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Homozygous Mutations in GDAP1 and MFN2 Genes
Resulted in Autosomal Recessive Forms

of Charcot–Marie–Tooth Disease in Consanguineous
Pakistani Families

Muhammad Asif,1,2,* Chien-Chun Chiou,3,* Malik Fiaz Hussain,2,* Manzoor Hussain,4 Zureesha Sajid,1,5

Muhammad Gulsher,6 Afifa Raheem,2 Adil Khan,7 Nasreen Nasreen,8 Andrzej Kloczkowski,9,10

Mubashir Hassan,9 Furhan Iqbal,2 and Chien-Chin Chen11–14

Charcot–Marie–Tooth disease (CMT) is a heritable neurodegenerative disease of peripheral nervous system
diseases in which more than 100 genes and their mutations are associated. Two consanguineous families Dera
Ghazi Khan (PAK-CMT1-DG KHAN) and Layyah (PAK-CMT2-LAYYAH) with multiple CMT-affected
subjects were enrolled from Punjab province in Pakistan. Basic epidemiological data were collected for the
subjects. Nerve conduction study (NCS) and electromyography (EMG) were performed for the patients. Whole-
exome sequencing (WES) followed by Sanger sequencing was applied to report the genetic basic of CMT. The
NCS findings revealed that sensory and motor nerve conduction velocities for both families were <38 m/s. EMG
presented denervation, neuropathic motor unit potential, and reduced interference pattern of peripheral nerves.
WES identified that a novel nonsense mutation (c. 226 G>T) in GADP1 gene and a previously known missense
mutation in MFN2 gene (c. 334 G>A) cause CMT4A (Charcot–Marie–Tooth disease type 4A) in the PAK-
CMT1-DG KHAN family and CMT2A (Charcot–Marie–Tooth disease type 2A) in the PAK-CMT2-LAYYAH
family, respectively. Mutations followed Mendelian pattern with autosomal recessive mode of inheritance.
Multiple sequence alignment by Clustal Omega indicated that mutation-containing domain in both genes is
highly conserved, and in situ analysis revealed that both mutations are likely to be pathogenic. We reported that
a novel nonsense mutation and a previously known missense mutation in GAPD1 gene and MFN2 gene,
respectively, cause CMT in consanguineous Pakistani families.
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Introduction

Charcot–Marie–Tooth disease (CMT) is a group of
heterogeneous genetic diseases that cause damage to the

peripheral nerves that transmit brain signals to the body and
bring information from the body back to the brain (Higuchi
and Takashima, 2023). CMT can develop during every part
of life, but progressive muscular weakness usually becomes
noticeable during early child or adulthood; as the longer
nerves are affected first, the symptoms usually begin in the
feet and lower legs, and in the later stages, fingers, hands,
and arms of patients are affected (Kanwal et al., 2021). The
severity of symptoms can vary greatly among individuals
and even among family members with the disease and gene
mutation (Zambon et al., 2017). Several types of CMT have
been documented, and these types share some of the disease
symptoms, but they vary from each other due to different
patterns of inheritance, age of onset, and whether the axon or
myelin sheath is involved or not (Zambon et al., 2017).

A number of molecular and cellular mechanisms have
been reported causing CMT, and these mechanisms have
reported problems associated with myelin assembly, cyto-
skeletal structure, myelin-specific transcription factor, pro-
teasome and protein aggregation, axonal transport, tRNA
synthetases and RNA metabolism, and ion channel (Higuchi
and Takashima, 2023). A number of studies have been
documented to report the genetic basis of CMT, and these
studies have either used next-generation sequencing or tar-
geted the specific genes by PCR, which were previously
known to be associated with CMT, followed by DNA se-
quencing (Pisciotta et al., 2021). Inbreeding is a common
social attribute in Pakistan, and it is causing an unusually
high number of genetic mutations in local population re-
sulting in a number of physical and mental disabilities in
children of consanguineous marriages (Mustafa et al., 2020).

