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RESEARCH ARTICLE

A Mitochondrial tRNA Mutation Causes
Axonal CMT in a Large Venezuelan Family

Alexander Fay, MD, PhD T Yngo Garcia, MD, PhD,?3" Marta Margeta, MD, PhD,*
Sunita Maharjan, PhD,” Claudia Jirgensen, BS,® Jose Bricefio, MD,” Mariaelena Garcia, PhD,°
Sitao Yin, PhD,” Laia Bassaganyas, PhD,® Thomas McMahon, BS,’ Ya-Ming Hou, PhD,>
Ying-Hui Fu, PhD," and Louis J. Ptaek, MD'

Objective: The objective of this study was to identify the genetic cause for progressive peripheral nerve disease in a
Venezuelan family. Despite the growing list of genes associated with Charcot-Marie-Tooth disease, many patients with
axonal forms lack a genetic diagnosis.
Methods: A pedigree was constructed, based on family clinical data. Next-generation sequencing of mitochondrial
DNA (mtDNA) was performed for 6 affected family members. Muscle biopsies from 4 family members were used for
analysis of muscle histology and ultrastructure, mtDNA sequencing, and RNA quantification. Ultrastructural studies
were performed on sensory nerve biopsies from 2 affected family members.
Results: Electrodiagnostic testing showed a motor and sensory axonal polyneuropathy. Pedigree analysis revealed
inheritance only through the maternal line, consistent with mitochondrial transmission. Sequencing of mtDNA identi-
fied a mutation in the mitochondrial tRNAY? (mt-tRNAY?) gene, m.1661A>G, present at nearly 100% heteroplasmy,
which disrupts a Watson—Crick base pair in the T-stem-loop. Muscle biopsies showed chronic denervation/reinnervation
changes, whereas biochemical analysis of electron transport chain (ETC) enzyme activities showed reduction in multiple
ETC complexes. Northern blots from skeletal muscle total RNA showed severe reduction in abundance of mt-tRNAY?,
and mildly increased mt-tRNAP", in subjects compared with unrelated age- and sex-matched controls. Nerve biopsies
from 2 affected family members demonstrated ultrastructural mitochondrial abnormalities (hyperplasia, hypertrophy,
and crystalline arrays) consistent with a mitochondrial neuropathy.
Conclusion: We identify a previously unreported cause of Charcot-Marie-Tooth (CMT) disease, a mutation in the mt-
tRNAY?' in a Venezuelan family. This work expands the list of CMT-associated genes from protein-coding genes to a
mitochondrial tRNA gene.

ANN NEUROL 2020;88:830-842

harcot-Marie-Tooth disease (CMT) is a collection of demyelinating form, caused by Schwann cell dysfunction,
hereditary motor and sensory neuropathies with a and the axonal form, caused by degeneration of peripheral
progressive, degenerative course that leads to debilitating nerve axons. Although these subtypes are clinically indis-
weakness and sensory loss beginning in childhood or early tinguishable, the demyelinating form manifests with
adulthood." Two broad categories of CMT are the slowed nerve conduction velocities and secondary axon
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loss, whereas the axonal form shows reduction of sensory
and motor action potential amplitudes with normal or
mildly reduced conduction velocities. To date, more than
100 protein-coding genes have been implicated as causa-
tive in individual forms of CMT,! with dominant muta-
tions being far more common than recessive.
Demyelinating CMT is most frequently due to duplica-
tion of the PMP22 gene, whereas axonal CMT is more
genetically heterogeneous. Some subtypes of CMT affect
other organ systems, such as the central nervous system
(CNS),” whereas multisystem disorders, such as mito-
chondrial diseases,®” lysosomal diseases,®” spinocerebellar

10,11 . . L 12,1
and hereditary spastic paraparesis,'>'? can

ataxias,
include motor and sensory neuropathies.

