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Intellectual disability (ID), a genetically and clinically heterogeneous disorder, affects 1%–3% of
the general population and is a major health problem, especially in developing countries and in
populations with a high frequency of consanguineous marriage. Using whole exome sequencing,
a homozygous missense variation (c.3264G>C, p.W1088C) in a plausible disease causing gene,
GPR126, was identified in two patients presenting with profound ID, severe speech impairment,
microcephaly, seizures during infancy, and spasticity accompanied by cerebellar hypoplasia. The
role of GPR126 in radial sorting and myelination in Schwann cells suggests a mechanism of pathogenesis for ID. Involvement of GPR126 in lethal congenital contracture syndrome 9 has been
identified previously, but this is the first report of a plausible candidate gene, GPR126, in ID.
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widening of the fourth ventricle. Both patients were homozygous for
c.3264G>C, p.W1088C missense mutation. This mutation has been

Intellectual disability (ID) is commonly associated with other comor-

identified in a cohort study on 404 Iranian families with ID.

bidities and when this is the case, it is identified as syndromic ID (SID).
Microcephaly and spasticity with or without seizure are prevalent
characteristics of SID (Kahrizi & Najmabadi, 2015; Najmabadi
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et al., 2011).
Because of high levels of heterogeneity in ID, until recently, and

2.1 | Clinical findings

before the introduction of next generation sequencing (NGS) technol-

The two male patients (III:7 and III:8) were from first cousin healthy

ogy, little was known about the molecular basis of ID. NGS has made

parents living in a province in the central part of Iran (Figure 1a).

it possible to recognize new genes associated with ID and over

Patient III:7 was the younger male patient with unremarkable

700 genes have been identified to be implicated in this disorder. So

pregnancy, delivery, and infancy. He started to sit and stand at a nor-

far, fewer than 600 of these genes have been associated with autoso-

mal age but after a generalized seizure at 13 months, he never walked.

mal recessive intellectual disability (ARID), which shows the impor-

When he was 16 years, his occipitofrontal circumference (OFC) was

tance of ARID gene identification, especially in populations with

50 cm (–4 standard deviation (SD)) and height was 133 cm (−4.8 stan-

frequent parental consanguinity (Ansar et al., 2017; Najmabadi

dard deviation (SD)). He was not able to sit or stand, he was paraplegic

et al., 2011).

from childhood, and had spasticity in the upper and lower extremities

We present here the first report of a plausible disease causing

associated with joint contracture and muscle atrophy (Figure 1b).

gene, GPR126, in an Iranian family with two patients suffering from

He showed a reaction to sound and light but he had no speech.

profound ID, severe speech impairment, microcephaly, seizures during

Intelligence Quotient (IQ) testing was not possible because of lack of

infancy, and spasticity accompanied by cerebellar hypoplasia and

participation. IQ was estimated within the range 20–25. Cranial

Am J Med Genet. 2019;179A:13–19.
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FIGURE 1

(a) Pedigree of the family. Square symbols, male; round symbols, female. Filled symbols represent affected individuals. (b) Photograph
of patients III:7 and III:8 [Color figure can be viewed at wileyonlinelibrary.com]

magnetic resonance imaging (MRI) obtained at age 16 showed cere-

performed, including all available and informative family members. To

bellar hypoplasia and widening of the fourth ventricle (Figure 2).

further enrich them for pathogenic mutations, variants were also fil-

Patient III:8 was born at term after an uneventful pregnancy and

tered in several other ways, including pathogenicity prediction for

with normal birth measurements that were not documented. He had a

missense variants using four established prediction tools (PolyPhen2,

normal development to 12 months and then had a history of seizures

SIFT, MutationTaster, CADD), and selected for absence or very low

since 12 months that were poorly controlled by antiepileptic medica-

allele frequencies in the ExAC Database and our own in-house cohort

tion. He could never stand or walk, he never started to say one single

which largely consists of Iranian families.

word, and he responded to sound and light. When he was 17 years, his
OFC was 50 cm (–4 standard deviation (SD)) and height was 133 cm
(−5.2 standard deviation (SD)). He was paraplegic from childhood and
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had spasticity in the upper and lower extremities associated with joint
contracture and muscle atrophy. The patient attended a special needs

WES revealed a homozygous novel missense mutation, c.3264G>C, p.

school at age 13. IQ testing was not possible because of lack of partici-

W1088C (NM_020455), in exon 3 of GPR126 gene which was verified

pation. IQ was estimated within the range 20–25. He died at age

in the family by Sanger sequencing. This mutation was not present in

19 from an unknown cause during his stay at the special needs school.

either our in-house exomes or any public variant databases. Based on
data from various bioinformatics prediction tools, this variant was pre-

2.2 | Materials and methods

dicted to be pathogenic (Figure 3).