A few studies have already reported the peripheral neu-
ropathies in Pakistani patients, and most of the subjects en-
rolled in these studies were harboring recessive homozygous
mutations due to consanguineous marriages of their parents
(Houlden et al., 2008; Kanwal et al., 2021; Pedurupillay
et al., 2016; Wright et al., 2020; Zambon et al., 2017). In
these studies, various CMT types were reported, including
distal hereditary motor neuropathy or the spinal CMT
(Houlden et al., 2008), CMT2 or spinal muscular atrophy
with respiratory distress type 1 (SMARD1) (Pedurupillay
et al., 2016), CMT4B1 (demyelination; Zambon et al., 2017),
CMT4J and Yunis–Varón syndrome (Wright et al., 2020),
and CMT2A2B (axonal dysfunction; Kanwal et al., 2021).

We applied the whole-exome sequencing (WES) fol-
lowed by Sanger sequencing approach to report the genetic
basis of CMT in a couple of Pakistani consanguineous
families that were enrolled from two different regions in
Punjab province. We reported that a novel nonsense muta-
tion in GDAP1 gene and a previously known missense
mutation in MFN2 gene cause CMT in enrolled families.

Materials and Methods

Ethical approval

Experimental protocols were reviewed and approved by the
ethical committee at Bahauddin Zakariya University, Multan
(Pakistan) (approval number: IPAB/Bio Ethics/21-12).

Recruitment of family and collection of blood samples

We enrolled two consanguineous Pakistani families one
each from Dera Ghazi Khan (PAK-CMT1-DG KHAN) and
Layyah (PAK-CMT2-LAYYAH) districts in Punjab prov-
ince where multiple members suffer from CMT. Before data
and blood sample collection, we obtained the written in-
formed consent from all the participants. The written in-
formed consent was provided by the parents for the minors
involved in the study.

Epidemiological and clinical data were collected by in-
terviewing each subject and/or their parents (Supplementary
Data S1 CMTI patient data). Onset age was determined by
interviewing the parents about when the symptoms, such as
distal muscle weakness or foot deformity, first appeared.
Blood samples were collected from five unaffected and five
affected individuals from family PAK-CMT1-DG KHAN
(Fig. 1A). While blood samples were collected from four
CMT patients and five unaffected siblings from family
PAK-CMT2-LAYYAH (Fig. 1B).

Electrophysiological assessments

Motor and sensory impairments were measured in two
patients from family PAK-CMT1-DG KHAN (V-4 and V-5)
and in two patients from family PAK-CMT2-LAYYAH
(IV-4 and IV-6). Motor conduction velocities of the median,
ulnar, bilateral musculocutaneous, peroneal, and tibial
nerves were determined by surface stimulation followed by
recording using electrodes. Motor nerve conduction veloc-
ities (MNCVs) of the median and ulnar nerves were deter-
mined by stimulation at the elbow and wrist. In the same
way, the MNCVs of peroneal and tibial nerves were deter-
mined by stimulation at the ankle. F-waves were also re-
corded for motor nerves. Sensory nerve conduction
velocities (SNCVs) were obtained from a finger–wrist seg-
ment for median and ulnar nerves, and were also recorded
for sural nerve. Electromyography (EMG) was carried out
for the first dorsal interosseous (FDI), abductor pollicis
brevis (ABP), transverse abdominis (TA), vastus lateralis
(VL), brachioradialis, and biceps muscles with concentric
needle electrodes by using Neuropack S1 (MEB-9400).

Whole-exome sequencing

Genomic DNA was extracted using commercial kit
(Qiagen, Germany) following the instructions that were
provided by the manufacturer along with the kit. One con-
trol and one patient were selected for WES from both the
PAK-CMT1-DG KHAN (V-1 and V-5) and PAK-CMT2-
LAYYAH (III-2 and IV-4) families (Fig. 1A, B). WES and
resultant data were analyzed as reported elsewhere (Zhou
et al., 2014). ANNOtate VARiation was used for variant
annotation. Candidate variants that fulfilled the following
criteria were selected: (1) variant should be nonsynonymous
or they should be in splice sites within six base pairs of an
exon; (2) variant should have minor allele frequency <1% in
Kaviar, gnomAD, and in-house databases; and (3) variant
should co-segregated with the phenotype of enrolled family.

