cases, 15 showed generalized spike‐waves, 12 
had multiple focal discharges, and two had hypsarrhythmia. Two had 
enlargement of the subarachnoid space and two had enlarged lateral 
ventricles in cranial MRI. Forty three cases had family history of epi‐
lepsy or febrile convulsion. Thirty six cases were treated with three or 
more	antiepileptic	drugs	(AEDs).	Thirty	one	with	uncontrolled	seizures	
and 48 accompanied with developmental retardation.

The clinical information of 16 patients with PCDH19 muta‐
tions in 10 families is summarized in Table 3. The onset age of 
the 16 patients ranged from 5 months to 20 years old. The mode 
of these 16 patients is 3 years old, median is 1.7 years old. The 
type of seizures was unknown in the deceased grandmother and 
great‐grandmother	of	family	No.	1.	All	the	other	14	patients	had	
focal motor seizures (14/14, 100%). Five of them had “screaming” 
at the beginning of seizures (5/14, 35.71%), and five had general‐
ized tonic‐clonic seizures (GTCS) (5/14, 35.71%). Thirteen patients 
had fever sensitivity (13/14, 93.75%), excepting the grandmother 
in	 family	No.	 2	with	 onset	 age	of	 20	 years	 old.	All	 of	 them	had	

F I G U R E  3   Identification of the PCDH19 deletion in family 10. Y‐axes represent log R ratio; the X‐axis indicates the position on the X 
chromosome

F I G U R E  4   Pedigrees of three females 
with PCDH19‐GCE families. It showing 
the characteristic inheritance pattern of 
affected females and transmitting males. 
Squares represent males, circles females; 
Upper	left	corner:	focal	seizures;	Upper	
right corner: generalized seizures; Lower 
right corner: psychosis; Lower left corner: 
Epilepsy of unknown type. Dots in the 
middle of the squares indicate unaffected 
mutation carriers. The arrows indicate the 
proband in the family
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transient seizures, mostly within one minute, and no status epilep‐
ticus occurred. Each cluster with or without fever contained focal 
motor seizures or GTCS 2–40 times a day, lasting for 1–5 days. 
Two patients had normal intelligence (2/16, 12.5%), five patients 
had no language retardation (5/16, 31.25%), and the others had 
mild‐to‐moderate retardation. The grandmother in family No. 1 
had psychosis, including schizophrenia and aggressive behavior 
(1/16, 6.25%). Fourteen patients had interictal electroencephalo‐
gram (EEG) at least one time. Four patients had multiple or focal 
transient discharges in interictal EEG (4/14, 28.57%), and no ep‐
ileptic discharges were observed after periodic follow‐up. Focal 
seizures were captured on EEG in seven patients. Focal seizures 
of four patients (4/7, 57.14%) originating in the frontal region were 

recorded, two in the parietal region (Figure 5) (2/7, 28.57%), and 
one in the occipital region (1/7, 14.29%). Two patients had non‐
characteristic anomaly on cranial MRI as lateral ventricular en‐
largement (2/14, 14.29%).

Except	for	patient	No.	11,	seizures	were	not	sensitive	to	AEDs	
in	 patients.	 The	 used	AEDs	 included	 sodium	valproate	 (VPA),	 car‐
bamazepine (CBZ), topiramate (TPM), levetiracetam (LEV), lamotrig‐
ine (LTG), oxcarbazepine (OXC), clonazepam (CZP), and nitrazepam 
(NZP). Eight patients needed midazolam in the treatment of acute 
cluster termination. During the recent follow‐up (the present age 
range from 2 years and 2 months to 57 years old), one patients 
did	not	use	AEDs	because	of	 seizure‐free.	Four	patients	used	sin‐
gle‐drug therapy (4/14, 28.57%), four patients used double‐drug 

TA B L E  3   The clinical manifestations of the female epileptic patients with PCDH19 mutations

