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Abstract

Charcot-Marie-Tooth disease type 4G (CMT4G) was first reported in Balkan Gypsies as a myelinopathy starting with progressive
distal lower limb weakness, followed by upper limb involvement and prominent distal sensory impairment later in the patient’s life.
So far, CMT4G has been only reported in European Roma communities with two founder homozygous variants; g.9712G>C and
g.11027G>A, located in the 5'-UTR of the HKT gene. Here, we present the first Iranian CMT4G patient manifesting progressive
distal lower limb weakness from 11 years of age and diagnosed with chronic demyelinating sensorimotor polyneuropathy. Whole-
exome sequencing for this patient revealed a homozygous c.19C>T (p. Arg7*) variant in the HKT gene. This report expands the
mutational spectrum of the HK7-related CMT disorder and provides supporting evidence for the observation of CMT4G outside the
Roma population. Interestingly, the same Arg7* variant is recently observed in another unrelated Pakistani CMT patient, proposing
a possible prevalence of this variant in the Middle Eastern populations.
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Introduction

Hereditary motor and sensory neuropathy (HMSN),
also known as Charcot-Marie-Tooth (CMT), is the most
common type of peripheral neuropathy, with a prevalence
of 1 in 2500 worldwide.! The disease has high clinical
and genetic heterogeneity, leading to different subtypes.?
Autosomal recessive forms of CMT (ARCMT) account
for less than 10% of the patients in Europe but are more
frequent (30%-50%) in populations with high rates of
consanguineous marriages, such as populations in the
Mediterranean region, Middle East and also the Roma/
Gypsy populations in Europe.’

Charcot-Marie-Tooth disease type 4G (CMT4G), also
named hereditary motor and sensory neuropathy-Russe
(HMSNR) type (OMIM #605285), is a form of ARCMT,
characterized by the age of onset in the first decade, distal
muscle weakness progressing to severe in lower limbs,
delayed early motor development, prominent distal
sensory impairment and mildly reduced motor nerve
conduction velocities (demyelinating range).*®

In 2009, the molecular basis of HMSNR was
elucidated and refined to the HKI gene. So far, only
two homozygous variants in the 5 untranslated region
of the HKI gene have been reported to cause HMSNR.

The first variant is ¢.-290G>C (NM_001358263.1),
formerly known as g.9712G>C (NM_033498), located
in an alternative untranslated exon (AltT2), which was
then described as a founder mutation in the HMSN-
Russe type in the Spanish gypsy population. The second
variant; ¢.-196+1241G>A (NM_001358263.1), formerly
known as g.11027G>A (NM_033498), is located in
complete linkage disequilibrium with g9712G>C
variant. However, based on the nucleotide location and
conservation, the g.9712G>C variant is favored to be
the pathogenic mutation. To our knowledge, the above-
mentioned homozygous variants in the HKI gene are
the only mutations reported for HMSNR phenotype and
only detected in patients of Roma/Gypsies from Bulgaria,
Spain, Slovakia, and the Czech Republic.*” Today,
mutations in this gene are considered one of the common
causes of ARCMT in European Roma communities.®

In 2021, Kanwal et al reported five consanguineous
CMT families from Pakistan, in which one of the patients
carried the homozygous ¢.19C>T (p. Arg7*) in the HKI
gene (NM_001358263.1). The patient was an 11-year-old
boy with demyelinating CMT, who showed symptoms
from one year of age, presenting with muscle atrophy,
sensory loss, and foot deformities. This patient was the

*Corresponding Author: Zohreh Fattahi, Email: zohrehfattahi@gmail.com
“These authors contributed equally.


https://orcid.org/0000-0002-1784-5320
https://orcid.org/0000-0003-4632-621X
mailto:zohrehfattahi@gmail.com
https://doi.org/10.34172/aim.2023.43
http://journalaim.com
http://crossmark.crossref.org/dialog/?doi=10.34172/aim.2023.43&domain=pdf

Goleyjani Moghadam et al

first and only report of CMT4G caused by a mutation in
HKI1 other than founder mutations in the Roma/Gypsy
population.?

Given the high prevalence of consanguineous marriages
in Iran, ARCMT is expected to be highly prevalent in the
Iranian population, and different types of demyelinating
or axonal ARCMTs are reported in Iranian patients, such
as CMT4A (GDAPI gene), CMT4B1 (MTMR2 gene),
CMTA4C (SH3TC2 gene), CMT4D (NDRGI gene), CMT4F
(PRX gene), CMT4H (FGD4 gene), CMT1F (NEFL gene),
CMT2A2B (MFN2 gene), CMT2S (IGHMBP2 gene),
CMT2T (MME gene).” "

Here, we present an Iranian 21-year-old female
manifesting progressive muscle weakness in distal limbs
from 11 years of age who has been diagnosed with
chronic demyelinating sensorimotor polyneuropathy.
Interestingly, the same homozygous variant described by
Kanwal et al,® c.19C>T (p. Arg7*) in the HKI gene, was
also detected in this patient. To our knowledge, this is the
first observation of CMT4G in the Iranian population.
We expand the molecular spectrum of the HKI-related
CMT disorder and provide supporting evidence for the
observation of CMT4G outside the Roma population.

