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Abstract
Background: The ARHGEF9 gene variants have phenotypic heterogeneity, the 
number of reported clinical cases are limited and the genotype–phenotype rela-
tionship is still unpredictable.
Methods: Clinical data of the patients and their family members were gathered 
in a retrospective study. The exome sequencing that was performed on peripheral 
blood samples was applied for genetic analysis. We used the ARHGEF9 gene as 
a key word to search the PubMed database for cases of ARHGEF9 gene variants 
that have previously been reported and summarized the reported ARHGEF9 gene 
variant sites, their corresponding clinical phenotypes, and effective treatment.
Results: We described five patients with developmental and epileptic encepha-
lopathy caused by ARHGEF9 gene variants. Among them, the antiepileptic treat-
ment of valproic acid and levetiracetam was effective in two cases individually. 
The exome sequencing results showed five children with point mutations in the 
ARHGEF9 gene: p.R365H, p.M388V, p.D213E, and p.R63H. So far, a total of 40 
children with ARHGEF9 gene variants have been reported. Their main clinical 
phenotypes include developmental delay, epilepsy, epileptic encephalopathy, 
and autism spectrum disorders. The variants reported in the literature, including 
22 de novo variants, nine maternal variants, and one unknown variant. There 
were 20 variants associated with epileptic phenotypes, of which six variants are 
effective for valproic acid treatment.
Conclusion: The genotypes and phenotypes of ARHGEF9 gene variants repre-
sent a wide spectrum, and the clinical phenotype of epilepsy is often refractory 
and the prognosis is poor. The p.R365H, p.M388V, p.D213E, and p.R63H variants 
have not been reported in the current literature, and our study has expanded the 
genotype spectrum of ARHGEF9 gene. Our findings indicate that levetiracetam 
and valproic acid can effectively control seizures in children with epileptic phe-
notype caused by ARGHEF9 gene variations. These findings will help clinicians 
improve the level of diagnosis and treatment of the genetic disease.
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1   |   BACKGROUND

The ARHGEF9 gene (OMIM: 300429) encodes collybis-
tin, which belongs to the Rho-like GTPases family, which 
acts as a molecular switch by cycling from an active GTP-
bound state to an inactive GTP-bound state, playing a 
pivotal role in the formation of postsynaptic glycine and 
inhibitory gamma-aminobutyric acid receptor clusters and 
is involved in the regulation of neural excitability and the 
pathogenesis of epilepsy (Scala, Nishikawa, et al.,  2021; 
Shimojima et al., 2011). ARHGEF9 gene is associated with 
an X-linked developmental-epileptic encephalopathy and 
extensive clinical phenotype, including hyperactivity; im-
pulsivity, hypotonia, and autism spectrum disorder (Alber 
et al., 2017; Harvey et al., 2004). The ARHGEF9 gene has 
obvious clinical heterogeneity, and the relationship be-
tween its genotype and clinical phenotype is still unclear, 
and there is a lack of systematic research. Here, we report 
five patients with developmental and epileptic encepha-
lopathy caused by ARHGEF9 gene variant, and summa-
rize the previously reported literature on ARHGEF9 gene, 
analyze their genotypes and phenotypes, and explore po-
tentially effective treatments.

2   |   METHODS

2.1  |  Patient

Five patients were included in the study. The patients 
were managed at the Department of Neurology, Hunan 
Children's Hospital. The parents of the patients provided 
written informed consent.

2.2  |  Exome sequencing of 
peripheral blood

The exome sequencing method was performed accord-
ing to our previous research methods (Yang et al., 2020). 
In brief, genomic DNA was fragmented into ~200 bp and 
captured by gene panel target capture kit, then DNA li-
brary was sequenced on Illumina platform. After remov-
ing adapters and low quality reads, paired-End clean 
reads were mapped to the human reference genome 
(GRCh37/hg19) by BWA. Sequence variants were anno-
tated using population and literature databases, including 
1000 Genomes, dbSNP, GnomAD, Clinvar, HGMD, and 

OMIM. Variant interpretation was performed according 
to the American College of Medical Genetics (ACMG) 
guidelines (Richards et al., 2015). The exome sequencing 
was performed simultaneously on samples from the pa-
tients and their parents.