Here, we report a large, mostly indigenous family
from the Venezuelan Andes with axonal CMT and a pedi-
gree consistent with a mitochondrial inheritance pattern.
Our study includes characterization of affected and unaf-
fected 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 mitochon-
drial t(RNA (m-tRNA"™). This mutation is homoplasmic
in 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 phe-
notype, and is only the second mitochondrial DNA
(mtDNA) gene associated with CMT, the other being
mutations in ATP6, which encodes a complex V sub-
unit."* Mitochondrial dysfunction'® has been implicated
in many subtypes of CMT, most frequently with muta-
tions of mitofusin-2'® and GDAP-1,"” but also in rare
mutations of nuclear-encoded mitochondrial proteins,
such as SURF-1,'"® and several mitochondria-targeted
aminoacyl-tRNA synthetases.'” Mutations in mtDNA
causing peripheral neuropathy are well-described in com-
plex phenotypes, such as MELAS and MERRF,*>*' but
are not typically considered to cause a CMT phenotype,
outside of ATP6. This work adds to the growing literature
on the diversity of the genetic causes of peripheral neurop-
athy and extends the spectrum of mitochondrial diseases,
which can involve gene mutations in both mtDNA and
nuclear DNA.*

Methods

This research was designed as a field study and was
approved by the Ethics Committee of the University of
The Andes (Mérida, Venezuela). Written informed con-
sent was obtained from all patients by one of the authors
(Y.G.). Clinical evaluations took place at the patients’

homes, whereas the electrophysiological investigations
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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 predomi-
nantly indigenous ancestry. The majority of descendants
presently live in towns and villages near the original one.
This CMT-affected family consists of 11 branches with
subjects 1.1 and 1.2 as common ancestors (Fig 1A). The
documented genealogy spans a period of 200 years (8 gen-
erations; Fig 1B, online supplementary material Figs
1-14). More than 3,722 members from the 11 family bra-
nches are still alive. Children of consanguineous marriages
were found between branches B and C and between bra-
nches E and F online supplementary material Table S1.
Ninety-seven patients (55 women and 42 men) were clini-
cally diagnosed with motor and sensory neuropathy. In all
the branches, disease was transmitted through maternal
lineage, with no instances of male transmission. As for the
evaluated patients, the parents were not clinically affected
in 10 family units (23 patients), whereas at least 1 parent
was affected in 14 family units (74 patients).

Electrodiagnostics

Standard clinical and electrophysiological examinations
(including distal motor latencies [DMLs], motor nerve
conduction velocities [MNCVs], 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°C. Electromyography (EMG)
was performed with monopolar needle electrodes in the
deltoids, biceps brachii, extensor digitorum, opponens
pollicis, tibialis anterior, peroneus longus, and gastrocne-

mius muscles.

DNA Sequencing

DNA was isolated from whole blood. Whole exome
sequencing was performed using an Illumina (San Diego,
CA) platform, and linkage analysis was performed using a
human OMNI 2.5M BeadChip. Next-generation mito-
chondrial DNA sequencing from blood-derived DNA was
performed by GeneDx (Gaithersburg, MD), whereas
mitochondrial DNA sequencing from muscle was per-
formed by Baylor Genetics (Houston, TX). Sequencing of
the mtATP6 gene was performed with the following
primers: forward 5-GGGCCCGTATTTACCCTATA-
GC-3’ and reverse 5'-GGGTCATGGGCTGGGTTTTA-
3" complementary to the preceding COX2/ms-tRNA""
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FIGURE 1: First and second generations of the pedlgree (A) and a representative branch "D" of the pedigree (B).

genes and following COX3 genes, respectively, using
Pfusion II Master Mix, according to the manufac-
(ThermoFisher

turer’s instructions Scientific,

Waltham, MA).

Histology
Flash-frozen muscle tissue was evaluated using a limited
panel of standard muscle stains (hematoxylin and eosin
[H&E];
nine dinucleotide tetrazolium reductase

modified Gomori trichrome; nicotinamide ade-
[NADH-TR];
succinate dehydrogenase [SDH]; cytochrome C oxidase
[COX],

myosin proteins; and nonspecific esterase). All stains were

dual immunohistochemistry for slow and fast

performed by University of California — San Francisco
(UCSF) Clinical Neuromuscular Pathology Laboratory.
Light microscopy images were acquired with a DP72 digi-
tal camera on a BX41 bright-field light microscope using
cellSens Entry 1.4 software (all by Olympus).

