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The clinical features of the PCDH19 gene mutation include febrile epilepsy

ranging from mild to severe, with or without intellectual disability, cognitive

impairment, and psych-behavioral disorders, but there has been little research

on males with the mosaic mutation of PCDH19. This study reported a novel,

de novo, and mosaic PCDH19 nonsense mutation (NM_001184880: c.840C

> A, p. Tyr280∗) from a Chinese male in early middle childhood by trio

whole-exome sequence (Trio-WES) and confirmed by Sanger sequence. The

proportion of the mosaic mutation (c.840C > A, p. Tyr280∗) in PCDH19 was

27.9% in, buccal mucosal cells, 48.3% in exfoliated cells in the urine, and

50.6% in peripheral blood of proband. He had the first onset of seizures

in toddlerhood with febrile epilepsy, mild impaired cognitive psychological,

and behavioral abnormalities. The electroencephalography (EEG) exhibited

sharp waves and sharp slow complex waves in the bilateral parietal, occipital,

and posterior temporal regions during the interictal period. Pinpoint white

matter lesions in the periventricular white matter and slightly bulging bilateral

ventricles appeared on cranial magnetic resonance imaging (MRI). With

Depakine and Keppra he gained good control over his epilepsy. This study

might expand the genotypes and broaden the spectrums.
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Introduction

With the wide application of next-generation sequence (NGS) technology, the

etiology of epilepsy is gradually associated with multiple genes. Protocadherin 19

(PCDH19) is one of the most common genetic causes of epilepsy (1). Interestingly,

PCDH19-caused X-linked developmental and epileptic encephalopathy 9 (OMIM:

300088), characterized by unusual epilepsy with or without fever sensitivity, with

or without cognitive impairment, and psychoneurological disorder, is common to

most females with heterozygous variation and males restricted with mosaic mutation,

but not hemizygous males (2). The pathogenesis of this unique disorder could

be partially explained by a cellular interference mechanism between mutant-type

neural cells and normal neural cells in the developing brain (3). Several studies in
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the PCDH19 show that the severity of encephalopathy is

related to the onset time of epilepsy, the proportion of

mosaicism, and the types of mutation (such as missense and

truncating mutations) and the domains affected by mutations

(4–7). To date, more than 270 pathogenic variants have been

reported in PCDH19 according to Human Gene Mutation

Database (HGMD). However, most research has focused on the

affected females with the PCDH19-related disorder, but males

with pathogenic PCDH19 variation have rarely been reported.

Here, we report a novel mosaic PCDH19 nonsense mutation

(NM_001184880: c.840C > A, p. Tyr280∗) in a Chinese 6

year old boy with febrile epilepsy and mild impaired cognitive

psychological, and behavioral abnormalities. He gained long-

term control (>12 months) of his epilepsy on anti-epileptic

drugs, includingDepakine and Keppra. This studymight expand

the genotypes and broaden the spectrums.

Case presentation

The proband was a 6 year old boy. He was the first child

of his parents who were both healthy and not consanguineous.

His birth history and perinatal history were not special. He

was born by spontaneous delivery with a 3.1 kg birth weight.

There was no positive family history of epilepsy. The febrile

generalized tonic-clonic seizures were present in his 14 month

old triggered by mycoplasmal pneumonia for the first time. The

seizures lasted approximately 2min and remitted spontaneously,

with seizures occurring 5 times in 15 h. The analysis of

electroencephalography (EEG) exhibited that sharp waves and

sharp slow complex waves in the bilateral parietal, occipital,

and posterior temporal regions were distributed locally with

normal background during the interictal period (see Figure 1A).

By cranial magnetic resonance imaging (MRI), punctate white

matter lesions appeared with slightly long T1 and T2 signals,

and slightly high signals on fluid-attenuated inversion recovery

(FLAIR) in the periventricular white matter and slightly

plump bilateral ventricles (see Figures 1B–D). Mycoplasma

pneumonia antibodies IgM was positive with high titers.

The other examinations were not found abnormal including

the routine blood test, coagulative function evaluation, liver,

and renal function, autoimmune antibodies, blood ammonia,

plasma amino acids, plasma acylcarnitine, urine analysis of

gas chromatography-mass spectrometry (GC–MS), routine

examination, and biochemical detection of cerebrospinal fluid

(CSF) acquired by lumbar puncture. Phenobarbital, midazolam,

and Keppra were initially used for the boy, but epilepsy

remained poorly controlled by this treatment. After Depakine

and methylprednisolone were subsequently added, his seizure

was gradually controlled.

