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Abstract
Aims: To identify novel pathogenic gene of febrile seizures (FS)/epilepsy with ante-
cedent FS (EFS+).
Methods: The trio-based whole-exome sequencing was performed in a cohort of 462 
cases with FS/EFS+. Silico programs, sequence alignment, and protein modeling were 
used to predict the damaging of variants. Statistical testing was performed to analyze 
gene-based burden of variants.
Results: Five heterozygous missense variants in CELSR3 were detected in five cases 
(families) with eight individuals (five females, three males) affected. Two variants 
were de novo, and three were identified in families with more than one individual af-
fected. All the variants were predicted to be damaging in silico tools. Protein modeling 
showed that the variants resulted in disappearance of multiple hydrogen bonds and 
one disulfide bond, which potentially caused functional impairments of protein. The 
frequency of CELSR3 variants identified in this study was significantly higher than 
that in controls. All affected individuals were diagnosed with FS/EFS+, including six 
patients with FS and two patients with EFS+. All cases presented favorable outcomes 
without neurodevelopmental disorders.
Conclusions: CELSR3 variants are potentially associated with FS/EFS+.
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1  |  INTRODUC TION

Febrile seizures (FS) are the most common convulsive event in hu-
mans. Generally, about 4%–5% of population suffer at least one FS 
during lifetime, whereas the incidence of FS in the Asian population 
is up to 8%–10%.1,2 FS alters susceptibility of nervous system under 
exposure to fever.3 The biological basis of FS remains unknown. 
Increasing evidence supports that genetic factor is a predominantly 
pathogenic element of FS.2,4,5 FS is a kind of epileptic seizure by na-
ture, and children with FS are five times more likely to develop sub-
sequent unprovoked seizures (epilepsy with antecedent FS, EFS+) 
compared with children without FS.2 So far, the identified genes 
that causes FS/EFS+include ADGRV1, CPA6, DYRK1A, FEB2, FEB5, 
FEB6, FEB7, FEB9, FEB10, FGF13, GABRB3, GABRD, GABRG2, GEFSP4, 
GEFSP6, GEFSP8, HCN1, NPRL3, SCN1A, SCN1B, SCN2A, SCN9A, 
and STX1B (OMIM, https://www.omim.org/). However, the genetic 
causes of the majority patients with FS/EFS+ are unknown.

CELSR3 (OMIM*  604264) encodes cadherin EGF LAG seven-
pass G-type receptor 3 (CELSR3), which is a special subgroup of ad-
hesion G protein-coupled receptors that is expressed mainly in the 
brain across whole lifespan.6 Although function of CELSR3 is uncer-
tain, previous studies have shown that CELSR3 plays a crucial role 
in dendrite development, axon guidance, and brain wiring.6–9 Mice 
of homozygous CELSR3 null exhibit neonatal lethality and abnormal 
nervous system development, such as abnormal morphology of em-
bryonic or fetal subventricular zone, globus pallidus malformation, 
anomalous innervation, and neuronal migration disorder.10,11 These 
findings suggest an essential role of CELSR3 in neurodevelopment. 
CELSR3 variants have been occasionally detected in various neuro-
logical diseases,12–21 including autism spectrum disorder, develop-
mental delay, epileptic encephalopathy, intellectual disability, neural 
tube defects, and Tourette syndrome. However, the association be-
tween CELSR3 variants and human diseases is not determined.

In this study, we performed trios-based whole-exome sequenc-
ing (WES) in a cohort of patients with FS/EFS+ to screen novel ge-
netic variants. Five heterozygous missense variants in CELSR3 were 
detected in five unrelated cases. This study suggests that CELSR3 is 
potentially a candidate causative gene of FS/EFS+.