Family Patient
Age at exam 

(years.month)
Onset age 
(years.month) Type of seizures SE

Seizures in 
cluster

Sensitivity to 
fever

Intellectual  
disability

Language 
delay Autism Psychosis Brain MRI Interictal EEG

Onset area of 
focal sz

The last follow‐up

Present 
age Current AEDs

Seizure 
frequency

1 1 5.6 2.6 Focal N Y Y Mild Mild N N Normal Normal Left frontal 7.5 LEV/VPA Seizure free 
for 2 years

1 2 2.3 0.6 Focal N Y Y Moderate Moderate N N Normal Normal Right frontal 4.2 LEV/VPA/TPM Seizure free 
for 1 year

1 3 28 8 GTCS
Focal

N Y Y Moderate Moderate N N Normal Normal NA 30 N Seizure free 
for 13 years

1 4  3 NA NA NA NA Moderate Moderate N Y NA NA NA  NA NA

1 5  3 NA NA NA NA Moderate Moderate N N NA NA NA  NA NA

2 6 6 1.5 Focal N Y Y Very mild N N N Normal Normal NA 7 OXC/CZP Seizure free 
for 2 years

2 7 6 1.9 Focal N Y Y Very mild N N N Normal Normal NA 7 OXC/CZP Seizure free 
for 2 years

2 8 56 20 Focal N Y N N N N N Normal Normal NA 57 CZB Seizure free 
for 3 years

3 9 2.1 1.1 GTCS
Focal

N Y Y N N N N Normal Normal NA 2.3 VPA 1–2 clusters a 
year

4 10 1 0.5 GTCS
Focal

N Y Y Mild Moderate N N Normal Normal Right parietal 2.2 VPA/TPM/CZP Seizure free 
for 1 year

5 1 1.11 0.11 Focal N Y Y Moderate Moderate N N Normal FD Right frontal 3 VPA Seizure free 
for 1 year

6 12 2.6 1.4 Focal N Y Y Moderate Moderate N N Normal Normal Left occipital 3.8 VPA/TPMNZP/
OXC

3–4 clusters a 
year

7 13 5.5 3.4 Focal N Y Y Very mild N N N Normal FD Left frontal 7.6 VPA Seizure free 
for 2 years

8 14 6 0.7 Focal N Y Y Mild Mild N N Enlargement of 
lateral ventricular

FD NA 9.6 VPA/TPMLTG/
OXC

1–2 clusters a 
year

9 15 0.10 0.8 GTCS
Focal

N Y Y Mild Mild N N Enlargement of 
ventricular and 
subarachnoid 
space in left 
brain

Multi. FD Right parietal 2.1 VPA/TPM 1–2 clusters a 
year

10 16 7.8 1.6 GTCS
Focal

N Y Y Moderate/severe Moderate N N Normal Normal NA 9.2 LEV/VPA/TPM 1–2 clusters a 
year

Abbreviations:	AEDs,	antiepileptic	drugs;	CBZ,	carbamazepine;	CZP,	clonazepam;	FD,	focal	discharge;	Focal,	focal	motor	seizures;	GTCS,	generalized	 
tonic‐clonic	seizures;	LEV,	levetiracetam;	LTG,	lamotrigine;	Multi.	FD,	multifocal	discharge;	N,	none;	NA,	not	available;	NZP,	nitrazepam;	OXC,	 
oxcarbazepine;	TPM,	topiramate;	VPA,	sodium	valproate;	Y,	yes.
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therapy (4/14, 28.57%), and five patients used multi‐drug therapy 
(5/14, 35.71%). The seizure‐free interval ranged from 3 months to 
13 years. Family No. 1 and No. 2 had two affected sisters separately. 
Sisters	in	family	No.	1	were	sensitive	to	LEV	combined	VPA.	Family	
No. 2 had twin sisters. The proband was not sensitive to LEV and 
VPA	but	to	OXC	and	CZP,	and	her	late‐onset	sister	was	benefit	from	
given	OXC	and	VPA	directly	to	control	seizures.