2.3  |  Literature review

We used the ARHGEF9 gene as a key word to search the 
PubMed database for cases of ARHGEF9 gene variants 
that have previously been reported and summarized the 
reported ARHGEF9 gene variants, their corresponding 
clinical phenotypes and effective treatment.

3   |   RESULTS

3.1  |  Case report

Case 1 was a 4-year-old male child who presented with 
recurrent seizures at the age 2 months. The seizure types 
were generalized tonic–clonic seizure and thermosensi-
tive epilepsy. The electroencephalogram (EEG) showed 
normal background, widespread spikes, and spikes slow 
waves. The Gesell child development scale showed severe 
developmental delay. According to the child's clinical 
manifestations and EEG characteristics, the child was di-
agnosed with developmental and epileptic encephalopa-
thy. After the diagnosis of developmental and epileptic 
encephalopathy was confirmed, the child was treated 
with valproic acid for antiepileptic treatment. The child's 
seizures were gradually controlled. At present, the child 
has no seizures, but still has severe developmental delay, 
which is characterized by being unable to walk indepen-
dently at the age of 4 years.

Case 2 was a 10-year-old male child who presented 
with recurrent seizures and hyperarousal to noise at the 
age of 6 months. The seizure types were generalized tonic–
clonic seizure, myoclonus, seizure status, and thermosen-
sitive epilepsy. The EEG showed slow wave background, 
widespread spikes, and spikes slow waves. The Gesell 
child development scale showed severe developmental 
delay. According to the child's clinical manifestations 
and EEG characteristics, the child was diagnosed with 
developmental and epileptic encephalopathy. After the 
diagnosis of developmental and epileptic encephalopathy 
was confirmed, the child was treated with levetiracetam, 
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topiramate, oxcarbazepine, and ketogenic diet for antiepi-
leptic treatment successively, and the control of seizures 
was ineffective. At present, the child still has generalized 
tonic–clonic seizure and severe developmental delay, 
which is manifested as that he still cannot walk inde-
pendently and cannot speak at the age of 10 years.

Case 3 was a 3 years and 7 months old male child 
who presented with recurrent febrile seizures at the age 
of 1 year and 4 months. After 2-year-old, the patient pre-
sented with nonfebrile seizures, and the seizure types 
included generalized tonic–clonic seizure, myoclonus, 
autonomic seizure, seizure status, and thermosensitive 
epilepsy. The EEG showed slow wave background, wide-
spread spikes, spikes slow waves, obvious in frontal area. 
The Gesell child development scale showed severe devel-
opmental delay. According to the child's clinical manifes-
tations and EEG characteristics, the child was eventually 
diagnosed with developmental and epileptic encephalop-
athy. After the diagnosis of developmental and epileptic 
encephalopathy was confirmed, the child was treated with 
levetiracetam for antiepileptic treatment. The child's sei-
zures were gradually controlled. At present, the child has 
no seizures, but has severe developmental delay, which is 
manifested as that he can only speak at the age of 2 years 
and 3 months, and still cannot walk independently at the 
age of 3 years and 7 months.

Case 4 was a 2 years and 9 months old male child who 
presented with recurrent seizures at the age 6 months. The 
seizure types included focal secondary generalized tonic–
clonic seizure and cluster seizures. The EEG revealed that 
normal background, spikes waves, spikes slow waves in 
bilateral occipital area during sleep. The Gesell child de-
velopment scale showed developmental delay. According 
to the child's clinical manifestations and EEG character-
istics, the child was eventually diagnosed with develop-
mental and epileptic encephalopathy. After the diagnosis 
of developmental and epileptic encephalopathy was con-
firmed, the child was treated with levetiracetam for an-
tiepileptic treatment. The child's seizures were gradually 
controlled. At present, the child has no seizures but has 
moderate developmental delay, which is manifested as 
that he can walk independently at the age of 2 years, and 
only speak at the age of 2 years and 4 months.