2  |  MATERIAL S AND METHODS

2.1  |  Subjects

We recruited the patients with FS/EFS+ from five hospitals in 
five regions in China, including The Second Affiliated Hospital of 
Guangzhou Medical University (Guangzhou), Children's Hospital of 
Chongqing Medical University (Chongqing), Children's Hospital of 
Soochow University (Suzhou), The First Hospital of Anhui Medical 
University (Hefei), and Xiangya Changde Hospital (Changde). 
Epileptic seizures and epilepsy syndromes were diagnosed ac-
cording to the criteria of the Commission on Classification and 
Terminology of the International League Against Epilepsy (1981, 

1989, 2001, 2010, and 2017). Focal epilepsy was used to denote 
patients with focal seizures, such as focal motor seizures, focal non-
motor seizures, and focal to bilateral tonic-clonic seizures, supported 
by unifocal/multifocal epileptiform discharges on electroencephalo-
gram (EEG). Generalized epilepsy was diagnosed based on a range of 
seizure types including absence, myoclonic, atonic, tonic, and tonic-
clonic seizures. FS was diagnosed with the criteria22,23: (1) a seizure 
occurring in childhood after age of 1 month to 5 years accompanied 
by a fever, (2) the febrile illness not caused by central nervous sys-
tem infection, (3) not meeting criteria for other acute symptomatic 
seizures. Patients with FS or epilepsy with antecedent FS were in-
cluded. The exclusion criteria were patients with brain structural 
abnormalities and epilepsies with acquired causes. Clinical informa-
tion of cases was collected, including age of onset, characteristics 
of seizures, history of afebrile seizures, state of development, fam-
ily history, and response to anti-seizure medications (ASMs). Brain 
magnetic resonance imaging (MRI) scans, including T1-weighted 
(morphology), T2-weighted, and FLAIR/T1 (intensity) features, were 
performed. The images of standard sagittal, coronal, and axial views 
were obtained for detecting the structural abnormalities. Long-term 
(24  h) video-EEG monitoring records were performed with elec-
trodes being arranged according to the international standard of 
10–20 reduced montage system. The procedures of open-close eyes 
test, hyperventilation, intermittent photic stimulation, and sleeping 
recording were obtained. Eventually, a total of 462 cases were en-
rolled, including 285 patients with FS, 92 patients with generalized 
epilepsy with antecedent FS, and 85 patients with focal epilepsy 
with antecedent FS.

This study complied with the principles of the International 
Committee of Medical Journal Editors with regard to patient con-
sent for research or participation. Written informed consent was 
obtained from the individuals or legal guardians. Ethical approval 
had been obtained from Ethics Committee of the Second Affiliated 
Hospital of Guangzhou Medical University.

2.2  |  WES and bioinformatic analysis

The blood samples were collected from the probands, their par-
ents, and other available family members to determine the origin of 
the identified genetic variants. The genomic DNAs from the blood 
samples were extracted by using the Qiagen Flexi Gene DNA kit 
(Qiagen). Trio-based WES was performed with NextSeq500  se-
quencing instruments (Illumina) according to the standard proce-
dures as previously described.24–26 We adopted a case-by-case 
analytical approach to identify candidate causative variants in each 
trio. Firstly, we prioritized the rare variants with a minor allele fre-
quency <0.005 in the 1000 Genomes Projects, Exome Aggregation 
Consortium, and Genome Aggregation Database (gnomAD, gno-
mad.broadinstitute.org). We retained potentially pathogenic vari-
ants, including frameshift, nonsense, canonical splice site, initiation 
codon, and missense variants predicted as being damaging in silico 
tools (VarCards, http://varca​rds.biols.ac.cn/). Finally, we analyzed 

https://www.omim.org/
http://varcards.biols.ac.cn/
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the potential disease-causing variants in each case under the follow-
ing five models: (1) epilepsy-associated gene model27; (2) de novo 
variant dominant model; (3) autosomal recessive inheritance model, 
including homozygous and compound heterozygous variants; (4) x-
linked model; (5) co-segregation analysis model. To identify novel 
epilepsy-associated gene, we put the known epilepsy-associated 
genes aside, and selected the genes with de novo variants, biallelic 
variants, hemizygous variants, and variants with segregations for 
further studies to define the gene-disease association, as we re-
cently reported.28 CELSR3 emerged as one of the candidate genes 
with recurrent de novo variants and variants with segregations 
in this cohort of patients. Conservation of mutated positions was 
evaluated using sequence alignment of different species. Sanger se-
quencing was used to validate the positive findings and the variant 
origination. All CELSR3 variants identified in this study were anno-
tated to reference transcript NM_001407.3.

