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Objective
To identify the genetic cause for a progressive peripheral nerve disease in a 
large Venezuelan family. 

Background
Despite the rapid growth in the number of genes associated with Charcot-
Marie-Tooth disease in the last decade, many patients with axonal forms lack
a genetic diagnosis.
 
Methods
A pedigree was constructed, based on family clinical data. Next-generation 
sequencing of nuclear and mitochondrial DNA (mtDNA) was performed for 
three affected family members. Muscle biopsies from four family members 
were used for analysis of muscle histology and ultrastructure, mtDNA 
sequencing, and RNA quantification. Biopsies of the lateral femoral 
cutaneous nerve were collected from two affected family members for 
histologic and ultrastructural studies.

Results
Clinical examination and electrodiagnostic testing showed a motor and 
sensory polyneuropathy with predominantly axonal features. Pedigree 
analysis revealed inheritance only through the maternal line, a pattern 
consistent with a mitochondrial DNA disorder. Whole exome sequencing and 
mtDNA sequencing identified a mutation in the mtRNA-Val gene, 
m.1661A>G, which is predicted to disrupt a Watson-Crick base pair in the T-
loop stem of this tRNA. This mutation was present at nearly 100% 
heteroplasmy in both blood and skeletal muscle. Muscle biopsies showed 
chronic denervation/reinnervation changes, with subtle abnormalities 
suggestive of mitochondrial pathology, while biochemical analysis of electron
transport chain (ETC) enzyme activities showed reduction in multiple 
components of the ETC. Northern blots from skeletal muscle total RNA 
showed reduction in the quantity of mtRNA-Val, but not mtRNA-Leu, in 
subjects compared to unrelated age- and sex-matched controls. Nerve 
biopsies from two affected family members demonstrated ultrastructural 
mitochondrial abnormalities (hyperplasia, hypertrophy and crystalline arrays)
consistent with a mitochondrial neuropathy.
 
Conclusion
Our findings identify a previously unreported cause of Charcot-Marie-Tooth 
(CMT) disease, a mutation in the mitochondrial tRNA-Valine, in a large 
Venezuelan family. This work expands the list of CMT-associated genes from 
protein-coding genes to a mitochondrial tRNA.



Introduction
Charcot-Marie-Tooth disease (CMT) is a collection of hereditary motor and 
sensory neuropathies with a generally progressive, degenerative course that 
can lead to debilitating weakness and sensory loss beginning in childhood or 
early adulthood (1). The two broad categories of CMT are demyelinating, 
typically caused by Schwann cell dysfunction, and axonal, caused by 
degeneration of the peripheral nerves themselves. Although clinically 
indistinguishable, demyelinating forms manifest with slowed nerve 
conduction velocities and secondary axon loss, while axonal forms show 
reduction of sensory and motor action potential amplitudes with normal or 
only mildly reduced conduction velocities. To date, more than 100 protein-
coding genes have been implicated as causative in individual forms of CMT 
(1), with dominant mutations being far more common than recessive. 
Demyelinating CMT is most frequently due to a duplication of the PMP22 
gene on chromosome 17, while axonal forms are more genetically 
heterogenous. Some subtypes of CMT affect other organ systems, including 
the CNS (2,3,4,5), while multisystem disorders, such as mitochondrial 
diseases (6,7), lysosomal storage diseases (8,9), cerebellar ataxias (10,11) 
and hereditary spastic paraparesis (12,13), may also cause motor and 
sensory neuropathies. 

In this article, we report a large, mostly indigenous family from the 
Venezuelan Andes with axonal CMT and a pedigree consistent with a 
mitochondrial inheritance pattern. Our study includes characterization of 
affected and unaffected family members by neurological examination and 
electrodiagnostic studies. Through genetic, biochemical, and histopathologic 
studies, we demonstrate that this family’s disease is due to a point mutation 
in the mitochondrial tRNA-Valine. This mutation is homoplasmic in both 
affected family members and an unaffected carrier, suggesting variable 
penetrance. This is the first report, to our knowledge, of a tRNA mutation 
causing a CMT phenotype, and is only the second mitochondrial gene 
associated with CMT, the other being ATP6, a subunit of complex V/ATP 
synthase (14). Mitochondrial dysfunction (15) has been implicated in many 
subtypes of Charcot-Marie-Tooth, most prominently in the case of mutations 
of mitofusin-2 (16) and GDAP-1 (17), but also in rare mutations of nuclear-
encoded mitochondrial proteins such as SURF-1 (18) and pyruvate 
dehydrogenase kinase (19). This work adds to the growing literature on the 
diverse genetic causes of peripheral neuropathy, as well as the spectrum of 
mitochondrial diseases, which can involve genes encoded both by 
mitochondrial DNA and nuclear DNA (20).