Case 5 was a 2 years and 4 months old male child who 
presented recurrent seizures at the age 11 months. The 
seizure types included focal secondary generalized tonic–
clonic seizure and thermosensitive epilepsy. The EEG 
showed slow wave background, spikes waves, spikes slow 
waves in occipital and posterior temporal area. The Gesell 
child development scale showed mild developmental 
delay. According to the child's clinical manifestations and 
EEG characteristics, the child was diagnosed with develop-
mental and epileptic encephalopathy. After the diagnosis 

of epilepsy was confirmed, the child was treated with val-
proic acid for antiepileptic treatment. The child's seizures 
were gradually controlled. At present, the child has no 
seizures, but still has mild developmental delay, which is 
characterized by being able to walk independently at the 
age of 1 years and 3 months, and being unable to speak at 
the age of 2 years and 4 months. See Table 1 for details.

3.2  |  Genetic evaluation

The onset age of epilepsy in the five children was infan-
tile, considering the possibility of genetic etiology, and 
the exome sequencing was performed for family verifica-
tion in their peripheral blood. Case 1 had an ARHGEF9 
c.1094G>A (p.R365H) hemizygous variant, which was 
inherited from the mother. According to the ACMG vari-
ation classification guidelines, this variation was analyzed 
as likely pathogenic. Case 2 had ARHGEF9 c.1162A>G 
(p.M388V) homozygous variant which was inherited from 
the mother. According to the ACMG variation classifica-
tion guidelines, this variation was analyzed as variant of 
uncertain significance (VUS). In addition, case 2 was also 
combined with SCN1A c.4261A>G (p.K1421E) heterozy-
gous variant, the sequencing data showed that his par-
ents did not carry the variant, which could be a de novo 
variant. According to the ACMG variation classification 
guidelines, this variation was analyzed as likely patho-
genic. Case 3 had an ARHGEF9 c.639C>G (p.D213E) 
hemizygous variant, which was inherited from the 
mother. According to the ACMG variation classification 
guidelines, this variation was analyzed as VUS. Case 4 had 
an ARHGEF9 c.188G>A (p.R63H) hemizygous variant, 
the sequencing data showed that his parents did not carry 
the variant, which could be a de novo variant. According 
to the ACMG variation classification guidelines, this vari-
ation was analyzed as likely pathogenic. Case 5 had an 
ARHGEF9 c.1094G>A (p.R365H) hemizygous variant, 
the sequencing data showed that his parents did not carry 
the variant, which could be a de novo variant. According 
to the ACMG variation classification guidelines, this vari-
ation was analyzed as likely pathogenic. See Table 1 for 
details.

3.3  |  Summary of the reported 
ARHGEF9 cases

So far, a total of 40 children with ARHGEF9 gene variants 
have been reported (Table 2). Their clinical phenotypes in-
clude developmental delay, epilepsy, brain atrophy in the 
cerebral cortex and cerebellar vermis, hyperarousal to noise, 
hyperactivity, impulsivity, shyness, motor incoordination, 
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autistic features, hypotonia, hyperekplexia, epileptic en-
cephalopathy, autism spectrum disorders, dysmorphic 
features; corpus callosum hypoplasia, dysmorphism, psy-
chotic episode, macrosomia, and febrile seizures (Aarabi 
et al.,  2019; Alber et al.,  2017; Bhat et al.,  2016; Freri 
et al., 2020; Kalscheuer et al., 2009; Klein et al., 2017; Lesca 
et al., 2011; Marco et al., 2008; Scala, Zonneveld-Huijssoon, 
et al.,  2021; Striano & Zara,  2017; Wang et al.,  2018; Yao 
et al., 2020). The variants reported in the literature (Aarabi 
et al.,  2019; Alber et al.,  2017; Bhat et al.,  2016; Freri 
et al., 2020; Kalscheuer et al., 2009; Klein et al., 2017; Lesca 
et al., 2011; Marco et al., 2008; Scala, Zonneveld-Huijssoon, 
et al.,  2021; Striano & Zara,  2017; Wang et al.,  2018; Yao 
et al., 2020), including 22 de novo variants, nine maternal 
variants, and one unknown variant. There were 20 variants 
associated with epileptic phenotypes, of which six variants 
are effective for valproic acid treatment. There were three 
variants associated with autism spectrum disorders, see-
ing Table 2 for details. The novel and previously reported 
ARHGEF9 single nucleotide variants are shown in Figure 1.