2.3  |  Protein modeling

To evaluate the detrimental effect of candidate variants, we per-
formed protein models using Swiss-Model web server (https://swiss​
model.expasy.org/) and Iterative Threading ASSEmbly Refinement 
(I-TASSER, https://zhang​lab.ccmb.med.umich.edu/I-TASSE​R/). The 

three-dimensional structures of protein model were displayed by 
PyMOL (Version 1.6; Schrödinger, LLC).

2.4  |  Statistical analysis

A gene-based burden analysis29–31 for CELSR3 was performed in 
GraphPad Prism 8. Statistical significance was assessed using two-
sided Fisher's exact test in alleles of cases with FS/EFS+ versus con-
trols (gnomAD) with exact 95% confidence intervals (CIs). p < 0.05 
was considered significant.

3  |  RESULTS

3.1  |  Identification and analysis of CELSR3 variants

Five heterozygous missense variants in CELSR3 were detected 
in five unrelated cases with FS/EFS+, including c.3223C>T/p.
Arg1075Trp, c.5909G>A/p.Cys1970Tyr, c.8138A>G/p.Gln2713Arg, 
c.9422G>A/p.Arg3141Gln, and c.9565C>T/p.Arg3189Trp 
(Figure  1A, Table  1). Two variants (c.3223C>T/p.Arg1075Trp and 
c.5909G>A/p.Cys1970Tyr) were de novo. The other three were 
identified in families with more than one individual affected. The 

F I G U R E  1  Genetic data of the cases with CELSR3 variants. (A) Pedigrees of the five cases with CELSR3 variants, and DNA sequence 
chromatogram of the CELSR3 variants. The patients with seizures are represented by solid square/circle, including febrile seizures (FS) 
colored green, focal epilepsy (FE) colored blue, and generalized epilepsy (GE) colored yellow. Individuals with heterozygous variant are 
marked by m/+, and those negative for variant are marked by +/+. (B) The amino acid sequence alignment of variants shows that residues 
Cys1970, Gln2713 and Arg3141 are highly conserved across vertebrates. Residue Arg3189 is conserved across mammalia, whereas residue 
Arg1075 is less conserved among elephants than other mammalian species 

https://swissmodel.expasy.org/
https://swissmodel.expasy.org/
https://zhanglab.ccmb.med.umich.edu/I-TASSER/
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amino acid sequence alignment showed that residues Cys1970, 
Gln2713, Arg3141, and Arg3189 were highly conserved throughout 
class mammalia (Figure 1B). Residue Arg1075 was less conserved in 
elephant, but it was conserved by prediction of GERP++ program 
(http://mendel.stanf​ord.edu/sidow​lab/downl​oads/gerp/index.html). 
All the variants were predicted to be damaging in more than one 
of the commonly used silico prediction tools (VarCards, http://varca​
rds.biols.ac.cn/).

Variant p.Cys1970Tyr was not present in gnomAD database. 
The frequencies of variants p.Arg1075Trp, p.Gln2713Arg, p.Ar-
g3141Gln, and p.Arg3189Trp were far below 0.001 in gnomAD 
(Table  2). A gene-based burden analysis for CELSR3 variants was 
performed between the cases with FS/EFS+ and the controls in 
gnomAD database (Table  3). Five variant alleles were detected 
in the present cohort (462 cases, 924 alleles, 5/924); in contrast, 
these variant alleles presented at a frequency of 42/277466 and 
23/19828 in the controls of all population (gnomAD) and East 
Asian population (gnomAD), respectively. Statistically significant 
differences were detected between the case group and control 
groups (5/924 vs. 42/277466, p < 0.000001, odds ratio (OR) [95% 
CI] = 35.75 [14.11–90.56]; 5/924 vs. 23/19828, p = 0.007368, OR 
[95%CI] = 4.665 [1.922–11.91]).

None of the eight affected individuals were detected any other 
pathogenic or likely pathogenic variants in the 977 genes known to 
be associated with epilepsy.27

3.2  |  Structural alteration of CELSR3 protein

CELSR3 contains a large extracellular region for calcium binding, a 
seven-transmembrane domain in charge of stabilizing the extracel-
lular structure and transducing signal, and an intracellular region 
serving as a docking point for downstream effectors in cytoplasm 
(Figure 2A).6 Variants Arg1075Trp and Cys1970Tyr were both in the 
extracellular region of CELSR3, locating at the 9th cadherin tandem 

repeat domain (cadherin 9) and the EGF-like, respectively. Variant 
Gln2713Arg located at the seven-transmembrane domain. Variants 
Arg3141Gln and Arg3189Trp were both at the topological domain of 
intracellular region (Figure 2A).