Ultrastructural Analysis

Ultrathin (80 nm) sections of the glutaraldehyde-fixed,
Epon-embedded muscle or nerve tissue were stained with
2% uranyl acetate, followed by 1.5% lead citrate. Sections
were examined in an FEI Tecnai G2-12BT transmission
electron microscope at 80 kV, with images obtained with
an AMT camera model XR-60. Images of 20 to 26 pic-
tures were evaluated for each muscle biopsy, and images
of 40 to 42 pictures for each nerve biopsy.

832

Electron Transport Chain Analyses

Activities of complexes I, II, III, and IV and citrate
synthase from frozen muscle tissue were measured by
Baylor Genetics (Houston, TX) and immunohistochemis-
try of electron transport chain proteins was analyzed by
the Molecular Neuropathology Laboratory, Texas Chil-
dren’s Hospital (Houston, TX).

Northern Blot

Archival frozen muscle tissue from age- and sex-matched
unrelated individuals was obtained from UCSF Pathology
Department. The control subjects had no clinical history
suggestive of a metabolic disorder and their muscle biop-
sies showed no pathologic abnormalities. Total RNA was
isolated from muscle using a tissue homogenizer and the
miRNeasy Mini Kit (Qiagen, Germantown, MD). Each
total RNA sample (1.5 pg) was heated at 85°C for
3 minutes, mixed with 5 pL of the denaturing loading
solution (7 M urea, 0.25% xylene cyanol, and 0.25%
blue), loaded 12%
polyacrylamide/7 M urea gel on a mini Bio-Rad apparatus
in 1X Tris-borate (pH 8.0) EDTA (TBE) buffer. After

electrophoresis for 30 minutes at 200 V (room tempera-

bromophenol and onto a

ture), the gel was electroblotted onto a positively charged
Hybond nylon membrane (GE Healthcare) using the Bio-
Rad tank system at 400 mA for 1 hour. The electroblotted
membrane was briefly air dried, and RNA on the mem-
brane was crosslinked to the membrane in a UV
crosslinker (FB-UVXL-1000, Fisher Scientific, in the opti-
mal crosslink mode). The membrane was then pre-
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incubated in hybridization buffer (0.9 M NaCl, 90 mM
Tris-HCI (pH 7.5), 6 mM EDTA, 0.3% SDS, and 1%
dry milk) at 37°C for 1 to 2 hours and probed with a set
of 3 DNA oligonucleotide probes, each 32P_labeled at the
5" end. The set for monitoring mt-tRNA" contained a
DNA probe targeting positions 29 to 46 of human mi-
tRNA"* (5-TCTCCTAAGTGTAAGTTG-3’), whereas
the set for monitoring mt-tRNA™ contained a DNA
probe targeting positions 42 to 62 of human mz-tRNA™*
(5’-TGATGTGAGCCCGTCTAA-3’). Both sets also con-
tained a second DNA probe targeting positions 39 to
56  of  human  m#RNA**  (UUR)  (5-
GAACCTCTGACTGTAAAG-3’) and the third probe
targeting the 3’-end region of the nuclear-encoded 5S
rRNA  (5°-GGGTGGTATGGCCGTAGAC-3’). The
3 probes (each at 10° cpm) of each set were incubated
with the membrane in hybridization buffer for 12 hours
while shaking. The probes were washed with 2X SSC
buffer (0.3 M NaCl, 30 mM Na-Citrate) at 37°C 2 times
for 10 to 15 minutes with gentle shaking. The membrane
was then dried and imaged (Amersham Typhoon model
9500, GE), using Image] software (National Institutes of
Health [NIH]).

Results

Pedigree

The large pedigree for this family is divided into branches
A through K (see Fig 1A), with affected individuals pre-
sent in every generation where family members are still
living. There is no transmission of the disease phenotype
through men, and notably all descendants of affected men
in the second generation (G2.1, H2.2, 12.1, and J2.1) are
unaffected. A representative pedigree branch (D) illustrates
the lack of male transmission (seen Fig 1B). The remain-
der of the pedigree is included in online supplementary
material Table S1. Age of onset is similar in both genders,
12.7 years in women (range 1-39 years, median 11.0) and
11.4 in men (range 1-40 years, median 10.5). A single
outlier was removed from each gender group for calcula-
tions (a woman with onset at age 68 years and a man 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

