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Abstract

One-third of patients with epilepsy have intractable seizures that cannot be controlled with any currently available 
antiepileptic drugs. It has been well known that there are patients afflicted with epilepsy with mutations in some G 
protein-coupled receptors (GPCRs). Patients with the 15-bp deletion within the upstream region of non-cording exon 
1m of human G Protein-Coupled Receptor 56 (GPR56) gene exhibit cortical malformation and develop young-onset 
epilepsy. In our recent report, to understanding the mechanism underlying the etiological role of this 15-bp deletion, 
we examined the function of a cis-regulatory element containing this 15-bp in the control of expression pattern of 
GPR56 using marmoset as a nonhuman primate animal model. We showed that the cis-regulatory element drives 
expression of GPR56 preferentially in GABAergic neurons in developing brain and suggest that pathogenic 
mechanisms of epilepsy in patients with a 15-bp deletion may be explained in part by the developmental abnormality 
or dysfunction of GABAergic neurons.
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Introduction
Epilepsy is a chronic brain disease with recurrent seizures resulting 

from excessive firing of cerebral neurons. Epilepsy affects 
approximately 1% of the population, and they are estimated at more 
than 50 million cases worldwide [1]. In recent years, the focus of 
epilepsy treatment has shifted significantly from surgical treatments to 
non-invasive drug therapy. There are more than 20 types of 
antiepileptic drugs (AEDs), including channel blockers and γ-
aminobutyric acid (GABA) transaminases. However, the mechanism 
of action of many AEDs are still not well known. Moreover, at least 
one-thirds of patients have intractable seizures that cannot be 
controlled with any of the AEDs currently available [2]. Therefore, it 
is desirable to find a molecular target to suppress the abnormal firing 
of neurons by an unprecedented mechanism.

Literature Review

GPR56 and patients with a 15-bp deletion within its cis-
regulatory element

It has been well known that mutations in some G protein-coupled 
receptors (GPCRs) cause epilepsy [3]. G-protein-coupled receptor 56 
(GPR56) is one such GPCRs, and patients with mutations in GPR56 
gene exhibit cortical malformation (a cobblestone-like lissencephaly) 
called bilateral frontoparietal polymicrogyria (BFPP) and develop 
young-onset epilepsy, as well as mental retardation and gait difficulty 
[4,5].

Previous studies have clearly demonstrated the crucial roles of 
GPR56 in cortical development [6]. In the developing brain, neural 
stem cells proliferate in the ventricular zone that lies adjacent to the 
lateral ventricle and their daughter cells migrate toward the pial 
surface, developing into excitatory glutamatergic neurons. Loss of 
Gpr56 in mice causes many cellular abnormalities in the cerebral 
cortex, including reduced proliferation of neuronal progenitor cells [7] 
and overmigration of developing neurons [6].Consequently, Gpr56-
deficient mice exhibit disorganized cortical lamination and BFPP 
[6]. Although the function of GPR56 in glutamatergic 
progenitors and oligodendrocyte precursor cells has been well 
studied [8], the role of GPR56 in GABAergic neuronal lineage has 
not been addressed, which is important for understanding the 
mechanism underlying the pathogenesis of epilepsy.

In our recent report, we, for the first time, reported the predictable 
role of GPR56 in GABAergic neuronal development [9]. The human 
GPR56 gene consists of 14 exons, and has multiple presumptive 
promoters encompassing distinct non-cording first exon. The gene has 
17 or more alternative transcription start sites that may promote 
transcription of mRNAs encoding identical GPR56 protein with 
distinct expression profiles in the brain. 

A 15-bp deletion within a cis-regulatory element upstream of one of 
the noncoding first exon, exon 1m (e1m), of GPR56 has recently been 
identified in individuals with polymicrogyria restricted to the regions 
around the Sylvian fissure. Patients with this 15-bp deletion suffer 
from medically refractory seizures from a young age, as well as with 
intellectual disabilities but without evident motor disabilities [7].
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Epilepsy caused by mutations in non-cording region
Until now, only a few genes have been found, in which mutations in 

non-cording regions cause epilepsy. As a well-known example, 
SCN1A gene produces voltage-gated sodium channel Nav1.1 that 
expresses in a GABAergic neuron [10-12]. Mutations in its promoter 
region cause SCN1A haploinsufficiency and reduce the amount of 
Nav1.1. As a consequence, the reduced sodium currents in 
GABAergic inhibitory neurons lead to the hypoexcitability of 
inhibitory neurons, initiating epilepsy [13]. An attractive hypothesis 
would be that, in the case of GPR56  , the 15-bp deletion in the e1m cis-
regulatory element produces intact GPR56 protein [7], but leads to 
inaccurate temporal and/or spatial expression of GPR56.