Methods



This study was designed as a field study and was approved by the Ethics
Committee  of  the  University  of  The  Andes  (Mérida,  Venezuela).  Written
informed consent was obtained from all patients. Clinical evaluations took
place at the patients’ homes, whereas the electrophysiological investigations
were performed at the University Hospital of The Andes and imaging studies
at the Mérida Clinical Hospital. 

Family
The family originates from a single village in the Sucre Municipality, Mérida
State, Venezuela with predominantly indigenous ancestry.  The majority of
the descendants presently live in towns and villages near to the original one.
This CMT-affected family consists of eleven branches with subjects 1.1 and
1.2 as common ancestors (Fig 1A). The documented genealogy spans up to a
period of 200 years (8 generations) (Fig 1B, Supplementary Figures 1-12).
More  than  3722  members  from  the  11  family  branches, are  still  alive.
Children of consanguinous marriages were found between branches B and C
and between branches E and F (Fig 4 and 9). Ninety-two patients (52 females
and 40 males) were clinically diagnosed with motor and sensory neuropathy.
In all the branches, disease was transmitted through maternal lineage, with
no  instances  of  male  transmission.  Neither  affected  male  to  male  nor
affected male to females transmission was observed.  As for the evaluated
patients,  in  9  family  units  (20  patients),  the  parents  were  not  clinically
affected, and in 12 (72 patients) at least one parent was affected.  

Electrophysiological investigations

Standard clinical and electrophysiological examinations [1], including distal
motor  latencies  (DML),  motor  nerve  conduction  velocities  (MNCV)  and
compound muscle action potential (CMAP), were performed in the median,
ulnar, peroneal and tibial nerves. Sensory nerve conduction velocities (SNCV)
and sensory nerve action potentials (SNAP) were recorded from the median,
ulnar and sural nerves. All the tests were performed at a skin temperature of
at  least  32  ºC.  Electromyography  (EMG)  was  performed  with  monopolar
needle  electrodes  in  the  deltoids,  biceps  brachii,  extensor  digitorum,
opponens  pollicis,  anterior  tibial,  peroneus  longus  and  gastrocnemius
muscles. 

DNA Sequencing
DNA  was  isolated  from  whole  blood.  Whole  exome  sequencing  was
performed using an Illumina platform, and analysis was performed …. Next-
generation  mitochondrial  DNA  sequencing  from  blood-derived  DNA  was
performed  by  GeneDx (Gaithersburg,  MD,  USA),  while  mitochondrial  DNA
sequencing from muscle was performed by Baylor Genetics (Houston, TX,
USA).  Sequencing  of  the  mtATP6  gene was  performed with  the  following
primers and according to the manufacturer’s instructions (Invitrogen, 



Histochemistry
Awaiting from Marta…

Electron transport chain activities
Activities of complexes I, II, III, IV and citrate synthase from frozen muscle
tissue were performed by Baylor Genetics Labs (Houston, TX, USA).

Northern Blot
Awaiting from Ya-Ming…

Results
Pedigree
The large pedigree for this family is divided into branches A through K (fig. 
1A), with affected individuals present in every generation where family 
members are still living. There is no transmission of the disease phenotype 
through males, and notably all the children of affected males (EF4.10, 
EF5.26) are unaffected. Figure 1B shows a representative pedigree branch 
(D), which illustrates the lack of male transmission. The remainder of the 
pedigree is included in Supplementary Data. Age of onset is similar in both 
genders, 12.7 years in females (range 1-39 years, median 11.0) and 11.4 in 
males (range 1-40, median 10.5). A single outlier was removed from each 
gender group for calculations (female with onset at age 68 years and a male 
with onset at 55 years, due to a greater risk of phenocopies with older age). 
Taken together, these findings argue against an X-linked mode of 
transmission, and are most consistent with a mitochondrial inheritance 
pattern. 