One hundred family members with neurological symp-
toms were evaluated. Clinical findings suggested that
97 suffered from CMT-associated symptoms, whereas
3 had other neurological diagnoses (B 5.41, B 5.58, and B
5.72) and 1 an orthopedic disorder (D 6.71). Detailed

clinical evaluations were performed on 44 of the
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97 CMT-affected patients (Table 1, online supplementary
material Table S2). Their ages ranged from 9 to 80 years
(mean £ SDj; 41.1 + 18.0), and disease duration ranged
between 2 and 60 years (25.8 £ 14.6). The age of onset
of clinical symptoms was between 1 and 68 years (15.3
+ 15.2). The majority of patients presented with symmet-
ric, mild-to-severe weakness of the distal lower extremities,
and atrophy of foot and calf muscles was observed in
29 patients. Thirty-one patients were still able to walk
without aid, whereas the remaining ones were ambulatory
with a cane (6 patients) or walker (2 patients), or required
the use of a wheelchair (5 patients). Ten patients had
weakness of the distal upper limbs, most prominently
affecting finger extension and wrist flexion. Seven of these
10 patients were over 52 years old, and all showed atrophy
of the thenar, hypothenar, and the interosseous muscles.
Tendon reflexes showed great intrafamilial variability, with
hyperreflexia in some individuals and hyporeflexia or are-
flexia in others; Babinski reflex was present in 28 patients.
In the lower limbs, 26 patients showed a deficit in vibra-
tion sensation and 23 showed a deficit in proprioception,
whereas no patient showed a deficit in touch or pain sen-
sation. Sensory ataxia was observed in all affected patients
except E 6.70 and EF1 4.5. Pes cavus foot deformity was
observed in 37 patients, equinovarus foot deformity in
5 patients, and claw toes in 8 patients. Three patients
(BC 4.2, D 5.111, and 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 hav-
ing a neurogenic bladder. Patients C 3.6 and BC 5.8 had
vocal cord paresis. Brain magnetic resonance imaging
(MRI) was performed in 3 patients (B 5.93, BC 5.8, and
D 6.178), and was normal for each of them. Of the
3 patients with alternative diagnoses (B 5.41, B 5.58, and
B 5.72), B 5.41 and B 5.58 had cerebral palsy, whereas
Patient B 5.72 had a congenital myelopathy.

Electrodiagnostics

Electrophysiological studies were performed in 22 patients
with gait difficulties (Table 2, online supplementary mate-
rial Table S3). Four subjects (B 5.41, B 5.58, B 5.72, and
D 6.71) exhibited normal results, whereas the remaining
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 compo-
nent. Conduction velocities were in the normal or inter-
mediate demyelinating range (no conduction velocities
slower than 27 m/s were observed), whereas distal motor
latencies were normal or mildly prolonged. Sensory nerves
were more severely affected than motor nerves. EMG
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Patient

A42
As.1
AS5.2
AS5.5

B 5.88
B 5.93
B 6.28
B 6.29
BC4.2
BC>s.1
BC5.5
BC5.8
C3.6
C5.68
C5.79
C5.87
D 4.8
D 4.28
D 5.97
D 5.100
E 4.39
E5.93
E 6.70
EF1 4.3
EF1 4.5

EF1
4.12

EF1
4.14

F 5.243
F 6.357
F 6.363

TABLE 1. Clinical Features

Age of Disease
onset/ duration,
gender yr
44/F 39
15/M 12
18/F 16
22/F 8
37/IM 23
40/F 38
19/F 17
22/M 20
59/F 33
26/M 24
30/F 15
32/M 31
80/M 60
38/F 28
36/M 26
44/M 34
6l/F 43
G9/F 51
32/M 21
35/F 20
75/M 20
47/F 5
9/F 5
52 F 50
57/F 47
70/M 30
72IM 44
70/F 2
30/M 22
35/M 18

UE
Strength

I/D
5/5
5/5
5/5
5/5
5/5
5/5
5/5
5/5
5/4
5/5
5/5
5/4
3/3
5/5
5/5
5/5
4/4
5/5
5/5
5/5
5/5
5/5
5/5
5/5
5/5
5/5

4/4

5/5
5/5
5/4

LE
Strength

P/1/D
51515
5/4/5
5/4/5
51515
5/4/3
5/4/3
5/4/4
5/4/3
5/4/3
4/4/4
4/4/4
4/3/3
3/1/0
5/4/4
5/4/3
5/4/3
3/2/2
4/3/1
5/4/3
5/4/4
5/4/4
5/5/4
5/5/4
51312
4/3/3
5/4/3