One affected patient was selected for sequencing. Genomic DNA

predicted that the mutated residue was located in the seven-

(gDNA) was extracted from peripheral blood, the quality of which was

transmembrane (7TM) domain and was highly evolutionarily con-

controlled by a NanoDrop2000 spectrophotometer (Thermo Scien-

served (Figure 4). The mutant residue was smaller than the wild-type

tific, Thermo Fisher Scientific, Wilmington, Delaware, USA), and

residue which may affect its contacts with the lipid membrane

approximately 2 μg gDNA was used for constructing deep sequencing

(Venselaar, te Beek, Kuipers, Hekkelman, & Vriend, 2010).

Using the have (y)our protein explained (HOPE) program, it was

libraries and whole exome sequencing (WES) on the Illumina
HiSeq2000 sequence was employed.
We analyzed WES data with an in-house developed and published
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pipeline called Medical Resequencing Analysis Pipeline (Hao et al., 2014).
All potentially ID-causing variants detected by WES were vali-

In the current study, filtering the WES data of an Iranian ID family

dated by Sanger sequencing and cosegregation studies were

resulted in the identification of a plausible ID gene, GPR126
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the cerebral cortex and cerebellum (Hamann et al., 2015; Langenhan,
Aust, & Hamann, 2013; Langenhan & Schöneberg, 2016; Paavola &
Hall, 2012).
The human GPR126, an orphan receptor, spans 26 exons and is
located on chromosome 6q24.1; this gene is a member of the ADGRG
subfamily. The ADGRG family consists of CUB, PTX, HBD, GAIN
domains, and a C-terminal 7TM domain. GPR126, like many aGPCR
families, comprises an N-terminal GPCR proteolytic site motif which
cleaves this receptor in the endoplasmic reticulum as part of receptor
processing (Demberg et al., 2017; Paavola, Sidik, Zuchero, Eckart, &
Talbot, 2014; Stoveken, Hajduczok, Xu, & Tall, 2015).
GPR126 has been indicated to be required for the development
of Schwann cell (SC) as well as radial sorting and myelination of
peripheral nerves by SCs in zebrafish and mice (Langenhan & Schöneberg, 2016; Mogha et al., 2013, 2016; Patra et al., 2013; Waller-Evans
et al., 2010).
During mice embryogenesis, GPR126 is expressed in the heart,
somites, lung, and endothelial cells and as demonstrated in knock
down and knock out experiments, is essential in neural, cardiac, and
ear development. In zebrafish, this gene expression was observed in
SCs of the posterior lateral line nerve during the embryonic stage and
adulthood. Persistent expression of GPR126 during adulthood in SCs
can signify the putative function of this gene in the mature nerve;
however, its role has not been clarified (Birchmeier, 2011; Bjarnadóttir, Fredriksson, & Schiöth, 2007; Monk et al., 2009; Patra et al.,
2013). GPR126 is also required for regeneration of axons following
FIGURE 2

Magnetic resonance imaging from the proband (III:7).
(a) T1-weighted images in sagittal view showed mild cerebellar
hypoplasia. (b) T2-weighted images in cross sectional (axial) view showed
widening of the fourth ventricle and sulci. Supratentorial ventricles are
normal [Color figure can be viewed at wileyonlinelibrary.com]

injuries (Camacho et al., 2015).
Based on recent studies on the regulation of myelin formation by
SCs, GPR126 binds Gαs proteins, which consequently increases cAMP
level and stimulates downstream protein kinase A (PKA) signaling. The
process finally leads to the expression of myelination stimulation
genes. Monk et al. reported a severe congenital hypomyelinating

(ADGRG6). This variant was predicted to be a pathogenic variant and
was compatible with the phenotype of the family. The gene has not
been reported previously for ID and is predicted to be involved in Gprotein coupled receptor (GPCR) activity and signaling pathway, collagen binding, extracellular matrix binding, laminin binding, and the cell
surface receptor signaling pathway (Gene Ontology Database: www.

peripheral neuropathy, delayed axonal sorting, and arrested SCs in the
promyelinating stage in GPR126−/− mutant mice. GPR126−/− mouse
revealed axon degeneration, defects in radial sorting, myelination, and
limb contracture, and various experiments demonstrated that myelination defects are rescued by increasing the cAMP level or PKA signaling (Mogha et al., 2016; Patra et al., 2013; Waller-Evans et al., 2010).