Clinical Data
Ninety-six  family  members  with  neurological  symptoms  were  evaluated.
Clinical findings suggested that 92 suffered from CMT disease, while three
had history and exam consistent with other neurological diagnoses (B 5.41, B
5.58 and B 5.72)  and one with an orthopedic  disorder (D 6.71).  Detailed
clinical evaluations were performed on 42 of the 92 CMT-affected patients
(Table 1). The age ranged from 9 to 80 years (mean ± SD; 41.7  ± 17.7), and
the disease duration  ranged between 2 and 60 years (26.8 ± 14.2). The age
of onset of the clinical symptoms was between 1 and 68 years (14.9 ± 14.8).
The  majority  of  patients  presented  with  asymmetric,  mild  to  severe
weakness of the distal lower extremities, and atrophy of the intrinsic foot and
calf muscles was observed in 28 patients. Twenty nine patients were still
able to walk without aid, whereas the remaining ones were ambulatory with
a cane (6) or walker (2), or required use of a wheelchair (5). In 10 patients,
there was weakness of the distal upper limbs, most prominently affecting
finger extension are wrist flexion. Seven of these 10 patients were over 52
year-old,  and  all  of  showed  atrophy  of  the  thenar,  hypothenar  and  the
interosseous  muscles.  Deep  tendon  reflexes  showed  great  intra-familial



variability,  with  hyperreflexeia  in  some  individuals  and  hyporeflexia  or
areflexia in others; positive Babinski reflex was found in 28 patients. In the
lower limbs, 26 patients showed a deficit  in vibration sensation and 23 a
deficit in proprioception, whereas no patient showed a deficit in touch or pain
sensation. Sensory ataxia was observed in all the affected patients except in
patient  EF1  4.5. Pes  cavus  foot  deformity  was  observed  in  35  patients,
equiovarus  foot  deformity  in  five  and  claw  toes  in  8  individuals. Three
patients (BC 4.2, D 5.111, D 5.136) had scoliosis. Spastic paraparesis was
observed in patients C 3.6, D 4.8, D 5.109, EF1 4.3 and EF1 4.5, with Patient
D 5.109 having a neurogenic bladder. Patients C 3.6 and BC 5.8 had vocal
cord paresis. Brain MRI was performed in three patients (B 5.91, BC 5.8 and
D  6.178),  and  was  normal  of  each  of  them.  The  three  patients  with
alternative diagnoses (B 5.41, B 5.58, and B 5.72), suggested cerebral palsy
in B 5.41 and B 5.72, while patient B 5.72 had a congenital myelopathy. 

Electrodiagnostics
Electrophysiological  studies  were  performed  in  22  patients  with  gait
difficulties.  Four  subjects  (B  5.41,  B  5.58,  B  5.72  and  D  6.71)  exhibited
normal results. The electrophysiological data of the remaining patients are
shown  in  Table  2.  These  results  from  18  patients  confirm  the  clinical
diagnosis of a length-dependent, motor and sensory, axonal polyneuropathy,
as  evidenced  by  reduced  or  absent  compound  motor  action  potential
amplitudes in the lower more than upper extremities, with a less prominent
demyelinating  component.  Conduction  velocities  were  in  the  normal  or
intermediate demyelinating range (no conduction velocities slower than 27
m/s  were  observed),  while  distal  motor  latencies  were  normal  or  mildly
prolonged. Sensory nerves were more severely affected than motor nerves.
Electromyography (data not shown) revealed increased insertional activity,
polyphasic  motor  unit  potentials  and  a  pattern  of  reduced  recruitment,
particularly in the lower limbs. 

Genetic Analysis
Next-generation sequencing of mitochondrial DNA isolated from whole blood 
of one affected family member (C5.19) and one unaffected carrier (A4.17) 
revealed a homoplasmic variant at position 1661 with an A>G base change, 
corresponding to a position in the T-loop stem in the mt-tRNA-Valine gene. 
This position is not highly conserved, though shows comparable conservation
to other disease-associated loci in the MT-TV gene. Two likely benign 
variants were identified in the MT-ATP6 gene, which encodes a subunit of the
complex V/ATP synthase and has been reported to cause an axonal CMT 
phenotype, with or without CNS signs. Another, likely benign variant was 
identified in the complex I subunit ND1.