Sanger sequencing

The candidate variant was validated on DNA of all
available family members by Sanger sequencing. PCR
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products were sequenced using Big Dye Terminator v.3.1
(ABI Thermo Fisher) on ABI 3730.

In silico mutation prediction

In silico analyses to predict the mutation effect were
performed using the following programs: ENCoM (http://bcb
.med.usherbrooke.ca/encom) (Frappier et al., 2015), DUET
(http://structure.bioc.cam.ac.uk/duet) (Pires et al., 2014a),
mCSM (http://structure.bioc.cam.ac.uk/mcsm) (Pires et al.,
2014b), and SDM (http://www-cryst.bioc.cam.ac.uk/~sdm/
sdm.php) (Worth et al., 2011).

Multiple sequence alignment

The ganglioside-induced differentiation-associated pro-
tein 1 (GDAP1) and Mitofusin-2 (MNF2) protein sequences
from various species were downloaded from Ensemble
(https://asia.ensembl.org/index.html). Clustal Omega was
used for the analysis of these downloaded multiple se-
quences. Gonnet PAM 250 matrix was used to report the
protein sequence homology.

Computational protein modeling

The three-dimensional (3D) structures of both GDAP1
and truncated proteins were predicted through Swiss model
approach separately (https://swissmodel.expasy.org). The
complete protein structure of GDAP1 and truncated proteins
with 358 and 75 amino acids (AA) was utilized to run the
predicted models. The template GDAP1 had 100% sequence
similarity, 23–302 range, and query coverage value of 0.78.
Similarly, for truncated protein, GDAP1 protein was se-
lected with different PDBID 7b2g.1.A having 100% se-
quence similarity, 23–75 range, and 1.0 query coverage.
Models were built based on the target–template alignment
using ProMod3 (Studer et al., 2021).

Coordinates that are conserved between the target and the
template were copied from the template to the model. In-
sertions and deletions were remodeled using a fragment li-
brary. Side chains were then rebuilt. Finally, the geometry
of the resulting model was regularized using a force field.
Moreover, the structural evaluations of both predicted
models were confirmed through VADAR server (http://
vadar.wishartlab.com). Furthermore, the Ramachandran
plot analysis was tested through MolProbity server (http://
molprobity.biochem.duke.edu) to check their outliers and
favored residues configurations. Finally, superimposition of
both predicted structures was carried out by UCSF Chimera
1.10 tool (Pettersen et al., 2004).

MNF2 protein structure prediction

The mutated crystal structure of MNF2 was not available
in the protein data bank (PDB) (http://www.rcsb.org).
Therefore, a homology modeling-based approach was em-
ployed to predict the MNF2 (V112M) mutated structure
using template PDBIDs 6JFM. Furthermore, the selected
mutated structure was used to predict its effects on the
protein structure and associated disorders through DynaMut,
an online server that predicts the impact of mutations on
protein conformation, flexibility, and stability (Rodrigues
et al., 2018).

Results

Phenotype of the subjects

All the cases of family PAK-CMT1-DG KHAN were
born with full-term pregnancy from healthy parents, and
there was no family history of the disease. All the affected
subjects had early and severe disease onset. The enrolled
cases were unable to walk and had clumsiness at young age
progressing to wheelchair requirement. Subjects had bowed
arms and legs with affected backbones (scoliosis). All the
cases also presented pes cavus, loss of dexterity, and af-
fected hand grip. Intelligence and facial appearances were
normal (Fig. 1 and Table 1).

All the cases of family PAK-CMT2-LAYYAH were also
born following the completion of a normal, full-term, and
uneventful pregnancy. Their parents were normal and
healthy with no family history of disease. CMT-affected
subjects had an early onset of disease, and they presented
bowed arms and legs with pes cavus. Movement was diffi-
cult and painful, and hand grip was severely affected with an
overall muscular weakness. No scoliosis was observed in
these subjects. Intelligence and facial appearances were
normal (Fig. 1 and Table 1).