4  | DISCUSSION

PCDH19‐GCE is a special X‐linked inheritance, female heterozy‐
gotes are affected (Kolc et al., 2019), male hemizygotes are not 

affected, neither dominant inheritance nor recessive inheritance. 
“Cellular interference” mechanism is the main hypothesis to ex‐
plain this particular genetic pattern. This hypothesis speculates 
that in normal women without PCDH19 mutation, cells only ex‐
press wild‐type PCDH19, which ensures that the organism is in a 
homozygous neural network environment without pathogenicity. 
When individuals express two different PCDH19 in heterozygous 
mutation, the normal interaction between cells will be disturbed. 
Males did not develop the disease because they expressed only 
one type of PCDH19 (mutant or wild type). The findings of male 
mosaic patients seem to confirm the hypothesis (Depienne et al., 
2009;	 Terracciano	 et	 al.,	 2016;	 Thiffault	 et	 al.,	 2016).	 A	 total	 of	
16 patients in 10 families were female, and no mosaic male was 

TA B L E  3   The clinical manifestations of the female epileptic patients with PCDH19 mutations

Family Patient
Age at exam 

(years.month)
Onset age 
(years.month) Type of seizures SE

Seizures in 
cluster

Sensitivity to 
fever

Intellectual  
disability

Language 
delay Autism Psychosis Brain MRI Interictal EEG

Onset area of 
focal sz

The last follow‐up

Present 
age Current AEDs

Seizure 
frequency

1 1 5.6 2.6 Focal N Y Y Mild Mild N N Normal Normal Left frontal 7.5 LEV/VPA Seizure free 
for 2 years

1 2 2.3 0.6 Focal N Y Y Moderate Moderate N N Normal Normal Right frontal 4.2 LEV/VPA/TPM Seizure free 
for 1 year

1 3 28 8 GTCS
Focal

N Y Y Moderate Moderate N N Normal Normal NA 30 N Seizure free 
for 13 years

1 4  3 NA NA NA NA Moderate Moderate N Y NA NA NA  NA NA

1 5  3 NA NA NA NA Moderate Moderate N N NA NA NA  NA NA

2 6 6 1.5 Focal N Y Y Very mild N N N Normal Normal NA 7 OXC/CZP Seizure free 
for 2 years

2 7 6 1.9 Focal N Y Y Very mild N N N Normal Normal NA 7 OXC/CZP Seizure free 
for 2 years

2 8 56 20 Focal N Y N N N N N Normal Normal NA 57 CZB Seizure free 
for 3 years

3 9 2.1 1.1 GTCS
Focal

N Y Y N N N N Normal Normal NA 2.3 VPA 1–2 clusters a 
year

4 10 1 0.5 GTCS
Focal

N Y Y Mild Moderate N N Normal Normal Right parietal 2.2 VPA/TPM/CZP Seizure free 
for 1 year

5 1 1.11 0.11 Focal N Y Y Moderate Moderate N N Normal FD Right frontal 3 VPA Seizure free 
for 1 year

6 12 2.6 1.4 Focal N Y Y Moderate Moderate N N Normal Normal Left occipital 3.8 VPA/TPMNZP/
OXC

3–4 clusters a 
year

7 13 5.5 3.4 Focal N Y Y Very mild N N N Normal FD Left frontal 7.6 VPA Seizure free 
for 2 years

8 14 6 0.7 Focal N Y Y Mild Mild N N Enlargement of 
lateral ventricular

FD NA 9.6 VPA/TPMLTG/
OXC

1–2 clusters a 
year

9 15 0.10 0.8 GTCS
Focal

N Y Y Mild Mild N N Enlargement of 
ventricular and 
subarachnoid 
space in left 
brain

Multi. FD Right parietal 2.1 VPA/TPM 1–2 clusters a 
year

10 16 7.8 1.6 GTCS
Focal

N Y Y Moderate/severe Moderate N N Normal Normal NA 9.2 LEV/VPA/TPM 1–2 clusters a 
year

Abbreviations:	AEDs,	antiepileptic	drugs;	CBZ,	carbamazepine;	CZP,	clonazepam;	FD,	focal	discharge;	Focal,	focal	motor	seizures;	GTCS,	generalized	 
tonic‐clonic	seizures;	LEV,	levetiracetam;	LTG,	lamotrigine;	Multi.	FD,	multifocal	discharge;	N,	none;	NA,	not	available;	NZP,	nitrazepam;	OXC,	 
oxcarbazepine;	TPM,	topiramate;	VPA,	sodium	valproate;	Y,	yes.
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found. The genetic pattern was consistent with the hypothesis of 
cell interference mechanism.