During hospitalization for the first seizure, in the absence

of a molecular diagnosis, the boy was diagnosed with viral

encephalitis epilepsy by a neurologist. Therefore, after discharge,

he continued to receive methylprednisolone to improve and

reduce inflammation in the central nervous system. In addition,

he insisted on using sodium valproate, levetiracetam (LEV), and

oxiracetam to control and prevent seizures. Seizures were not

observed for approximately 3 years and 10 months.

After a 42month seizure-free period, at the age of 5 years and

2months, he developed a second generalized tonic-atonic febrile

seizure after a fall, which lasted about 5–10min and resolved

spontaneously. The seizures recurred after 1 h and lasted about

10min. Seizures were well controlled by oral Depakine, Keppra,

and other supportive care after admission. Epileptic seizures

were not observed in him for 21 months till the last follow-up.

Similar to previous results, the EEG revealed local sharp waves

and sharp slow waves in the right parietal and middle temporal

areas and the MRI was identical to the previous test the first

time. There were no abnormal findings in other examinations,

such as quantitative detection of EB virus DNA, cytomegalovirus

DNA, enterovirus and herpes simplex virus, auditory evoked

potential, visual evoked potential, and transcranial Doppler

ultrasound (TCD).

Developmentally, he could raise his head at 4months, sit and

roll at 7 months, and walk at 12 months. After suffering from

first febrile seizures, he had remarkable developmental delay

and progressive motor disturbances. Subsequently, the onset of

seizures for the second time, he could not walk or talk within

a week. The WPPSI-IV (Wechsler Preschool and Primary Scale

of Intelligence) showed that his full-scale intellectual quotient

(FSIQ) was 79 at his age of five. He had a verbal comprehension

index (VCI) of 79 and a normal evaluation of social-life ability.

The proband and his parents received a trio-WES (whole-

exome sequence) and copy number variants (CNVs) analysis

by detecting DNA extracted from peripheral blood. The

CNVs analysis was negative. However, trio-WES identified a

novel pathogenic mosaic nonsense mutation of the PCDH19,

NM_001184880: c.840C > A, p. Tyr280∗, affecting the exon 1

involved extracellular domain of the PCDH19. This mutation

was predicted to be pathogenic (PVS1 + PS2 + PM2). The

heterozygous variant was confirmed by the Sanger sequence (see

Figure 2). This variant was de novo and absent in his parents.

The proportion of mosaicism was 53 and 50.6% according to

WES and Sanger sequence results, respectively. Interestingly,

the proportion of mosaic mutation (c.840C > A, p. Tyr280∗)

in PCDH19 was 27.9% in, buccal mucosal cells and 48.3% in

exfoliated cells in urine, respectively.

Materials and methods

This study was approved by the ethics committee of

Guangzhou Women and Children’s Medical Center. The trio

WES (whole exome sequence) was conducted with 200X

average coverage after informed consent. The patient was

diagnosed with epilepsy by reference to the International

League Against Epilepsy definition. Clinical information of the

patient was recorded including medical history, family history,
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FIGURE 1

Electroencephalography (EEG) and Cranial magnetic resonance imaging (MRI) result of proband with mosaic mutation in PCDH19 gene

(c.840C>A, p. Tyr280*). (A) The analysis of electroencephalography (EEG) exhibited that sharp waves and sharp slow complex waves in the

bilateral parietal, occipital, and posterior temporal regions were distributed locally with normal background during the interictal period. (B–D)

Punctate white matter lesions appeared with slightly long T1 and T2 signals, as well as slightly high signal on FLAIR in the periventricular white

matter and slightly plump bilateral ventricles.

mental growth and development, electroencephalography

(EEG), magnetic resonance imaging (MRI), hospitalization

data and drug use et. al. The pathogenicity of the variant was

classified according to standards and guidelines of the American

College of Medical Genetics and Genomics. DNA libraries

were prepared using a NEXTflexTM Rapid DNA Sequencing

Kit (5144-02) according to the manufacturer’s protocol. Exome

sequencing was enriched in the DNA sample by using Agilent

SureSelect human exome capture probes (V6, Life Technologies,

USA) according to the manufacturer’s protocol. The whole

exome sequence was performed by utilizing Hiseq XTen

(Illumina, Inc., San Diego, CA, USA) for pair-end 150-bp

reads. Trimmomatic was used to remove adapter contaminated

reads and low-quality for raw reads filtering. Clean reads were

aligned to the human reference genome (NCBI GRCh37/hg19)