Case Report

A 14-year-old girl was referred to the Genetics Research
Center with walking difficulty and unstable gait. Her
healthy parents were consanguineous (first cousins),
and she had a healthy male sibling (Figure 1A). Her
psychomotor development was normal and her muscle
weakness started at the age of 11 years. She had numbness
in lower limbs and there was no history of hearing or visual
impairment. Her mother had normal term delivery with an
unremarkable pregnancy and her motor development was
normal. She had no speech delay or cognitive impairment.
Neurological examination at the age of 14 revealed normal
mental status, normal language and memory, weakness of
intrinsic hand muscles and severe lower distal weakness,
causing bilateral foot drop. She had muscle atrophy in her
upper and lower extremities, which was less pronounced
in the upper limb. She had an unstable gait and was not
able to walk on her toes or heels.

She also had reduced deep tendon reflexes. There
was also slightly reduced sensation in the lower limbs.
The electrophysiological study (nerve conduction
velocity) showed chronic demyelinating sensorimotor
polyneuropathy with uniform conduction slowing. Motor
conduction velocity in the upper extremities was 21-
27 m/s but was unobtainable in the lower extremities.
Subsequently, CMTI1A was excluded by the initial
screening of the PMP22 gene duplication using the MLPA
method.

Whole-exome sequencing was performed to identify
the disease-causing variant in this family. After obtaining
informed consent according to the ethical committee’s
recommendations, the proband’s DNA was isolated
from peripheral blood, used for exome enrichment by
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the Agilent SureSelect Human All Exon V5 (Agilent
Technologies Inc., Santa Clara, CA, USA) enrichment
kit, and sequenced by the HiSeq Illumina sequencer
machine (Illumina, San Diego, CA, USA). The generated
Fastq file was aligned to hgl19 assembly (GRCh37) of the
human reference genome with Burrows-Wheeler Aligner
(0.7.17-r1188)* and then further processed using the
GATK pipeline (v.4.1.4.1), adhering to the best practices.”®
The mean depth of coverage for the exons of the human
genome based on CCDS Release 22 was 94.47X, with
95.8% and 92.8% coverage at 10x and 20x, respectively.
The final rare candidate variant detected through the
standard filtering pipeline was eventually validated
by Sanger sequencing, and co-segregation study was
performed using the proband’s, her healthy parents, and
her healthy sibling’s DNA. After performing the standard
pipeline of WES analysis, copy number variations (CNVs)
and runs of homozygosity (ROH) intervals were detected
by GATK germline CNV caller (v.4.1.4.1) and AutoMap
algorithm (v1.2)," respectively.

Whole-exome sequencing in the proband led to the
identification of a homozygous likely pathogenic c.19C>T
(p. Arg7*) variant in the HKI gene (NM_001358263.1),
which co-segregates in the family (Figure 1A). This
varjant is absent in public genomic databases, while no
homozygous loss of function variants along the whole
HKI1 gene are seen in population databases. It creates a
premature translational stop signal (p. Arg7*) in the first
coding region of most HKI isoforms and is predicted
to cause loss of normal protein function either through
protein truncation or nonsense-mediated mRNA decay
(Table 1).

Regarding the consanguineous background of
this patient, 280.02 Mb of her chromosomes were in
homozygous regions, in which the c.19C>T (p. Arg7*)
varjant is located in a long 29.64 Mb ROH interval
(chr10:51633027-81270173), supporting the causality of
this variant in the patient’s phenotype (Figure 1B)."” As
shown in Figure 1C, the detected variant in this study
is located in the critical HMSN-Russe region present in
specific HK1 isoforms involved in the CMT4G phenotype,
similar to the previously-known g.9712G>C founder
mutation in the Roma population. Therefore, we speculate
that this variant may lead to comparable consequences
underlying the CMT4G phenotype in this patient.