PCDH19‐GCE is caused by PCDH19 mutations, and the protein 
PCDH19 which encoded by PCDH19 is expressed in various embry‐
onic and human tissues (Cooper et al., 2015), including kidney, lung, 
and trachea, but it is significantly expressed in the nervous system, 
especially in limbic system (such as amygdala, hippocampus, and 
ventral hypothalamus) and cortex (Hertel, Redies, & Medina, 2012; 
Kim et al., 2010; Pederick et al., 2016; Schaarschuch & Hertel, 2018), 
and acts on the proliferation of progenitor cells and formation of 
nerve circuits and regulation of nerve activity (Bassani et al., 2018; 
Fujitani,	 Zhang,	 Fujiki,	 Fujihara,	&	Yamashita,	 2017;	Hayashi	 et	 al.,	
2017). In neurons, this regulation is the basis for the transmission 
and integration of synaptic inputs, and establishes adequate re‐
sponses for the development, plasticity, and survival of neurons 
(Compagnucci et al., 2015; Kurian et al., 2018; Pederick et al., 2018). 
PCDH19 belongs to δ2 subgroup of nonclustered desmosomal cad‐
herins and PCDHs, which also contain PCDH8, PCDH10, PCDH12, 
PCDH17, and PCDH18. This is also the basis for our conservative 
analysis. PCDH19 consists of six exons with a total length of 9,765 
nucleotides and is located on chromosome Xq22.3. PCDH19 which 
with 1,148 amino acids is composed of a signal sequence, six ex‐
tracellular cadherin (EC) repeats, a transmembrane domain and 
a cytoplasmic region with conserved cytoplasmic domain (CM) 
1 and CM2. Exon 1 is translated into the whole extracellular and 
transmembrane domain, as well as a small part of the cytoplasmic 
domain. The rest is encoded by exon 2–6. Exons 5 and 6 encode 
CM1 and CM2, respectively. The reported mutation types include 
missense, nonsense, insertion or deletion of bases, splicing, deletion 
of fragments or whole genes, and deletion of other adjacent genes 
(Depienne et al., 2011; Vincent et al., 2012). Seven of the eight‐point 
mutations in our study were in exon 1, including four frameshift mu‐
tations, two missense mutations, one in‐frame mutation; while one 
mutation occurred in exon 6, just like the reported mutations which 
occurred mostly in exon 1 (Kolc et al., 2019). The intracellular C ter‐
minal tail of PCDH19 contains the conserved motifs CM1 and CM2, 
and	the	Wiskott–Aldrich	syndrome	protein	(WASP)	family	(Chen	et	
al., 2014), these domains anchor on the cytoskeleton and integrate 
with intracellular signal transduction pathways. So C.2859_2860insT 
in exon 6 may play a pathogenic role by affecting intracellular signal 
transduction. But there is no intron after the premature termination 
codon this variant generates so the PCDH19	mRNA	is	unlikely	to	be	
degraded	by	nonsense‐mediated	mRNA	decay,	and	we	did	not	have	
enough	evidences	to	prove	that	this	variant	affects	mRNA	or	pro‐
tein	stability.	So	according	to	the	ACMG	standard,	it	should	be	likely	
pathogenic (LP), but because of its location, it may be just considered 
as	variant	of	undetermined	significance	(VUS).	The	girl	with	this	mu‐
tation had fever sensitivity, clustered transient partial seizures, and 
developmental retardation, the clinical characterization was highly 
consistent with PCDH19‐GCE.	So,	we	kept	this	VUS	site	which	may	
be a pathogenic mutation. With the increasing reports of this kind 
of variants in the future may help us better understand the patho‐
genesis of PCDH19‐GCE. Some evidences proved the cytoplasmic 