with the BWA mem algorithm. BAM files were conducted

for SNP analysis, duplication marking, indel realignment, and

recalibration using SAMtools and GATK. The minor allele

frequencies (MAFs) of all known variants were annotated

according to dbSNP, the 1,000 Genome Project, ExAC, EVS,

gnomAD, and our in-house database. Databases such as OMIM,

ClinVar, and Human Gene Mutation Database were used to

determine mutation harmfulness and pathogenicity where

appropriate. The biological effects analysis of candidate variant

genes was determined by using programs SIFT, MutationTaster,

PolyPhen2, PROVEAN, CADD, Human Splicing Finder,

MaxEntScan, and NNSplice. The variants suspected to be of

clinical significance were confirmed by Sanger sequencing

methods. The ratios of mosaic mutation in the peripheral

blood, exfoliated cells in the urine, and buccal mucosal cells

were calculated by Bioedit software by analyzing the Sanger

sequencing results.

Discussion

PCDH19-associated epilepsy was the second most common

cause of epilepsy. To date, there have been over 270 variants
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FIGURE 2

The novel de novo mosaic mutation in PCDH19 gene in proband confirmed by Sanger sequence. The variant was identified in proband but

absent in parents. The proportion of mosaic mutation (c.840C>A, p. Tyr280*) in PCDH19 gene was 27.9% in, buccal mucosal cells, 48.3% in

exfoliated cells in urine and 42.4% in peripheral blood of proband.

of PCDH19 in females. The phenotypes were considered in

previous studies to be restricted to women with the PCDH19

heterozygous mutation. However, there have been few reports

of male epileptic patients with mosaic PCDH19mutations. This

study reported a mosaic, de novo, and nonsense mutation in

exon 1 of PCDH19 (c.840C > A, p.Tyr280∗) in a 6 year old boy

with febrile epilepsy.

Although there was no genotype and phenotype correlation

from a 271 meta-analysis study in 2018 (4), Shibata et al.

(5) found truncating variants from extracellular domain 5

(EC5) to cytoplasmic domain showed later seizures and less

intellectual disability, compared with missense variants and

truncating variants from EC1 to EC4. The PCDH19 belongs to

the δ2-protocadherin subclass of the cadherin superfamily and

is located on the X chromosome (Xq22.1), which encodes a

total of six exons (8). The first exon encodes the extracellular,

transmembrane domains, and a small portion of the C-terminal

region. The left C-terminal region is coded by exon 2–6 (9).

Exon 1 is unusually large and long, as well as contains the most

numbers of pathogenic variants among all exons in PCDH19

(4, 10). Furthermore, there were more pathogenic variants per

base (5% per base) in exon 1 of the PCDH19 (4). It suggested

that variation in extracellular regions was poorly tolerated. The

position of the nonsense mutation in our case was at exon 1 of

the PCDH19 (c.840C > A, p. Tyr280∗). The same location of

the mosaic de novo variant (c.840C > G, p. Tyr280∗) has been

previously reported in a male (6). Interestingly, there were many

parallels in phenotypes between the report and our case. The

case with a similar variation in PCDH19 had generalized clonic

epilepsy accompanied by fever sensitivity at the tenth month

after birth. He also had a cognitive disorder, psychological, and

behavioral abnormalities. A previous study suggested that there

were milder phenotypes in cases with a missense mutation in

the extracellular cadherin (EC) domain 5 (5). But in our case,

theoretically, the truncation variant of PCDH19 should have

resulted in a severe phenotype, but in this case there is mild

epilepsy, no developmental delay, and psychiatric disorders. We

speculated that this is more related to the late age of onset

and the low proportion of oral mosaic mutations, which might

reflect the proportion of abnormal neurons. Further studies are
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needed such as how the PCDH19 mutations are involved in

febrile epilepsy, what the differences in pathogenesis are among

various types of variation and what the factors are that lead to

incomplete penetrance.

The first onset time of seizures was negatively correlated

with the poor prognosis of epilepsy. In this study, our case, who

developed epilepsy for the first time at 14 months postpartum,

presented with mild cognitive impairment and psychological

and behavioral abnormalities. In addition, he gained long-

term control (>12 months) of epilepsy on anti-epileptic drugs,

including Depakin and Keppra. A meta-analysis including 271

cases with the PCDH19 variants demonstrated seizures that

onset≤12 months was significantly associated (p = 4.127 × 10–

7) with more severe intellectual disability, compared with onset

>12 months (4). The first year after birth was an important

period when the metabolism was increased in the frontal cortex

and the brain developed rapidly (11, 12). They speculated

that the early onset of seizures within the first year might

disrupt neural development and lead to cognitive dysfunction.