geneontology.org). Most G-proteins and GPCRs are expressed in the

Pathogenic variants in GPR126 protein lead to lethal congenital

brain. They play important roles in brain function and neural develop-

contracture syndrome 9 (LCCS9) defined by degeneration of anterior

ment by mediating synaptic transduction and synaptic formation,

horn neurons, extreme skeletal muscle atrophy congenital nonpro-

respectively (Vassilatis et al., 2003). Furthermore, alterations in GPCR

gressive joint contractures and dysmorphic facial features. LCCS9 can

signaling are involved in a variety of neurological disorders, including

overlap with arthrogryposis multiplex congenita (AMC), which is char-

dysmorphogenesis, psychosis, and/or mental disabilities (Allen et al.,

acterized by the presence of contractures across at least two major

1998; D’Adamo et al., 1998; Keverne & Curley, 2004; Kirsch et al.,

joints (Ravenscroft et al., 2015).

2005; Lim, Bielsky, & Young, 2005). These findings support our cur-

Ravenscroft et al. have reported three consanguineous families

rent result that mutation in GPR126 could possibly lead to an ID

affected by lethal AMC. In all three cases, death occurred at 1 hr of

phenotype.

life at 20, 31, and 36 weeks of gestation. In the fetus who survived

GPR126 is a member of the adhesion G-protein-coupled recep-

until 36 weeks of gestation, severe arthrogryposis involving large and

tors (aGPCRs), which play important roles in neural development.

small joints, dysmorphic facial features including a triangular face,

Potentially, mutation in aGPCR CELSR1 (also known as ADGRC1)

micrognathia, a thin upper lip, low-set ears, anteverted nares, and a

results in a defect in neural tube closure. GPR56 (ADGRG1), which reg-

depressed nasal bridge were noted. Interestingly, our family share

ulates cell–matrix adhesion in neural cells, is involved in the complex-

some features with this family such as joint contractures, spasticity,

ity of the neocortex. Mutations in GPR56 can cause bilateral frontal

depressed nasal bridge, thin upper lip, and low-set ears. Albeit these

parietal polymicrogyria and knock out GPR56 mice showed defects in

two families have some characteristics in common, Iranian patients
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FIGURE 3

Global analysis for the effect of mutations in GPR126 using snap2 program in PredictProtein site [Color figure can be viewed at
wileyonlinelibrary.com]

also showed strabismus, hypertelorism, smiling face, and widely

state, and finally induction of 7TM-dependent signaling. Thus, muta-

spaced teeth and as described in the clinical findings section, they also

tions in the TM domain might cause deleterious effects (Tuteja, 2009).

suffer from profound ID, severe speech impairment, microcephaly,

On the other hand, studies of ligand binding to GPCR have indicated

seizures during infancy, and brain MRI findings which discriminate our

that proteins and peptide hormones often bind to the amino terminus

patients from previously reported LCCS9 cases.

and extracellular sequences joining the TM domains; therefore, it is pre-

The missense change identified in the current study is localized in

dicted that this variant would likely disrupt the contacts with the pep-

the 7TM domain, which is a highly conserved motif in the GPR126 pro-

tide hormones and proteins (Kobilka, 2007). In addition, the mutant

tein, a common structural signature of seven hydrophobic transmem-

residue is smaller than the wild-type residue which may affect the con-

brane (TM) segments, with an extracellular amino terminus and an

tacts with the lipid membrane (Venselaar et al., 2010).

intracellular carboxyl terminus (Kobilka, 2007). It has been proposed

The mutation (c.2306T>A, p.Val769Glu) detected by Ravenscroft

that ligand binding to extracellular domain of GPCR leads to conforma-

et al. occurred in GAIN domain. Previous data indicated that autopro-

tional changes in TM domains, conversion of receptor into the active

teolytic cleavage occurs in GAIN domain of GPR126 which is crucial

FIGURE 4

Multiple sequence alignment demonstrating that the Tryptophan in position 1,088 is conserved in different species [Color figure can
be viewed at wileyonlinelibrary.com]

17

HOSSEINI ET AL.