region	of	PCDH19	which	bind	to	GABAA	receptor	(GABAAR) alpha 
subunit can regulate the availability of receptor surface which may 
be	 involved	 in	 the	 regulation	of	 intracellular	 transport	of	GABAAR 
(Bassani et al., 2018; Gerosa et al., 2019). Other studies have found 
that	the	 level	of	allopregnanolone	(AP)	 in	PCDH19 female epilepsy 
patients	was	 decreased	 (Tan	 et	 al.,	 2015),	 and	AP	 is	 the	most	 ef‐
fective	positive	regulator	of	GABAAR which mediates fast inhibitory 
neurotransmission in the brain, so PCDH19 as a key modulator of 
GABAergic	 transmission	and	may	suggest	new	pathogenic	mecha‐
nisms. Six mutations were found in EC1–4 (6/8, 75%), including two 
missense mutations, which are highly conserved in orthologs and 
in paralogs of PCDHs. The EC1–4 repeats of PCDH19 have been 
identified as the minimal adhesive unit involved in the generation 
of a trans adhesive interface. These repeats interact in antiparallel 
PCDH19 dimer (forearm handshake model) to play the role of adhe‐
sion and mediation (Cooper, Jontes, & Sotomayor, 2016).

In this study, Seven PCDH19 mutations of the 10 probands were 
de novo, three mutations were inherited from fathers, and sporadic 
new mutations accounted for the majority, which was the main 
mutation type, consistent with the literature (Duszyc et al., 2015). 
And,	our	report	found	four	novel	mutations	which	expand	the	spec‐
trum of PCDH19	mutations	associated	with	epilepsy	in	females.	All	
the patients in the study were female, with onset age ranging from 
5 months to 20 years old, later than the 6 months to 3 years old re‐
ported in the literature (Smith et al., 2018). In our study, the patients 
with the onset age older than 3 years (5/16, 31.25%) were mainly 
the first and second generations of the families. So PCDH19‐GCE 
does not only onset in infancy, but it also can occur late in adult‐
hood, and the late‐onset patients may have mild clinical phenotype. 
Except for two deaths, other patients had the characteristics of clus‐
ter, transient focal seizures, or GTCS. It was found that 70.5% of 
children	had	terrible	screams	when	focal	seizures	occurred	(Antelmi	
et al., 2012; Marini et al., 2012), the proportion in this study was 
35.71%, which was lower than that. Except for one case, all patients 
had the characteristics of fever sensitivity (15/16, 93.75%), and no 
status epilepticus in all the patients which was the biggest differ‐
ence between PCDH19‐GCE	and	DS.	And,	the	onset	age	of	DS	was	
<1 year old, mostly 5–8 months, the ratio of male to female is 2:1, 
photosensitivity, myoclonic seizures are more common, EEG is nor‐
mal within 1 year old, and worse gradually in later stages, and most 
of	the	cranial	MRI	was	normal.	A	few	DS	with	hippocampal	sclero‐
sis had severe cognitive impairment. 70%‐80% of the children had 
SCN1A mutations and poor prognosis (Trivisano et al., 2016). It is 
difficult to distinguish PCDH19‐GCE from DS, especially in the early 
stages of onset. Molecular identification of potential genetic defects 
in epilepsy and analysis of parental status is essential to provide ap‐
propriate genetic counseling for families.

Nearly half of the patients had normal intelligence or mild mental 
retardation, and the remaining half of the group had moderate men‐
tal retardation. One patient had psychosis, van Harssel et al. (2013) 
reported four male carriers of PCDH19 mutations without epileptic 
seizures, but with emotional disorders (schizophrenia and autism) and 
mental retardation. It can be seen that patients with PCDH19‐GCE 
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F I G U R E  5   Ictal EEG and EMG tracing of patient No. 10 in family 4. Rapid spikes followed by sharp waves, predominant on the right 
central‐parietal regions corresponding to rhythmic shaking of left limbs and eyelids



10 of 12  |     YANG et Al.