However, a recent study of genotype and phenotype of PCDH19

demonstrated that the late-onset seizures accompanied by

milder intellectual disability occurred in patients with truncating

variants located on extracellular cadherin (EC) domain 5 to

the cytoplasmic domain compared with those of patients with

other variants (5). The earlier seizures onset time accompanied

by more severe cognitive impairment and psychological and

behavioral abnormalities likely reflected a manifestation of more

severe cellular signal interference. Early onset and severe cellular

signal interference may be mutually influenced, resulting in the

presence of a severe phenotype.

The proportion of PCDH19 mosaic variation in males

seemed to be associated with seizure severity. There was a

striking sorting through adhesion specificity in a combinatorial

manner between cells expressing wild-type (WT) PCDH19 and

null PCDH19 in the developing cortex (13). This might be

explained that homophilic trans (cell–cell) interactions were

preferred for all δ-protocadherins family (14). Heterozygous

mutation of PCDH19 in mice revealed that a mismatch between

PCDH19 and N-cadherin (Ncad) impairs Ncad-dependent β-

catenin signaling andmossy fiber presynaptic development (15).

Theoretically, the phenotype tended to be worse when the ratio

of PCDH19 mutation and normal cells was close to 50%. In the

previously reported cases, epilepsy and developmental disorders

were mild in most cases when the mutation mosaicism rate in

peripheral blood was high or low (6, 7). However, it appeared

that the mosaic ratio in dermal fibroblasts better reflected the

severity of the disorder than in peripheral blood cells. The

patient in our study presented a mild to moderate phenotype

with mosaic ratios of 27.9% in buccal mucosal cells, 48.3% in

exfoliated cells in urine, and 50.6% in peripheral blood of the

proband. There have been several asymptomatic male cases with

mosaic mutation of PCDH19 detected from peripheral blood

cell (16, 17), in particular, one of them revealed approximately

the same ratio (50:50) between the PCDH19 variant allele and

the wild-type allele, but this variant was not identified in skin

fibroblasts. Conversely, a male patient showed severe epilepsy

with a normal PCDH19 allele in 53% of the fibroblasts despite

no PCDH19 mutation signal in peripheral blood lymphocytes

(7). It seemed that the mosaic proportion of dermal fibroblasts

resembled one of the nerve cells because the two originate from

the ectoderm of the embryo, which could serve as a marker for

predicting the severity and prognosis of PCDH19 in epilepsy.

The boy in our study was treated at the first onset with

prednisone and antiseizure drugs to improve neural function

and control seizures, respectively. The low steroid can be

associated with severe PCDH19-related encephalopathy.

Interestingly, there were multiple defects in peripheral

steroidogenesis in female patients with PCDH19 mutations,

but restoration of adrenal steroidogenesis was beneficial

for the increase in postpubertal PCDH19 febrile epilepsy

(18). Furthermore, corticosteroids could suppress the seizure

clusters immediately in PCDH19 female epilepsy (19). The

potential pharmacological mechanism of steroids in PCDH19

encephalopathy had two facets, (1) The steroid ameliorated

the blood-brain barrier (BBB) vulnerability resulting from

the PCDH19 variation (19). (2) As an antiepileptic agent,

the neurosteroids could enhance both tonic and phasic γ-

aminobutyric acid receptor A (GABAA) dependent inhibitory

currents (18). Additionally, in this case we observed the

long-term control (>12 months) of epilepsy by anti-epileptic

drugs, including Depakin and Keppra. We speculated that there

were two reasons, including the late onset time of seizures and

the potent efficacy of valproate and levetiracetam, which had

antiepileptic response rates of 61 and 57%, respectively, after 12

months of use (20, 21). In short, this study provided evidence for

PCDH19-related epilepsy therapy and confirmed the utility of

steroids and valproate and levetiracetam in controlling seizures

caused by the mosaic PCDH19mutation.

Conclusion

This study reported a novel, de novo, mosaic and a nonsense

mutation (c.840C > A, pTyr280∗) in a 6 year old boy with

febrile epilepsy, expanding the genotypes and broadening the

spectrum. This study emphasized that the PCDH19 mosaic

variation should not be overlooked in males with seizures. The

whole-exome sequence should be initiated for patients who

are characterized by febrile seizures, cognitive impairment, and

neuropsychiatric disorders.
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