To clarify how the 15-bp deletion within the hGPR56  e1m upstream 
region leads to the symptoms including epilepsy, we focused on the 
0.3 kbp minimal promoter region containing this 15-bp (0.3 k hGPR56  
e1m) and examined the etiological role of this region by using 
common marmoset (Callithrix jacchus ), a nonhuman primate animal 
model [9][14-16]. We generated transgenic marmoset in which EGFP 
is expressed under the control of 0.3 k hGPR56 e1m (hGPR56 e1m-
EGFP). Using the technique of immunohistochemistry, we showed 
that hGPR56 e1m-EGFP expression was mainly detected in 
developing neurons, while endogenous GPR56 is expressed in the 
ventricular zone of the cerebral cortex as well as in developing 
neurons. Furthermore, while the total GPR56 protein is evenly 
expressed in both GABAergic and glutamatergic neurons, hGPR56 
e1m-EGFP is preferentially expressed in GABAergic neurons in layer 
V in the cerebral cortex. The expression of e1m-driven EGFP is also 
detected in the developing ganglionic eminence (GE), a region where 
most inhibitory interneurons originate. Thus, the e1m cis-element may 
drive EGFP expression not only in mature GABAergic neurons but 
also in the progenitor cells of interneurons in the GE during 
development. These results support the idea that 15 bp deletion within 
e1m cis-element may have a significant effect on the expression 
pattern of GPR56  in GABAergic neurons in human developing brain.

Epilepsy caused by the developmental abnormality of 
GABAergic neurons

Like GPR56, homeobox transcription factor DLX families and their 
target gene ARX mainly contribute to the migration of neuronal cells 
in developing neocortex. These genes are also known to be involved in 
differentiation of GABAergic inhibitory neurons at embryonic stages 
[17,18]. Dysfunction of GABAergic neuron development caused by 
mutations in DLX and ARX is frequently associated with epilepsy 
[17,18]. In humans, exon 1m of GPR56 gene shows an order of 
higher expression in the fetal brain compared to the adult brain [7]. 
Moreover, our data suggest that e1m cis-element drives GPR56 
expression in GABAergic neurons irrespective of subtype. Therefore, 
GPR56 driven by e1m cis-element may play a role in the earlier 
development of GABAergic neuron before its subtype determination 
[19]. Similar to the case for DLX and ARX mutations, our data may 
imply that pathogenic mechanisms of epilepsy in patients with a 15-
bp deletion within e1m region may be explained in part by the 
developmental abnormality or dysfunction of GABAergic neurons.

Antiepileptic drug
Vigabatrin (γ-vinyl-GABA) is a structural analogue of GABA and 

thus acts as a GABA-transaminase inhibitor by reducing metabolism 
and degradation of GABA and increasing GABA concentrations.

Interestingly, Vigabatrin is used as an antiepileptic drug that has been 
reported to relieve symptoms in some patients with mutations in 
GPR56 gene [20]. This fact strongly supports our conclusion that a 15-
bp deletion within a cis-regulatory element of GPR56 may lead to 
developmental abnormality or dysfunction of GABAergic neurons, 
leading to the onset of epilepsy. Because the mechanism of action of 
Vigabatrin is known to be different from that of GABAAR activators 
such as benzodiazepines and barbiturates, more detailed studies are 
needed to develop GPCRs as antiepileptic and/or antiepileptogenic 
targets.

Discussion and Conclusion
The present study with transgenic marmoset showed that the e1m 

cis-element of human GPR56 drives expression of GPR56 
preferentially in GABAergic neurons in developing brain. This fact 
strongly supports our conclusion that a 15-bp deletion within a cis-
regulatory element of GPR56 may leads to developmental abnormality 
or dysfunction of GABAergic neurons, initiating epilepsy. Recently, 
there are many GPCR-targeted drugs which are approved by the US 
Food and Drug Administration, but no AEDs are known to suppress 
epileptic seizures by acting directly on GPCRs so far. It is promising 
that our study may lead toward a breakthrough in developing a new 
AED targeting GPCR and achieving complete remission in refractory 
patients by an unprecedented.
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