3/2/1

51515
5/4/4
5/4/4

Reflexes

2/2/12
2/2/2
2/2/2
2/2/2
2/3/12
3/3/2
2/2/12
3/3/0
2/1/0
3/3/2
3/2/0
3/0/0
2/0/0
2/2/0
2/1/0
3/3/0
3/0/0
2/0/0
2/2/0
2/2/0
1/2/1
2/2/1
2/2/1
0/0/0
3/3/0
2/1/0

0/0/0

2/2/2
3/4/4
2/2/1

= lower extremity; P = proximal (knee extensor or flexor); UE = upper extremity.

Sensory
loss

UE/LE

No
No
No
No
No/Yes
No/Yes
No/Yes
No
No
No
No/Yes
Yes/Yes
Yes/Yes
No/Yes
No/Yes
No/Yes
Yes/Yes
No/Yes
No/Yes
No/Yes
No
No/Yes
No/Yes
Yes/Yes
No
No/Yes

Yes/Yes

No/Yes
No/Yes
No/Yes

Distal
atrophy
UE/LE
None
None
None
No/Yes
No/Yes
No/Yes
No/Yes
No/Yes
Yes/Yes
Yes/Yes
None
Yes/Yes
Yes/Yes
None
No/Yes
No/Yes
Yes/Yes
Yes/Yes
No/Yes
None
No/Yes
None
No/Yes
Yes/Yes
No/Yes
No/Yes

Yes/Yes

No/No
No/Yes

None

Deformities

Pc

Pc + claw
Pc + claw
Pc

Pc

Pc

Pc + claw
Pc

Pc + claw
None

Pc

Pc

Pc

Pc + varus
Pc + varus
Pc

Pc + claw
None

Pc

Pc

Pc + varus
Pc + varus

None

Pc

Pc
None

Pc

Motor scale: 5, normal; 4, mild weakness; 3, ability to lift against gravity; 2, not able to lift against gravity, but movement visible; 1, no movement but ten-
don contraction visible; 0, complete paralysis. Reflexes: 4, clonus; 3 increased; 2, normal; 1, reduced; 0, absent; Deformities: Pc- pes cavus, claw- claw toes.

D = distal [intrinsic hand muscles (UE) = intrinsic foot muscles (LE)]; I = intermediate (hand extensor or flexor (UE); foot extensor or flexor (LE); LE

Mobility

Ambulatory
Ambulatory
Ambulatory
Ambulatory
Ambulatory
Ambulatory
Ambulatory
Ambulatory
Cane
Ambulatory
Ambulatory
Wheelchair
Wheelchair
Ambulatory
Ambulatory
Ambulatory
Wheelchair
Walker
Ambulatory
Ambulatory
Cane
Ambulatory
Ambulatory
Cane

Cane

Cane

Wheelchair

Ambulatory
Ambulatory

Ambulatory
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(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 mtDNA isolated from
whole blood of 1 affected family member (D 5.131) and
one unaffected carrier (B 4.30) revealed a homoplasmic
variant at position 1,661 with an A>G base change,
corresponding to a position in the T-stem-loop in the mz-
tRNA"™ gene. This position is not highly conserved,
although it shows comparable conservation to other
disease-associated loci in the 72-tRNAY gene. One likely
benign variant, 8875T>C (F 117L), was identified in the
MT-ATPG gene, which encodes a subunit of the complex
V/ATP synthase and in which other point mutations are
reported to cause an axonal CMT phenotype, with or
without CNS signs.'"* Another likely benign variant,
4123A>G (I 273V), was identified in the complex I sub-
unit ND1.