Electrophysiological findings

Nerve conduction study (NCS) revealed that SNCVs and
MNCVs for both families were <38 m/s. Motor nerve con-
duction studies revealed prolonged latency, low amplitude,
and slow conduction rates in median, ulnar, tibial, and pe-
roneal nerves. While nerve conduction velocities were
within the normal ranges for bilateral musculocutaneous
motor nerves. Sensory nerve conduction studies also re-
vealed prolonged latency, low amplitude, and slow con-
duction rates in bilateral median, ulnar, and sural sensory
nerves. Individual variations among the patients are sum-
marized in Table 2.

EMG of the FDI, ABP, TA, VL, brachioradialis, and bi-
ceps muscles of the four patients revealed similar findings.
Analyzed muscles showed frank denervation, neuropathic
motor unit potential, and reduced interference pattern with
very poor to moderate effort.

GDAP1 gene mutation

WES generated *65,536 variants in the PAK-CMT1-DG
KHAN family. All suspected variants were confirmed by
Sanger sequencing. A single candidate gene, GDAP1, was
identified with recessive mode of inheritance. A homozy-
gous G to T change at nucleotide position 226 (c. 226 G>T)
in exon 6 was detected in all the affected individuals of this
family causing autosomal recessive Charcot–Marie–Tooth
disease type 4A (CMT4A). This mutation generated a pre-
mature termination codon at AA 76. Normal siblings were
heterozygous for this mutation (Fig. 2).

MFN2 gene mutation

WES followed by Sanger sequencing revealed a homo-
zygous G to A change at nucleotide position 334 (c. 334
G>A) in exon 4 of MFN2 gene in all the affected individuals
of family PAK-CMT2-LAYYAH. This mutation resulted in
valine to methionine AA change at position 112 (p. Val 112

700 ASIF ET AL.
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Table 2. Clinical Features of the Four Pakistani Charcot–Marie–Tooth Disorder

Patients Enrolled in the Present Study

Parameter
PAK-CMT1-DG

KHAN: V-4 (Female)
PAK-CMT1-DG KHAN:

V-5 (Male)
PAK-CMT2-LAYYAH:

IV-4 (Male)
PAK-CMT2-LAYYAH:

IV-6 (Female)

Motor nerve conduction studies
Median MNCV (m/s) 17.5 19.9 12.6 18.2
Latency Prolonged Normal Normal Normal
Amplitude Low Low Low Low
F-wave Absent Absent Absent Absent
Ulnar MNCV (m/s) 17.9 15.7 16.9 19.9
Latency Prolonged Normal Prolonged Prolonged
Amplitude Low Low Low Low
F-wave Absent Absent Absent Absent
Peroneal MNCV (m/s) 12.9 12.6 12.3 11.5
Latency Prolonged Prolonged Normal Prolonged
Amplitude Low Low Low Low
F-wave Absent Absent Absent Absent
Musculocutaneous

MNCV (m/s)
29.1 33.7 66.7 61.1

Latency Prolonged Normal Normal Prolonged
Amplitude Low Normal Normal Normal
Tibial MNCV (m/s) 10.3 11.2 11.9 11.0
Latency Prolonged Prolonged Normal Prolonged
Amplitude Low Low Low Low
F-wave Absent Absent Absent Absent

Sensory nerve conduction studies
Median SNCV (m/s) 26.5 16.0 24.7 24.7
Latency Prolonged Prolonged Prolonged Prolonged
Amplitude Low Low Low Low
Ulnar SNCV (m/s) 23.3 17.3 20.3 20.3
Latency Prolonged Prolonged Prolonged Prolonged
Amplitude Normal Low Low Low
Sural SNCV (m/s) 32.6 23.6 36.6 36.6
Latency Normal Prolonged Normal Prolonged
Amplitude Low Low Normal Low

MNCV, motor nerve conduction velocity; SNCV, sensory nerve conduction velocity.