FIGURE 5

Schematic diagram of GPR126 domains and the model suggested for its interaction with Laminin-211 [Color figure can be viewed at
wileyonlinelibrary.com]

for activating of GPR126 signaling. Based on these data and regarding

et al., 2014). The role of LAMA2 in thickness and folding of myelin

the mutation identified in AMC cases, they have concluded that the

sheaths, its implication in synaptogenesis during development and the

missense mutation probably destroys autoproteolytic cleavage of

phenotype of patients suffering from MDC1A suggest that GPR126 may

GPR126 (Ravenscroft et al., 2015). Thus, it might be hypothesized that

play its role through interaction with LAMA2.

different phenotypes observed in these families are because of
involvement of various GPR126 domains.

In addition to the well-known demyelinating and dysmyelinating
diseases such as multiple sclerosis, neuromyelitis optica, and the leu-

In the study by Ravenscroft et al. (2015), peripheral nerves in

kodystrophies, myelin deficits resulting from altered glial structure/

affected individuals from one of the families investigated were found

function and or glial/neuronal interactions are seen in human psychi-

to lack myelin basic protein (MBP), suggesting that GPR126 is critical

atric disorders and developmental disorders including autism spectral

for myelination of peripheral nerves in humans (Defrancesco et al.,

disorder, bipolar disorder, language disorders, stuttering, sensory pro-

2014). The main neurological manifestations of Iranian patients

cessing delay disorder (Owen et al., 2013), attention deficit hyperac-

including spasticity, joint contracture, and reduced deep tendon

tivity disorder (Geranmayeh et al., 2010; Wu, Gau, Lo, & Tseng, 2014),

reflexes indicate myelin involvement and the essential role of GPR126

and Rett syndrome (Mahmood et al., 2010). Adult onset neurodegen-

in the formation of myelin sheaths in peripheral nerve cells as well.

erative diseases including Alzheimer’s, Parkinson’s, and amyotrophic

Laminin-211 and collagen IV, two components of basal lamina, have

lateral sclerosis (Defrancesco et al., 2014; Kang et al., 2013; Kim et al.,

been identified as GPR126 binding partners, and these ligands interact

2013) also show myelin pathology. Inherited disorders affecting struc-

with different domains in NTF of GPR126 (Figure 5) (Monk et al., 2015).

tural genes in myelin are the cause of diseases such as Charcot–

Laminin-211 interacts with the GAIN domain of GPR126 which modulates Stachel-mediated activity of this protein. Stachel is a linker sequence
of 20 amino acids connected to 7TM and is exposed after aGPCR cleavage and subsequent receptor activation (Langenhan, Piao, & Monk, 2016;
Langenhan & Schöneberg, 2016; Petersen et al., 2015). Collagen IV binds
to CUB and PTX domains of GPR126 and activates its signaling function
through increasing the cAMP level in SCs of rodents (Camacho et al.,
2015; Langenhan & Schöneberg, 2016; Paavola et al., 2014).
Laminin-211 (also known as merosin) is composed of one α2, one
β1, and one γ1 subunit which are encoded by different genes. The α2
chain is encoded by the LAMA2 gene and mutations in this gene cause

Marie–Tooth disease, Dejerine Sottas syndrome, and Pelizaeus–
Marzbacher disease. Alexander disease is caused by a genetic defect
in astrocytes and this results in severe hypomyelination, mental retardation, and death at a young age. These findings have been reported
before in relation to mental retardation, and support the pathogenic
role of the variant in GPR126 encountered in this study.
The current study is the first report of an ARID involving the
GPR126 gene, which has already been implicated in LCCS9. Based on
the role of GPR126, its interacting partners and clinical manifestations of
the patients, the variant in the GPR126 gene could be the causative variant in this family and could be responsible for the patients’ phenotype.

laminin α2-related congenital muscular dystrophy or congenital muscular
dystrophy Type 1A (MDC1A). MDC1A is characterized by generalized

5 | CONC LU SION

hypotonia and muscle weakness from birth, joint contracture, delayed
motor milestone, and white matter abnormalities with an increased risk

The identification of pathogenic variation in GPR126 in the current

of neuronal migration defects, seizure, and ID (Geranmayeh et al., 2010;

study suggests the potential importance of the particular pathways

Ghidinelli et al., 2017; Løkken, Born, Duno, & Vissing, 2015; Marques

associated with this gene involved in cognitive dysfunction. In the
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absence of functional data, the definitive role of variation in this gene
cannot be ascertained with certainty. However, after exome sequencing and segregation analysis of all of the filtered variants, the currently
reported variant was the only one that segregated with the phenotype
in the family. Therefore, it is proposed that this variation could be the
most likely cause of ID in the family studied. The finding of additional
variations in this gene in other families with ID could validate the current results. In addition, functional studies could also define the
detailed pathophysiological mechanism of this mutation and validate
this result.
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