4   |   DISCUSSION

On the one hand, with the development and widespread 
application of genomics, more and more genetic diseases 
have been diagnosed early. On the other hand, more and 
more genes are found to have clinical heterogeneity and 
lack of specific genotype–phenotype correlations, mak-
ing accurate diagnosis of the disease challenging (Scala 
et al.,  2020; Wang et al.,  2018). Therefore, this study 
summarizes and analyzes the clinical phenotype and 
genotype of the ARHGEF9 gene with strong clinical het-
erogeneity, with the hope that clinicians will improve the 
understanding of the disease and its early diagnosis and 
improve the prognosis of the disease, which has important 
clinical significance. The ARHGEF9 gene is a gene with 
strong clinical heterogeneity, and different variants corre-
spond to different clinical phenotypes (Wang et al., 2018). 
According to current literature reports, the main clinical 
manifestations reported for ARGHEF9 gene variants are 

epilepsy, developmental delay, intellectual disability, hy-
perarousal to noise, hyperactivity, and autism spectrum 
disorders (Aarabi et al.,  2019; Alber et al.,  2017; Bhat 
et al., 2016; Freri et al., 2020; Kalscheuer et al., 2009; Klein 
et al.,  2017; Lesca et al.,  2011; Marco et al.,  2008; Scala, 
Zonneveld-Huijssoon, et al.,  2021; Striano & Zara, 2017; 
Wang et al.,  2018; Yao et al.,  2020). The seizure types 
reported in previous literature included focal seizures 
and generalized tonic–clonic seizures. In this study, five 
children with ARHGEF9 gene variant were reported, all 
of whom were male, and their clinical manifestations in-
cluded developmental and epileptic encephalopathy and 
febrile seizures, the types of seizures included focal sei-
zures, generalized tonic–clonic seizures, myoclonus, and 
thermosensitive epilepsy which were consistent with the 
clinical phenotypes of children with ARHGEF9 gene vari-
ant reported in previous literatures.

The ARHGEF9 gene variants reported in the litera-
ture include chromosomal variants and point mutations, 
among which chromosomal variants include chromo-
somal translocations, insertions, and deletions (Aarabi 
et al.,  2019; Alber et al.,  2017; Bhat et al.,  2016; Freri 
et al.,  2020; Kalscheuer et al.,  2009; Klein et al.,  2017; 
Lesca et al.,  2011; Marco et al.,  2008; Scala, Zonneveld-
Huijssoon, et al.,  2021; Striano & Zara,  2017; Wang 
et al., 2018; Yao et al., 2020). The inheritance of this gene 
variation has been reported in the current literature as 
maternal and de novo inheritance (Alber et al.,  2017). 
Our review revealed that the ARHGEF9 disease was not 
uniform and varies with the gene variant and likely other 
genetic and extragenetic factors. Therefore, the diagnostic 
approach in candidate patients still requires chromosomal 
microarray testing as the first-line genetic testing because 
of the substantial diagnostic yield and low relative cost, 
followed by a gene panel or exome sequencing approach 
as second tier. There are differences in clinical manifes-
tations caused by different variants of this gene. Among 
the ARHGEF9 gene variants reported in the literature, 20 
showed epilepsy clinical phenotypes (Alber et al.,  2017; 
Freri et al.,  2020; Harvey et al.,  2004; Klein et al.,  2017; 
Lesca et al., 2011; Scala, Zonneveld-Huijssoon, et al., 2021; 

F I G U R E  1   A schematic figure 
recapitulating novel and previously 
reported ARHGEF9 single nucleotide 
variants
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Shimojima et al., 2011; Wang et al., 2018; Yao et al., 2020), 
and three showed autism spectrum clinical phenotypes 
(Aarabi et al.,  2019; Bhat et al.,  2016; Scala, Zonneveld-
Huijssoon, et al.,  2021). The details of the variants are 
shown in Table 2. In this study, we reported five children 
with ARHGEF9 variants presenting with epileptic enceph-
alopathy. They were p.R365H, p.M388V, p.D213E, and 
p.R63H, of which two children had variants at the same 
gene site, one of which was maternal inheritance and the 
other was de novo variant. Considering that the genetic 
mode of this gene is XR, it is possible that there may be 
maternal inheritance or de novo variant in different pa-
tients at the same gene site. All of them have not been 
reported in the current literature, and our study has ex-
panded the genotype spectrum of ARHGEF9 gene.