Three-dimensional structural model of CELSR3 showed that the 
affected residues were all located on the outer side of the domains 
(Figure  2B–E). Originally, residue Arg1075 formed two hydrogen 
bonds with Glu1073 at distances of 3.0 Å and 3.3 Å, respectively. 
When arginine was replaced by tryptophan at residue 1075, one 
of the hydrogen bonds with residue Glu1073 was destroyed and 
the other hydrogen bond was shortened to a distance of 1.9  Å 
(Figure 2B). Residue Cys1970 linked Cys1955 with a disulfide bond, 
which was destroyed as cysteine at residue 1970 being replaced by 
tyrosine (Figure 2C). Residue Gln2713 formed two hydrogen bonds 
with Gly2712 and Thr2711. When glutamine was replaced by ar-
ginine at residue 2713, the hydrogen bond with Gly2712 was de-
stroyed (Figure 2D). Residue Arg3141 formed five hydrogen bonds 
with Ser3140, Leu3144, and Asp3145. When arginine was replaced 
by glutamine, three hydrogen bonds were destroyed while the two 
hydrogen bonds with Leu3144 and Asp3145 were kept. Residue 
Arg3189 interacted with Gln3004, Gln3006, Lys3008, and Arg3014 
by forming five hydrogen bonds. When arginine at residue 3189 was 
replaced by tryptophane, all hydrogen bonds above were destroyed 
(Figure 2E).

3.3  |  Clinical features of the cases 
with CELSR3 variants

In this study, the CELSR3 variants were identified in five cases 
(families) with eight individuals (five females, three males) affected 
(Figure 1A, Table 1). All affected individuals were diagnosed with 
FS/EFS+, including six individuals with FS, one patient with gen-
eralized tonic-clonic seizures with antecedent FS, and one patient 
with secondarily generalized tonic-clonic seizures with antecedent 

TA B L E  3  A gene-based burden analysis for CELSR3 variants identified in febrile seizures/epilepsy with antecedent febrile seizures

Allele count/number in 
this study

Allele count/number in the 
controls of gnomAD-all 
population

Allele count/number in the 
controls of gnomAD-East Asian 
population

Identified CELSR3 variants

c.3223C>T/p.Arg1075Trp 1/924 (0.0011) 10/282,850 (0.000035) 0/19,954 (0)

c.5909G>A/p.Cys1970Tyr 1/924 (0.0011) -/- -/-

c.8138A>G/p.Gln2713Arg 1/924 (0.0011) 4/281,468 (0.000014) 4/19,938 (0.0002)

c.9422G>A/p.Arg3141Gln 1/924 (0.0011) 23/278,086 (0.000083) 18/19,848 (0.00091)

c.9565C>T/p.Arg3189Trp 1/924 (0.0011) 5/277,466 (0.000018) 1/19,828 (0.00005)

Total 5/924 (0.0054) 42/277,466 (0.00015) 23/19,828 (0.0012)

p-value <0.000001 0.007368

OR (95% CI) 35.75 (14.11–90.56) 4.665 (1.922–11.91)

Note: p-value was determined by two-sided Fisher's exact test, alleles in patients versus controls; The value [95% CI] was calculated by method of 
Woolf logit.
Abbreviations: CI, confidence interval; OR, odds ratio.

http://mendel.stanford.edu/sidowlab/downloads/gerp/index.html
http://varcards.biols.ac.cn/
http://varcards.biols.ac.cn/
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FS. Two probands (case 2 and case 4-1) experienced status epilep-
ticus. The age at seizure onset ranged from 1 year old to 3 years 
old (mean 1 year 11 months [standard deviation] 9 months). The 
frequencies of seizures in all cases were low, mostly being at 1–5 
times per year. Four cases were normal on EEG recordings, and 
one case (case 4-1) had diffused spike-slow waves with posteriorly 
dominant. The brain MRI were all normal. With a minimum one-
year follow-up, all cases had favorable outcomes. Six patients were 
seizure-free without medication, while two patients (case 2 and 
case 4-1) were seizure-free after ASMs therapy. No patients had 
developmental delay, intellectual disability, and other significant 
neurological issues.