may have normal intelligence and language, mild‐to‐moderate men‐
tal retardation, psychotic disorders. Some studies have found schizo‐
phrenia and other psychotic disorders as a later‐onset manifestation 
of PCDH19‐GCE (Vlaskamp et al., 2019). We will continue to follow 
up these patients to see if they manifested mental disorders in the 
future. There were only two cases that had nonspecific abnormali‐
ties	on	cranial	MRI.	Although	some	studies	 found	cortical	dysplasia	
in PCDH19 mutation patients and mouse models (Kurian et al., 2018; 
Pederick et al., 2018), this was not found in our patients. Interictal 
EEG showed transient focal or multiple epileptiform discharges in only 
four patients. Frontal‐parietal regions as the onset of focal seizures 
were	mainly	 involved	in	the	 ictal	EEG.	And	frontal‐parietal	region	 is	
predominantly responsible for motion, this may explain focal motor 
seizures as the main types of focal seizures in PCDH19‐GCE.

Children with PCDH19 mutations often show significant cluster 
seizures	in	the	early	stage	of	onset,	and	the	effect	of	AEDs	is	poor.	At	
present, it has been found that carbamazepine, lamotrigine, and ami‐
nohexenoic acid ineffective or aggravated. Sodium valproate, cloba‐
zam, phenytoin, and stiripentol are relatively effective (Higurashi et 
al., 2013; Lotte et al., 2016; Trivisano, Specchio, & Vigevano, 2015). 
Corticosteroids have been reported to be effective in the treatment 
of acute cluster termination in a patient with PCDH19‐GCE, then the 
hypothesis that blood–brain barrier dysfunction exists in PCDH19‐
GCE patients has been proposed (Bertani et al., 2015; Higurashi et al., 
2015). However, remission is only temporary and epileptic seizures 
recur.	 After	 discovering	 that	 the	 level	 of	 allopregnanolone	 and	 ste‐
roidogenesis decreased (Tan et al., 2015; Trivisano et al., 2017), clinical 
trials began with ganaxolone, a synthetic analog of isoprogesterone 
(Tan et al., 2015). Surgical excision can reduce seizures in patients with 
cortical dysplasia (Kurian et al., 2018). Children with PCDH19‐GCE had 
better responsiveness to benzodiazepines in the acute stage, and mid‐
azolam could control epileptic seizures. Eight patients needed midaz‐
olam to help control the acute cluster seizures in the study; however, 
soon after midazolam was reduced or discontinued, the seizures re‐
surged. Considering the unique pattern of epilepsy, even in the case of 
continuous	seizures,	added	multiple	AEDs	quickly	should	be	avoided.	
In this group of patients, except for patient No. 12, seizures were not 
sensitive	 to	AEDs.	Family	No.	1	 and	No.	2	had	 two	affected	 sisters	
separately. The sisters in the same family have the same reactivity to 
AEDs.	This	may	suggest	that	if	we	met	a	PCDH19 family in clinic, the 
medication characteristics of proband in the family can guide the treat‐
ment of other patients in the same family. But the number of samples is 
too small, so that is just our guess. During the recent follow‐up, the sei‐
zure‐free interval ranged from 3 months to 13 years. Two patients had 
remission time longer than 3 years, with remission ages of adolescence 
and	adulthood,	respectively.	Specchio	et	al.	(2011)	believed	that	AEDs	
could not control the cluster seizures in children, and the decrease in 
seizures with age may be related to the decrease in febrile diseases.

In conclusion, PCDH19 mutations can be inherited or de novo. 
PCDH19 mutations‐related epilepsy has incomplete penetration rate 
and phenotypic heterogeneity. The phenotypes of PCDH19 mutations 
include PCDH19‐GCE with or without mental retardation, psychosis, 
and male asymptomatic carriers. PCDH19‐GCE is characterized by 

clustered transient GTCS and focal seizures, and fever sensitivity. The 
onset age of PCDH19‐GCE	can	vary	from	childhood	to	adulthood.	And,	
our report expands the spectrum of PCDH19 mutations associated 
with epilepsy in females.
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