Epilepsy is a very common clinical phenotype 
of ARHGEF9 gene variants (Alber et al.,  2017; Freri 
et al., 2020; Harvey et al., 2004; Klein et al., 2017; Lesca 
et al.,  2011; Scala, Zonneveld-Huijssoon, et al.,  2021; 
Shimojima et al., 2011; Wang et al., 2018; Yao et al., 2020). 
Antiepileptic drugs are the first choice for the treatment of 
epilepsy (Harvey et al., 2004). At present, the pathogene-
sis of epilepsy phenotype caused by ARHGEF9 gene vari-
ations is still unclear. Our review showed that ARHGEF9 
gene variations caused seizures were often difficult to con-
trol, and antiepileptic drugs were not effective, which often 
required combined treatment with several antiepileptic 
drugs, with poor prognosis and often left behind vary-
ing degrees of developmental delay (Harvey et al., 2004). 
Among the five children in our study, the antiepileptic 
treatment of valproic acid was effective in two cases, and 
the antiepileptic treatment of levetiracetam was effective 
in two cases, and the seizures were controlled. At present, 
none of the four children had recurrent seizures. Analysis 
of the effective reason for seizures control in children may 
be that the ARHGEF9 coding protein collybistin plays a key 
role in the formation of postsynaptic glycine and inhibitory 
γ-aminobutyric acid receptor clusters. Disruption of colly-
bistin results in an imbalance of inhibitory and excitatory 
neurotransmitters (Neuray et al., 2020). Valproic acid can 
lead to the increase of γ -aminobutyric acid level in vivo, 
and both levetiracetam and valproic acid can inhibit neu-
ronal excitability. Further confirmation requires animal 
and cellular functional studies. One child was successively 
given levetiracetam, topiramate, oxazepine, and ketogenic 
diet in combination with antiepileptic treatment, but the 
seizures of the child were still not controlled. In this case, 
the child had ARHGEF9 c.1162A>G (p.M388V) homozy-
gous variant, which was analyzed as variant of VUS by the 
ACMG variation classification guidelines. The child also 
combined with SCN1A c.4261A>G (p.K1421E) heterozy-
gous variant, which was analyzed as likely pathogenic by 
the ACMG variation classification guidelines. It is likely 

that the refractory epileptic phenotype of the child is re-
lated to the variation of SCN1A gene, but the clinical phe-
notype of the child also has hyperarousal to noise, which 
cannot be completely explained by the SCN1A gene vari-
ant. Although the pathogenicity of ARHGEF9 c.1162A>G 
(p.M388V) is defined as VUS, but there is a lack of rele-
vant literature reports at present. With more and more lit-
erature reports in the future, the pathogenicity rating may 
also be reevaluated. So we still believe that the SCN1A and 
ARHGEF9 variants have a synergistic effect on clinical 
phenotypes in the child.

In conclusion, the genotypes and phenotypes of 
ARHGEF9 gene variants represent a wide spectrum, and 
the clinical phenotype of epilepsy is often refractory and 
the prognosis is poor. The p.R365H, p.M388V, p.D213E, 
and p.R63H variants have not been reported in the cur-
rent literature, and our study has expanded the genotype 
spectrum of ARHGEF9 gene. Our findings indicate that 
levetiracetam and valproic acid can effectively control 
seizures in children with epileptic phenotype caused by 
ARGHEF9 gene variations. These findings will help clini-
cians improve the level of diagnosis and treatment of the 
genetic disease, use effective antiepileptic drugs as soon as 
possible to control seizures, and help improve the progno-
sis of children.
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