4  |  DISCUSSION

CELSR3 is a cell adhesion protein and largely expressed in the 
brain, functioning as a signaling receptor. CELSR3 converts cell–
cell communication cues into intracellular signals and regulates 
nervous activity.6 In our study, heterozygous CELSR3 variants 
were identified in five unrelated cases (families) with eight af-
fected individuals from a cohort of 462 patients with FS/EFS+. 
The identified CELSR3 variants included two de novo variants 
and three missense variants affected more than one individual 
in families. All variants were predicted to be potentially damag-
ing by silico tools. The gene-based burden analysis showed that 

F I G U R E  2  Schematic presentation of CELSR3 structure. (A) Linear representation of the subunit polypeptide chain and the location of 
CELSR3 variants. CELSR3 is a modular structure, including an extracellular region, a transmembrane domain, and an intracellular region. 
The extracellular region is composed of nine cadherin repeats (colored green), eight epidermal growth factor-like repeats (EGF-like) (colored 
blue), two laminin A G-type repeats (colored yellow), and one GPCR proteolytic site (GPS) (colored red). The transmembrane domain (colored 
purple) is formed by seven-transmembrane helices. The intracellular region contains a cytoplasmic tail. Variant Arg1075Trp (located on 
nine cadherin repeats) and variant Cys1970Tyr (located on EGF-like domain) are both in extracellular region. Variant Gln2713Arg is located 
on transmembrane domain. Variant Arg3141Gln and variant Arg3189Trp are both in intracellular region. (B–E) Schematic illustration in 
the three-dimensional structure of CELSR3, including part of cadherin repeats (B), EGF-like domain (C), transmembrane domain (D), and 
topological domain of intracellular region (E). (B) Residue Arg1075 (showed by cyan spheres) is on the outer side of cadherin repeats and 
links residue Glu1073 with two hydrogen bonds. In the mutant, only one hydrogen bond between Trp1075 and Glu1073 is kept at a distance 
of 1.9 Å. (C) Residue Cys1970 (showed by cyan spheres) is on the outer side of EGF-like domain, linking residue Cys1955 with a disulfide 
bond (showed by orange arrow). In the mutant, the disulfide-link is destroyed when residue Cys1970 is replaced by Tyr1970. (D) Residue 
Gln2713 (showed by cyan spheres) is located on the outer side of transmembrane domain, which forms two hydrogen bonds with Thr2711 
and Gly2712. In the mutant, the residue Arg2713 forms one hydrogen bond with Thr2711 and destroys the hydrogen bond with Gly2712. 
(E) Residue Arg3141 and residue Arg3189 are both located on the outer side of topological domain in intracellular region. Residue Arg3141 
forms five hydrogen bonds with residue Ser3140, Leu3144, and Asp3145. In mutant Arg3141Gln, two hydrogen bonds with Leu3144 
and Asp3145 are kept, while the other three hydrogen bonds are destroyed. Residue Arg3189 interacts with residue Gln3004, Gln3006, 
Lys3008, and Arg3014 by forming five hydrogen bonds. When arginine at residue 3189 is replaced by tryptophan, all linked hydrogen bonds 
are destroyed 
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the frequency of CELSR3 variants identified in this study was sig-
nificantly higher than that in controls. Protein modeling implied 
conformational space changes of the CELSR3 variants, which po-
tentially caused functional impairments of the protein.32 These 
findings suggest that CELSR3 variants are potentially associated 
with FS/EFS+.

In mammals, CELSR3 was expressed in brain from prenatal pe-
riod. Homozygous CELSR3 KO mice exhibited severe development 
abnormality of nervous system in embryonic period and died with 
neuropathological anomalies few hours after birth,10 suggesting that 
CELSR3 played a key role in early neurodevelopment of mammals. 
In the present study, all patients carried heterozygous CELSR3 vari-
ants and presented mild clinical symptoms with favorable outcomes. 
Protein modeling showed that the variants resulted in disappearance 
of multiple hydrogen bonds and one disulfide bond, but the affected 
residues were all located on the outer side of domains. Generally, the 
residues on the outer side of protein interconnected with fewer resi-
dues than central residues in structure; mutant residues at the outer 
side of domain had less effects on the protein structure and function 
than those at the inner side.33 It was, therefore, considered that the 
mild phenotypes were potentially due to the less damage effects 
caused by the heterozygous variants that located on the outer side 
of domains. It was possible that heterozygous variants might lead to 
milder phenotypes, whereas biallelic variants were lethal, leading to 
absence of clinical phenotypes.