Since mitochondrial DNA mutations may be present at different percent 
heteroplasmy across tissues, we obtained muscle tissue from four family 
members, three affected (D 6.146, D 6.28, D 6.178) and one asymptomatic 



individual (D 5.67) whose nerve conduction study showed sensory 
neuropathy. The same homoplasmic variant in mtRNA-Val at position 
1661A>G was identified in all four of these individuals. The same, likely 
benign, variants were identified in MT-ATP6 and ND1, and no other 
pathogenic variants or variants of unknown significance were identified. 
However, low levels of multiple, large mtDNA deletions were identified in all 
three affected individuals, but not in the asymptomatic individual (Table 3).

Given the large pedigree and apparent presence of unaffected carriers, we 
also performed additional genetic studies, including linkage analysis and 
whole exome sequencing. Linkage was performed after obtaining data from 
microarrays (Illumina, San Diego, CA, USA) for 2.5 million single nucleotide 
polymorphisms (SNPs) from 13 family members. Analyzing these data with 
both autosomal dominant and recessive models did not reveal any linkage 
locus. We also performed whole exome sequencing on four family members, 
three affected (D 6.146, D 6.28, D 6.178) and one unaffected (D 5.67), and 
found no variants in known CMT-associated genes that segregate with the 
phenotype. We did consider several rare or novel single nucleotide 
polymorphisms that appeared to segregate with disease in these four family 
members, but on sequencing of these genes in other affected and unaffected
family members, there was no clear segregation with the CMT phenotype. 

Biochemical analyses  
Biochemical analysis of electron transport chain enzyme activities from 
muscle of the same four family members revealed mildly-moderately 
reduced activity of citrate synthase in all samples, with reduction of activities
of multiple enzymes in affected individuals compared to the unaffected 
individual’s muscle. Rotenone-sensitive complex I+III activity and complex IV
activity showed more striking reductions (Table 4) in the more severely 
affected individuals (B6.28, D6.178) than in the unaffected carrier and mildly
affected individual (D6.146, D5.67). 

Northern blots run with control and subject total RNA isolated from muscle 
tissue revealed a striking reduction in the quantity of mtRNA-Val in the 
subjects compared to controls (Figure 2). The more severely affected 
individuals had a greater reduction in this mtRNA than the less affected 
individuals. By contrast, levels of mtRNA-Leu were similar between subjects 
and controls. It is worth noting that the control specimens showed a range in 
levels of mtRNAs, normalized to a nuclear-encoded ribosomal RNA, likely 
reflecting differences in mitochondrial content between individuals. 

Histopathologic analysis
Frozen section from muscle biopsy specimens of each of the four family 
members showed findings consistent with denervation, including the 
clinically unaffected carrier. Fiber type grouping, a marker for denervation, 
was more pronounced in the muscle of the more severely affected 



individuals than in the mildly affected individuals (Figure 3A). There were no 
ragged red fibers on Gomori trichrome staining of any of the specimens, nor 
were there cytochrome oxidase (COX) negative fibers. Succinate 
dehydrogenase, NADH, and COX stains all showed coarsened internal 
architecture, suggestive of mitochondrial enlargement or proliferation 
(Figure 3B). 

Ultrastructural studies of muscle revealed mild mitochondrial hyperplasia 
and mildly increased glycogen, with no significant change in mitochondrial 
size (Figure 4A). By contrast, electron microscopy of lateral femoral 
cutaneous nerve of two affected subjects revealed multiple abnormalities of 
mitochondria, including increased number and size of mitochondria and 
mitochondrial crystalline arrays (Figure 4B).  