Because mtDNA mutations may be present at differ-
ent percentage of heteroplasmy across tissues, we obtained
muscle tssue from 4 family members, 3 affected
(D 6.146, B 6.28, and D 6.178) and 1 asymptomatic car-
rier (D 5.67) whose nerve conduction study showed sen-
sory neuropathy (Table 3). The same homoplasmic
variant in mz-tRNA"™ at position 1661A>G was identified
in all 4 of these individuals. The same, likely benign, vari-
ants were identified in MT-ATP6 (8875T>C) and ND1
(4123A>G), and no other pathogenic variants or variants
of unknown significance were identified. However, low
frequency of multiple large mtDNA deletions was identi-
fied in all 3 affected individuals, but not in the asymptom-
atic individual (see 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) for 2.5 mil-
lion single nucleotide polymorphisms (SNPs) from 13 fam-
ily members. Analysis of 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 (B 6.28, D 6.178,
and EF 15.46) and one clinically unaffected carrier
(D 5.67), and found no variants in known CMT-
associated genes that segregate with the phenotype. We
did consider several rare or novel SNPs that appeared to
segregate with disease in these 4 family members, but on
sequencing of these genes in other affected and unaffected
family members, there was no clear segregation with the

CMT phenotype.
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Histopathologic Analysis

Muscle biopsy specimens from each of the 4 family mem-
bers, including the clinically unaffected carrier, showed
findings consistent with both denervation (randomly dis-
tributed atrophic fibers with increased esterase activity)
and reinnervation (fiber type grouping and hybrid fibers
that co-express both myosin proteins); grouped atrophy
was not detected, consistent with a slow course of disease
progression. Fiber type grouping, a feature of long stand-
ing reinnervation, was more pronounced in the muscle of
the more severely affected individuals than in the mildly
affected individuals (Fig 2A,B). Gomori trichrome staining
revealed no ragged red fibers in any of the specimens, nor
were there any COX-negative fibers. SDH, NADH-TR,
and COX stains all showed coarsened internal architecture
in the affected individuals, suggestive of mitochondrial
enlargement or proliferation (Fig 2C,D).

Ultrastructural studies of muscle samples revealed
mild mitochondrial hyperplasia and mildly increased gly-
cogen, with no significant change in mitochondrial mor-
phology (not shown). By contrast, electron microscopy of
lateral femoral cutaneous nerve of two affected subjects
(B 5.88 and D 5.111) revealed multiple mitochondrial
abnormalities, including mitochondrial hyperplasia, mito-
chondrial hypertrophy, and the presence of mitochondrial
crystalline arrays (Fig 2E-G).

Tissue Biochemical Analyses

Biochemical analysis of electron transport chain enzyme
activities from 4 family members (B 6.28, D 5.67, D
6.146, and D 6.178) revealed mildly to moderately
reduced activity of citrate synthase in all samples, with
reduction of activities of multiple enzymes in affected
individuals compared with 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 (B 6.28
and D 6.178) than in the unaffected carrier and mildly
affected individual (D 6.146 and D 5.67).

Northern blot analysis with control and subject total
RNA isolated from muscle tissue revealed a striking reduc-
tion in the quantity of m#-tRNAY in the subjects com-
pared with controls (Fig 3D). The more severely affected
individuals (D 6.178 and B 6.28) had a greater reduction
than the less affected individuals (D 6.146). In contrast,
levels of mt-tRNA** (UUR) were similar between subjects
and controls (not shown). For quantitative comparison,
the level of each tRNA was normalized to that of the
mitochondria-localized but nuclear-encoded 5S rRNA of
each sample. To minimize the tissue variability among
samples, the 55 rRNA-normalized level of mz-tRNA" was
compared relative to the 55 rRNA-normalized level -
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Patient

B 5.88

B5.93

B 6.28

BC5.1

BC5.5

C5.68

C5.87

D 5.67

D 5.97

Ds.111

Amp. =

Nerve

Median
Ulnar
Tibial
Peroneal
Median
Ulnar
Tibial
Peroneal
Median
Ulnar
Tibial
Peroneal
Median
Ulnar
Tibial
Peroneal
Sural
Median
Ulnar
Tibial
Peroneal
Median
Ulnar
Tibial
Peroneal
Median
Ulnar
Tibial
Peroneal
Median
Ulnar
Tibial
Peroneal
Median
Ulnar
Tibial
Peroneal
Median
Ulnar
Tibial

Peroneal

TABLE 2. Electrophysiological Data

Motor NCS

DML (ms)