Febrile seizures is a common clinical phenotype in humans, par-
ticularly in East Asian populations. In this study, the aggregate fre-
quency of the CELSR3 variants was 0.0054 in the present cohort 
with FS/EFS+, which was significantly higher than in controls of all 
population and East Asian population (gnomAD), suggesting an asso-
ciation between CELSR3 variants and FS/EFS+. It was noted that the 
frequency of CELSR3 variants in East Asian populations was higher 
than that in all populations (Table 3). The incidence of FS was higher 
in East Asian populations,34 which could potentially be explained by 
the higher frequency of FS-related variants like CELSR3 in East Asian 
populations.

In previous studies, three homozygous CELSR3 variants 
were reported, including two homozygous CELSR3 variants 
(c.6407G>A/p.Gly2136Asp21 and c.7890G>A/p.Met2630Ile20) 
identified in patients with early infantile epileptic encephalopa-
thy. The variant Met2630Ile presented at a frequency of 0.4% in 
general population, and 11 homozygous Met2630Ile presented in 
the controls of population (gnomAD), suggesting that the variant 
Met2630Ile was not pathogenic likely. The variant Gly2136Asp 
presented at a frequency of 0.002% in general population, and no 
homozygous Gly2136Asp presented in the controls of population. 
Both the patients with Met2630Ile and Gly2136Asp had homo-
zygous CACNA2D2 variants, which was a disease-causing gene of 
early-onset epileptic encephalopathy/global developmental delay 
and potentially explained the epileptic encephalopathy. Therefore, 
the association between homozygous CELSR3 variants and epilep-
tic encephalopathy was uncertain. A homozygous CELSR3 variant 
was identified in a case with intellectual disability.16 On the other 

hand, eighteen heterozygous CELSR3 variants have been detected 
in patients with neuropsychiatric disorders, including thirteen 
cases with neural tube defects,12,14,17 two cases with developmen-
tal delay/intellectual disability,15,18 two cases with Tourette syn-
drome,13 and one case with autism spectrum disorder19 (Table S1). 
Five of the heterozygous variants were of de novo, and thirteen 
of the variants were of unknown origin. Taken together that ho-
mozygous CELSR3 KO mice exhibited severe development abnor-
malities of the nervous system and neonatal death, it was possible 
that patients with homozygous CELSR3 variants of severe dam-
age would be dead in early life, whereas patients with homozy-
gous CELSR3 variants of less severe damage or with heterozygous 
CELSR3 variants of severe damage would present neurodevelop-
mental disorders, and patients with heterozygous CELSR3 variants 
of mild damage would present FS and/or epilepsy. The phenotyp-
ical spectrum of CELSR3 variants potentially ranges from mild FS 
and/or epilepsy to neurodevelopmental disorders or even early 
death, depending on the dose of gene damage,24 which warrants 
further verification.

There are several limitations in this study. First, functional study 
on CELSR3 variants was not performed. CELSR3 encodes a large 
protein consisted of 3312 amino acids, which brought challenges on 
functional experiments of in vitro. Second, CELSR3 variants are po-
tentially associated with other neurodevelopmental disorders, such 
as neural tube defects, developmental delay/intellectual disability, 
and autism spectrum disorders. The present study focused on ep-
ilepsy, which is potentially one of the phenotypes within the spec-
trum of CELSR3 variants. Future studies are required to determine 
the whole spectrum of CELSR3 variants.

In conclusion, we identified five heterozygous CELSR3 variants 
in five unrelated cases (families) with eight individuals affected 
by FS/EFS+. All patients presented favorable outcomes without 
neurodevelopmental disorders. The gene-based burden of vari-
ants showed a significant association between CELSR3 variants 
and FS/EFS+. Protein modeling suggested that the variants led to 
structure alterations of CELSR3 but were located on the outer side 
of the domains, potentially explaining the mild phenotype. These 
findings suggest that CELSR3 variants are potentially associated 
with FS/EFS+.
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