Discussion
We present a large Venezuelan family with a symmetric, motor and sensory 
axonal neuropathy, and an extensive pedigree that is most consistent with a 
mitochondrial inheritance pattern, based on a lack of male transmission of 
the disease and similar age of onset and disease severity in affected males 
and females. Next-generation sequencing of the mitochondrial genome of 
affected and unaffected family members revealed a homoplasmic A>G 
mutation at nucleotide 1661 the mitochondrial tRNA-Valine (MT-TV) gene. 
This mutation has been previously reported in a Portuguese patient with 
seizures, trunk hypotonia, developmental delay and hyperlactatemia, and 
muscle biochemistry showing a generalized deficiency of all electron 
transport chain enzyme activities (21). However, this individual also has a 
second mutation at nucleotide 1655, also in the MT-TV gene. The 1661A>G 
mutation is located in the T-loop stem, and is classified as a variant of 
unknown significance (22). It has been reported in one individual in MITOMAP
with a frequency of 0.0002 % (23) without any clinical information, but is not 
reported in other clinical databases. In our family, the MT-TV mutation is 
homoplasmic both in peripheral blood and in skeletal muscle. 

We did consider modes of inheritance other than mitochondrial DNA 
transmission, through both linkage analysis and whole exome sequencing of 
three affected family members and one obligate carrier. There was no 
evidence of linkage to any autosomal or X chromosome locus, and whole 
exome sequencing did not reveal any candidate mutations that segregate 
with the disease phenotype (data not shown). The lack of male transmission 
of the disease may indicate either mitochondrial or X-linked inheritance 
pattern, but the similar age of onset in disease severity between males and 
females makes a loss-of-function X-linked mutation less likely. A gain-of-
function, X-linked mutation could be expected to be transmitted by males 
and females, but we observe only transmission through the maternal line in 
this family. Thus, pedigree analysis argues for a mitochondrial mode of 
transmission of the disease in this family. While mtDNA-related diseases are 



often more severe as the percent heteroplasmy of the mTDNA mutation 
increases, the most common mtDNA disease, Leber’s hereditary optic 
neuropathy (LHON) is caused by homoplasmic mutations, most commonly in 
the complex I subunit ND1 (24). Another intriguing feature of LHON is 
reduced penetrance (25). Thus, our family’s restriction of disease to primarily
a single tissue, peripheral nerves, with homoplasmic mutation and reduced 
penetrance, shares several features with LHON. 

Biochemical analysis of mitochondrial respiratory chain enzymes provides 
further support for a mitochondrial disease in this family: there is selective 
reduction in complex I+III and IV in skeletal muscle from more severely 
affected family members compared to a clinically unaffected and mildly 
affected family member. Such effects on multiple respiratory chain complex 
activities are typical of mitochondrial DNA mutations, such as tRNA 
mutations, which can impact the synthesis of multiple mitochondrial DNA-
encoded proteins (26). While secondary mitochondrial defects cannot be 
entirely excluded, the biochemical analysis is consistent with a mitochondrial
tRNA mutation. Furthermore, the affected individuals all show low level, large
mitochondrial DNA deletions in skeletal muscle that are not present in the 
asymptomatic individual. These deletions suggest that symptomatic subjects
may have ongoing mitochondrial toxicity that leads to accumulation of 
deletions in mtDNA (27, 28), another piece of supporting evidence for a 
mitochondrial defect underlying the disease phenotype in this family.

Pathogenicity of the mtRNA-Val mutation is supported by the reduction in 
mtRNA-Val levels in family members’ muscle when compared to the levels of
another mtRNA, mtRNA-Leu. The control muscle biopsies show a two-fold 
variation in mtRNA-Val levels, likely reflecting greater mitochondrial content 
in control 497A. Thus, normalization to rRNA 8S is confounded by the 
mitochondrial proliferation that is often seen in individuals with 
mitochondrial diseases (29,30). By contrast, normalization to tRNA-Leu 
shows clearly that there is a marked depletion of mtRNA-Val in CMT family 
members compared to controls. The mechanism of reduced levels of mtRNA-
Val may be either reduced transcription, decreased stability, or altered post-
transcriptional modification. Nor is it clear whether there is even greater 
depletion of mtRNA-Val, beyond the 80% reduction seen in muscle, in 
peripheral nerves of affected family members. MtRNA-Val serves at least two
functions in mitochondria: its primary role in conjugating to valine so that the
mitochondrial aminoacyl-tRNA synthetase, VARS2, can add valine to a 
peptide during protein translation in the mitochondrial matrix; and its role as 
a ribosomal component (31). Reduced levels of mtRNA-Val could thus impact
mitochondrial protein translation by two mechanisms, one valine-specific and
the other non-specific. Based on prior reports of patients with mutations in 
mtRNA-Val (32-36) and VARS2 (37,38), complexes I and IV appear to be the 
most impacted by deficiency of valine incorporation during translation. In 
addition, analysis of mtDNA-encoded proteins revealed that complexes I and 



IV have higher percent valine (4% and 6%, in 7 and 3 subunits, respectively) 
compared to complexes III and V (2.6% and 3% in 1 and 2 subunits, 
respectively).