FIG. 2. (A) Pedigree of family
PAK-CMT1-DG KHAN presenting
the genotype at nucleotide position
226 (G>T) in exon 6 of GDAP1
gene. Following the recessive mode
of inheritance, all normal subjects
(IV-3, IV-4, IV-5, IV-6, and V-1)
carried heterozygous alleles (G/T),
while the affected individuals (V-2,
V-3, V-4, V-5, and V-6) carried
homozygous mutant alleles (T/T).
Mutation in family members was
confirmed by Sanger sequencing.
(B) Chromatogram for GDAP1 se-
lected region showing c.226 G > T
transition. GDAP1, ganglioside-
induced differentiation-associated
protein 1.
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Met) resulting in the development of autosomal recessive
Charcot–Marie–Tooth disease type 2A (CMT2A). Normal
siblings were heterozygous for this mutation (Fig. 3).

Multiple sequence alignment analysis

Clustal Omega analysis revealed that glutamine in
GDAP1 and valine in MNF2 along with other AAs in the
targeted domains of these protein domains are highly con-
served among the vertebrates (Supplementary Fig. S1), and
any mutation in this region may lead to profound effects on
the phenotype of the subjects.

In silico mutation stability analysis

ENCoM model analysis revealed that both mutated
models -0.188 (DDG) (GDAP1_E76T) and -0.207 (DDG)
(MNF2_V112M) showed negative values indicating the
destabilizing behavior of the affected proteins. Moreover,
both mCSM and SDM predicted results with negative values
-0.090, -0.333 and -0.650, -0.800 for GDAP1_E76T and
MNF2_V112M, respectively, confirming the destabilizing
behavior of protein models (Table 3). DUET analysis indi-
cated stable GDAP1_E76T behavior with 0.076 (DDG),
whereas MNF2_V112M showed 0.228 (DDG) with desta-
bilizing conformational effect (Table 3).

FIG. 3. (A) Pedigree of family PAK-CMT2-LAYYAH presenting the genotype at nucleotide position 334 (G>A) in exon
4 of MNF2 gene. Following the recessive mode of inheritance, all normal subjects (III-2, III-3, III-5, III-6, and III-7) carried
heterozygous alleles (G/A), while the affected individuals (IV-4, IV-6, IV-9, and IV-11) carried homozygous mutant alleles
(A/A). Mutation in family members was confirmed by Sanger sequencing. (B) Chromatogram for GDAP1 selected region
showing c. 334 G > A transition. MNF2, Mitofusin-2.

Table 3. Effect of Detected Mutations in GDAP1 and MNF2 Genes on Target Protein Stability

Mutated proteins models ENCoM (DDG) DUET (DDG) mCSM (DDG) SDM (DDG) Overall effect

GDAP1_E76T -0.188 0.076 (Stabilizing) -0.090 -0.650 Destabilizing
MNF2_V112M -0.207 -0.228 -0.333 -0.800 Destabilizing

DDG represents the change in binding affinity of protein caused by the mutation.
GDAP1, ganglioside-induced differentiation-associated protein 1; MNF2, Mitofusin-2.
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GDAP1 protein structural assessment

The GDAP1 is composed of 280 AAs, and VADAR
analysis revealed that GDAP1 contains 46% helixes, 7%
beta sheets, 45% coils, and 10% turns. Similarly, as the
truncated protein model reduced its sequence length, the
following values were observed: 26% helix, 22% beta
sheets, 50% coils, and 16% turns. The MolProbity analysis
of GADP1 showed that the generated Ramachandran graph
depicts 95.5% of all residues in favored regions and 98.9%
of all residues in allowed regions. In truncated protein,
96.1% of all residues were in favored regions and 100.0% of
all residues were in allowed regions (Fig. 4).