Discussion

In this study, we reported an Iranian patient presenting
the HKI-related CMT phenotype due to a stop-gain
homozygous variant in this gene. The present case is the
first observation of CMT4G in the Iranian population. It
is also the second report of CMT4G phenotype outside
European Roma communities. As described above,
this patient is clinically similar to the previous CMT4G
patients of Roma communities. She also shares a similar
phenotype with the Pakistani patient with the same
mutation described by Kanwal et al.®
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Figure 1. Schematic representation of the genetic results obtained in this study. (A) Patient's pedigree, Sanger sequencing results show that the c.19C>T (p.
Arg7*) variant in the HK1 gene co-segregates with the phenotype; (B) Schematic representation of the detected ROH regions in this patient; (C) Schematic
representation of the HKT protein domains and transcripts, showing the location of the variant in this study (p.Arg7*) compared to the previously reported
variants in CMT4G phenotype (g.9712G>C, g.11027G>A). Also, the location of reported variants in other phenotypes are shown in orange for hemolytic
anemia due to hexokinase deficiency (NM_033496.2), green for neurodevelopmental disorder with visual defects and brain anomalies and blue for retinitis
pigmentosa 79 (NM_000188)
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The HKI gene encodes hexokinase 1 protein, which is
involved in the phosphorylation of glucose to glucose-6-
phosphate in the glycolytic pathway to produce energy.
The C-terminal half of the enzyme is conserved among
the different isoforms and contains the catalytic site of
hexokinase, and the N-terminal half is thought to pertain
to regulatory functions. There is also a 5-prime porin
binding domain (PDB), also known as mitochondrial-
binding peptide (MBP), which is responsible for the
protein binding to the mitochondria (Figure 1C). The
HK1 protein is ubiquitously expressed and is also called
a brain-type hexokinase. It is significantly expressed in
tissues highly dependent on glucose utilization, such as
the brain, erythrocytes, testis, etc.'®"

The 5 untranslated exons of the HKI gene, located
in the critical HMSN-Russe region, undergo extensive
alternative splicing generating different isoforms, some
of which are tissue-specific, i.e. HK-1 (ubiquitous,
NM_000188), HK-R (erythrocytes, NM_033496), HK-TA
(testis-A, NM_033497), HK-TB (testis-B, NM_033498),
HK-TD (testis-D, NM_033500), and etc.?*?!

These isoforms correspond to a range of different
phenotypes related to this gene. Biallelic variants in the
catalytic domains of HK-R isoform (NM_033496) are
associated with hemolytic anemia due to hexokinase
deficiency (OMIM #235700), while the two homozygous
variants in the 5-UTR of the gene (NM_033498) are
known as the cause of neuropathy, hereditary motor and
sensory, Russe type (OMIM #605285). Moreover, a rare
heterozygous missense variant, ¢.2539G>A (p.E847K),
in the main ubiquitous somatic isoform (NM_000188)
of HK1 has been reported to cause retinitis pigmentosa
79 with an autosomal dominant pattern of inheritance
(OMIM #617460).> Recently, four de novo variants located
in the conserved catalytic domain shared among all the
isoforms are reported to be involved in the pathogenesis
of a neurodevelopmental disorder with visual defects and
brain anomalies (OMIM# 618547, Figure 1C).5'*%

In 2000, Andreoni et al characterized six additional
exons (T1-T6 exons) in the 5’ region of the specific HK1
mRNAs in spermatogenic cells. These isoforms are the
product of alternative splicing of different exons in this
region, in which the PBD is absent in all, producing a
non-bound HK1 protein to the mitochondria.** Later in
2009, Hantke et al could detect the g.9712G>C variant
responsible for HMSNR. The causal variant was located
in an alternative untranslated exon (AltT2) in the same
5" region sequences (between T1 and T2 exons) not
present in the somatic HKI isoform. These testis-specific
AltT2-containing transcripts were also detected in neural
tissues (although with lower expression compared to the
ubiquitous somatic isoform) and with different expression
patterns between newborn and adult peripheral nerves
and brain tissues. The highest expression of HKI was
detected in myelinated axons compared to unmyelinated
axons and Schwann cells (SCs). However, investigating
the functional consequences of the g.9712G>C variant
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Table 1. Description of the Causative Variant in This Patient
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revealed no difference in the HKI expression pattern
(using an antibody against the PBD). They also reported
no evidence of hexokinase catalytic activity in cultured
SCs from HMSNR patients (Figure 1C).6

Although the pathogenic mechanism of these variants
in HMSNR is unknown, Hantke et al proposed that
these AltT2-containing transcripts may be involved
in developmental regulation based on the differential
expression pattern between newborn and adult peripheral
nerves. They also speculated the disruption in HKI
translation as the possible mutational mechanism in
HMSNR.

The ¢.19C>T (p. Arg7*) variant detected in the patient
of this study is also located in the 5’ region and also the
first coding exons of these specific transcripts (Table 1),
whereas it is not located in the ubiquitous canonical and
somatic HK1 isoform (NM_000188). Therefore, we
speculate that the p. Arg7* variant is responsible for the
CMT4G phenotype in our patient by a similar mutational
mechanism affecting the HKI translation as it causes a
premature stop codon in these specific isoforms.

In conclusion, we expand the molecular spectrum of the
HK1-related CMT disorder and provide another evidence
for the observation of CMT4G outside the European
Roma population. The observation of the same Arg7*
variant in another unrelated CMT patient from the Middle
East proposes a possible prevalence of this variant in the
region, which requires the report of additional patients to
be proved.
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