A curious aspect of the disease in this family is the preferential involvement 
of peripheral nerves, in a length-dependent pattern with a mutation in a 
tRNA that would seem to be critical for function of mitochondria in any cell 
with high metabolic demands. The localization to longer, myelinated nerves 
suggests that there may be a disruption of axonal transport of mitochondria 
(39,40), perhaps related to mitochondrial hypertrophy and congestion of the 
cross-sectional volume of axons. Another possibility is that mitochondrial 
stress (41) is greater at more distal axonal locations, and that metabolic 
disruption occurs at the ends of the longest nerves, followed by axon loss 
(42). The length of these nerves may then be a barrier to delivery of newly 
synthesized mitochondria or recycling of damaged mitochondria (43), or 
mitochondrial fusion (44) and fission (45) may be impaired. Perhaps the 
compensatory mitochondrial proliferation and hypertrophy are less effective 
at rescuing metabolic stress in longer axons (46) than in other metabolically 
active tissues, such as skeletal or cardiac muscle, or the brain. An 
unexpected pathological finding in our study was the presence of similar 
mitochondrial abnormalities in both axons and Schwann cells. Although we 
cannot determine from our study whether the Schwann cell abnormalities 
are independent or secondary to axonal mitochondrial defects, 
electrophysiological findings in patients suggest that axonal dysfunction is 
the primary mediator of disease. Reports of both axonal and demyelinating 
neuropathies in patients with GDAP1 mutations (47) indicate that 
mitochondrial disruption can lead to neuropathy through effects in both 
neurons and Schwann cells.

Limitations of our study include the possibility the possible of phenotypic 
mimics, especially with increasing patient age, as many diseases can cause 
peripheral neuropathy, including diabetes mellitus, vitamin B12 neuropathy, 
paraproteinemia, leprosy and other inherited neuropathies. Furthermore, 
genetic material and nerve conduction studies were available only from a 
limited number of family members, so we may have underestimated the 
number of family members with disease; however, the lack of male 
transmission of disease argues that the mitochondrial DNA obtained from 
several affected family members should be adequate for identifying the 
pathogenic mutation. Finally, we cannot exclude the possibility that another 
mutation contributes to the phenotype. Specifically, we identified a mutation 
in the complex I subunit, ND1, !273V, which is too common in population 
databases at 0.04 % (23) to be pathogenic in isolation, but which could 
synergistically enhance the effect of the mtRNA-Val mutation. If this were the
case, however, one might expect complex I activity and immunolabeling to 
be disproportionately reduced compared to other complexes; however, 



complex IV appears to be the most prominently affected part of the 
respiratory chain in this family.

In summary, we have identified a mtRNA-Val mutation as the cause of 
Charcot-Marie-Tooth disease in a large, indigenous Venezuelan family, and 
support this conclusion with an extensive pedigree, genetic analysis of both 
blood and muscle tissue, biochemical studies of the mitochondrial electron 
transport chain and tRNA quantification, and histological and electron 
microscopic analysis of muscle and sensory nerve in several affected family 
members. The tRNA-Val mutation causes a selective reduction in the level of 
this tRNA. The tRNA-Val is unique among mitochondrial tRNAs in its dual 
roles: it functions both in mitochondrial translation to add valine to growing 
peptide chains, and is also a component of the mitochondrial ribosome (29). 
Further studies will be necessary to clarify which of these roles the 
m.1661A>G mutation impairs. It would be of great interest to better 
understand genetic and environmental factors that influence the penetrance 
of this homoplasmic mutation. In the case of Leber’s hereditary optic 
neuropathy, for example, tobacco and alcohol consumption have been 
suggested as modifying factors (42). There may be similar environmental 
modifiers of phenotype in this family, or genetic polymorphisms that allow 
for compensation for reduced level of mtRNA-Val.  
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