Superimposition of predicted GDAP1 protein models

Structural superposition was employed to compare the
conformation proteins with their structural insights, such as
a-helices, b-sheets, and loops. As the model proteins have
bigger difference in their total length of AAs, and as the
mutated protein was truncated, a little conserved confor-
mational pattern was observed (Fig. 5A, B). In detailed
matchmaker GDAP1-truncated protein result, the sequence
alignment score was 270.2. Whereas the root-mean-square
deviation between 49 pruned atom pairs was 0.416 Å. In
comparative analysis, it was observed that most part of the
remaining truncated protein structure was properly super-
imposed, whereas some loop region showed little deviation
from the wild-type protein, which may lead to alter the
GDAP1 function through the activation or deactivation of
the downstream signaling pathways. The surface represen-
tation of both model structures is depicted in Figure 5C.

MNF2 protein structural assessment

The comparative analysis of MNF2 protein models
showed little fluctuation at mutation site where valine was
substituted by methionine AA (Fig. 6A, B).

Discussion

The GDAP1 belongs to the ganglioside-induced
differentiation-associated protein family usually expressed
in central tissues of the nervous system not only in neurons
but also in Schwann cells (Niemann et al., 2005). This
protein family is known to play a role in the signal trans-
duction pathway during neuronal development, and muta-
tions in this gene have previously been linked with CMT
and other neuropathies (Cuesta et al., 20021). By using
embryonic motor neuron cultures from Gdap1-knockout
mouse, Civera-Tregon et al. (2021) recently reported that
the loss of GDAP1 critically compromises the morphology
and function of mitochondria and its relationship with the
calcium homeostasis in the soma and axons of the studied
neurons that lead to axonal degeneration during GDAP1-
related CMT neuropathies.

CMT is divided into two basic types of neuropathy: de-
myelinating and axonal. CMT1 is the clinical diagnosis for
demyelinating CMT, and CMT2 is the clinical diagnosis for
axonal CMT (Kanwal et al., 2021). Each is determined by
the NCS results. The NCS general rule-of-thumb for de-
myelinating CMT is nerve conduction velocities <38 m/s,
while for axonal CMT, these values are >38 m/s (Fridman
et al., 2015). In the present study, we found a novel mutation
(c. 226 G>T) in GDAP1 gene that resulted in generation of a
truncated GDAP1 protein causing CMT in enrolled family
PAK-CMT1-DG KHAN (Fig. 2). Electrophysiological
analysis of the patients revealed that they were suffering
from demyelinating type of CMT as the nerve conduction
velocities were <38 m/s. The enrolled subjects had the early
onset of severe, rapidly progressing sensorimotor neuropa-
thy that initially affected the distal lower extremities and
later the proximal muscles and upper extremities.

Clinical correlation with electrophysiological findings
revealed that these subjects were suffering from CMT4A.
Recently, Miressi et al. (2021) documented the importance
of GADP1 functioning during normal motor neuron activity.

FIG. 4. Ramachandran graphs for predicted GDAP1 protein models. (A) Wild type and (B) truncated GDAP1 protein.
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They used the human induced pluripotent stem cell-derived
motor neurons that were obtained from a CMT2H patient
who was homozygous for c.581C>G (p.Ser194*) mutation
in GDAP1 gene and reported drastically reduced mRNA
expression in motor neurons and a decreased cellular via-
bility due to lipid dysfunction and development of oxidative
stress. Mutations in GDAP1 gene have been reported to be
associated with both autosomal recessive demyelinating
CMT4A and axonal CMT with vocal cord paralysis (Nelis
et al., 2002). Kabzińska et al. (2007) presented a case report
of a 32-year-old Polish male who was born in a consan-
guineous family and developed gait problem that restricted
his movement by the age of 4 years followed by progressive
lower limb atrophy.

Genetic analysis revealed a homozygous c.458C>T sub-
stitution in the GDAP1 gene of the subject resulting in the
development of Charcot–Marie–Tooth disease type 4C4
(CMT4C4). In an earlier study, Kabzińska et al. (2006) re-
ported Met116Thr in the GDAP1 gene that led to the devel-
opment of CMT4C4 in two Polish brothers who were born to
non-consanguineous parents. The subjects had difficulty in
walking during very early part of their life, and later on, they
were unable to stand on their heels and had foot drops. Kab-
zińska et al. (2010) reported L239F mutation in the GDAP1
gene in one Bulgarian and five Polish families causing
CMT4C with a milder clinical entity with a long-preserved
period of ambulance (till the end of the second decade of life).

Recently, Kim et al. (2021) reported GDAP1 mutations in
10 Korean patients who belonged to 8 different families.
They reported both autosomal dominant (in five families)
and autosomal recessive (in three families) mode of inher-
itance in Korean population causing CMT type 2K and
CMT type A, respectively. Lehtilahti et al. (2021) also re-
ported that p.His123Arg in the GDAP1 gene was the most
common disease-causing mutation in patients with poly-
neuropathy in Finland. The subjects suffered from proximal

muscle weakness of the lower extremities, and pes cavus
was also common.

MFN2 gene encodes a protein that is part of mitochon-
drial membrane and plays its role in maintenance and mi-
tochondrial network operations. Recently, it has been
reported that MFN2 protein plays a role in mitochondria–
endoplasmic reticulum tethering and mitochondrial traf-
ficking along axons (Zanfardino et al., 2023). Mutations in
MFN2 can result in peripheral nervous system disorders
including Charcot–Marie–Tooth disease type 2A2 and he-
reditary motor and sensory neuropathy VI (Kanwal et al.,
2021). In the present study, all the affected subjects of
family PAK-CMT2-LAYYAH were found homozygous for
a previously known missense mutation (c. 334 G>A) in
MFN2 displaying an autosomal recessive mode of inheri-
tance with more severe and earlier onset of CMT2A (MIM
617087) (Fig. 3).

Previously, most of the mutations in MFN2 were found to
be associated with dominant CMT2A2A (MIM 609260)
(Züchner et al., 2004) or CMT6A (MIM 601152) (Züchner
et al., 2006), but recently, Kanwal et al. (2021) reported a 7-
year-old Pakistani boy suffering from severe form of
CMT2A2B that had an early onset, and the subject harbored
the same homozygous [c. 334G>A (p.Val112Met)] in MFN2
with autosomal recessive mode of inheritance as reported in
the present study. This mutation has already been reported
with a very low frequency (1.6E-5) in the gnomAD and has
been registered in the ClinVar database as likely to be
pathogenic. Nicholson et al. (2008) also reported three sin-
gle affected individuals with homozygous or compound
heterozygous mutations in MFN2 gene and having minimal
clinical findings of neuropathy and minor electrophysio-
logical evidence of neuropathy. All mutations described by
Nicholson et al. (2008) were conserved and led to significant
AA changes that resulted in a change in charge or hydro-
phobicity of the protein.

FIG. 6. Wild (A) and mutant
model (B) of MNF2. The magni-
tude of the fluctuation is re-
presented by thin to thick tube in
dark grey, while white for moderate
and grey represents the high mag-
nitude of the fluctuation.

FIG. 5. (A, B) Predicted
models of GADP1 (grey) and
truncated proteins (dark
grey) with superimposition.
Loop region showed little
deviation, whereas a-helices
and b-sheets showed good
alignment in superimposi-
tion. (C) Predicted models of
GADP1 and truncated pro-
teins in surface format.
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Larrea et al. (2019) used the fibroblasts from patients
suffering from CMT2A due to different mutations in MFN2,
and they reported disturbed endoplasmic reticulum and
mitochondrial connectivity and altered mitochondria-
associated endoplasmic reticulum membranes (MAM) and
suggested that the severity of CMT2A can be correlated
with the level of observed MAM alterations. However, re-
spiratory chain function in the studied cells remained
unimpaired. Amiott et al. (2008) also reported that mito-
chondrial membrane fusion and division are balanced pro-
cesses that are necessary to maintain tubular mitochondrial
morphology, respiratory function, and uniform distribution
of the organelle throughout the cell, and these features are
attributed to the normal MFN2 protein functioning, and
MFN2 gene mutations disturb this normal cell functioning
leading to CMT2A.

Proteins are highly dynamic molecules, whose function
is intrinsically linked to their molecular structures. Pre-
dicting the structure and thermodynamics of protein–pro-
tein interactions is key to a proper understanding and
modulation of their function. The binding affinity change
caused by mutations (i.e., DDG) is defined as the differ-
ence of binding affinity between the mutant and wild-type
protein complexes (Geng et al., 2019). In the present in-
vestigation, a number of integrated computational ap-
proaches including ENCoM, mCSM, SDM, and DUET
were used to report the mutational effect in GDAP1 and
MNF2 proteins by applying consensus prediction using the
Support Vector Machine method (Hassan et al., 2017;
Pires et al., 2014a and b).

These approaches generate DDG that can have positive
and negative values, where positive prediction represents
the stabilized structural morphology and negative values
depict destabilized protein behavior. Analysis of our re-
sults indicated that both the mutations that are detected in
the present investigation are capable of destabilizing the
GDAP1 and MNF2 proteins that may change conforma-
tion of protein and their associated signaling pathways
(Table 3).

The 3D conformations of a protein influence its function
and affect the ligand selection to which this protein can
interact. During this protein–ligand complex formation,
the total free energy changes include enthalphic and en-
tropic components, which together report on the binding
affinity and conformational states of the complex (Chen
et al., 2022). In the present investigation, we found that a
homozygous change at nucleotide position 226 (c. 226
G>T) in GDAP1 gene resulted in premature termination
codon that produced a truncated protein causing CMT in
family PAK-CMT1-DG KHAN (Figs. 2 and 5). It has al-
ready been documented that protein truncation is irre-
versible modification, which has been postulated to have a
great impact on generating diversity in the human pro-
teome and to increase the functional repertoire of proteins
by precise alteration in the biological properties of pro-
teins (Fortelny et al., 2015).

Genetic analysis of family PAK-CMT2-LAYYAH re-
vealed a missense mutation 334 (c. 334 G>A) in MFN2
that resulted in valine to methionine AA (Fig. 6A, B).
Such residual disturbance in the protein structure may
cause major change in the conformational behavior of
protein structure especially in substructure regions, such

as a-helices, b-sheets, and loops (Huang et al., 2019).
Therefore, we can predict that residual disturbance in the
analyzed protein structures may cause major change in the
conformational behavior of protein structure especially in
substructure regions, such as a-helices, b-sheets, and
loops. These changes may be the trigging factors in the
activation or deactivation of signaling pathways resulting
in CMT in enrolled subjects.

In conclusion, we report that a novel nonsense mutation
(c. 226 G>T) in GADP1 gene and a previously known
missense mutation in MFN2 gene (c. 334 G>A) cause
autosomal recessive CMT4A in the PAK-CMT1-DG
KHAN family and autosomal recessive CMT2A in the
PAK-CMT2-LAYYAH family, respectively. We believe
that our findings will contribute to understanding the ge-
netic basis of peripheral neuropathy and will help in im-
proving the molecular diagnostics and treatment options
for CMT.
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Kabzińska D, Kochański A, Drac H, et al. A novel Met116Thr
mutation in the GDAP1 gene in a Polish family with the
axonal recessive Charcot–Marie–Tooth type 4 disease.
J Neurol Sci 2006;241(1–2):7–11.
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Züchner S, Mersiyanova IV, Muglia M, et al. Mutations in
the mitochondrial GTPase mitofusin 2 cause Charcot–
Marie–Tooth neuropathy type 2A. Nat Genet 2004;36:
449–451.

Address correspondence to:
Furhan Iqbal, PhD
Institute of Zoology

Bahauddin Zakariya University
Bosan Road

Multan 60800
Pakistan

E-mail: furhan.iqbal@bzu.edu.pk

Chien-Chin Chen, MD, FIAC
Department of Pathology

Ditmanson Medical Foundation Chia-Yi
Christian Hospital

No. 539, Zhongxiao Road
East District

Chiayi 600
Taiwan

E-mail: hlmarkc@gmail.com

Received for publication May 3, 2023; received in revised
form July 9, 2023; accepted August 23, 2023.

708 ASIF ET AL.