Right Left

5.6 5.0 (< 4.4)
3.6 3.8(<3.3)
5.8 6.2 (<5.8)
5.5 7.3 (<6.5)
5.2 4.8 (< 4.4)
3.4 3.7 (<3.3)
4.6 5.6 (<5.8)
4.6 4.8 (<6.5)
3.9 3.7 (<4.4)
3.4 3.9(<3.3)
6.4 5.7 (<5.8)
5.2 5.2 (£6.5)
4.1 4.1 (< 4.4)
2.7 2.6 (<3.3)
4.5 6.6 (<5.8)
3.7 4.2 (<6.5)
4.8 4.2 (<44
3.0 3.0 (<3.3)
9.1 9.2 (< 5.8)
5.5 6.0 (<6.5)
3.9 3.9 (<4.4)
3.5 33(<3.3)
7.2 7.2 (<5.8)
5.8 7.6 (< 6.5)
4.1 4.3 (< 4.4)
2.7 2.7 (£3.3)
4.2 4.1 (<5.8)
4.7 4.4 (<6.5)
4.2 4.4 (<4.4)
2.3 29 (<3.3)
5.2 4.6 (<5.8)
3.7 3.9 (6.5
4.5 5.0 (< 4.4)
3.5 4.5 (<3.3)
5.2 9.6 (<5.8)
5.2 5.6 (< 6.5)
5.1 4.7 (< 4.4)
3.0 3.7 (<3.3)
4.2 5.7 (<5.8)
6.0 4.2 (6.5)

MNCYV (m/s)

Right Left

41.0 47.0 (= 49)
42.0 44.0 (= 49)
34.0 27.0 (= 41)
27.0 40.0 (= 44)
50.0 51.0 (= 49)
50.0 50.0 (= 49)
38.0 41.0 (= 41)
35.0 40.0 (> 44)
54.4 52.6 (= 49)
59.9 67.4 (2 49)
46.9 44.4 (> 41)
47.4 55.9 (= 44)
56.0 53.0 (= 49)
57.0 58.0 (= 49)
28.0 38.0 (= 41)
48.0 54.0 (= 44)
49.0 48.0 (2 49)
45.0 45.0 (> 49)
20.0 30.0 (= 41)
40.0 31.0 (= 44)
50.0 50.0 (= 49)
55.0 54.0 (= 49)
28.0 32.0 (2 41)
36.0 36.0 (> 44)
53.0 51.0 (= 49)
59.0 61.0 (= 49)
47.0 36.0 (> 41)
50.0 48.0 (> 44)
50.0 49.0 (= 49)
60.0 59.0 (= 49)
50.0 46.0 (= 41)
48.0 48.0 (> 44)
45.0 45.0 (> 49)
40.0 44.0 (= 49)
33.0 29.0 (= 41)
42.0 40.0 (> 44)
44.5 53.4 (2 49)
67.4 58.1 (= 49)
33.5 41.5 (= 41)
37.4 45.0 (> 44)

CMAP Amp. (mV)

Right Left

2.1 1.6 (= 4.0)
43 4.3 (2 6.0)
0.4 1.0 (= 4.0)
1.4 1.3 (= 2.0)
4.8 4.7 (2 4.0)
44 7.3 (2 6.0)
0.6 0.4 (= 4.0)
1.8 0.4 (=2.0)
49 42 (2 4.0)
9.6 7.6 (= 6.0)
1.3 1.4 (= 4.0)
1.8 2.5 (22.0)
3.8 3.7 (= 4.0)
7.4 9.3 (2 6.0)
0.4 1.0 (= 4.0)
0.5 1.8 (= 2.0)
1.6 1.5 (2 4.0)
438 5.6 (= 6.0)
1.0 1.0 (= 4.0)
0.6 1.6 (2 2.0)
5.2 5.5 (= 4.0)
6.4 7.0 (= 6.0)
1.0 1.0 (= 4.0)
1.4 1.1 (=2.0)
6.0 4.0 (> 4.0)
6.7 6.8 (= 6.0)
2.0 2.8 (2 4.0)
5.0 2.1 (2 2.0)
7.0 7.5 (= 4.0)
72 7.0 (2 6.0)
42 5.0 (2 4.0)
37 40 (> 2.0)
45 5.3 (= 4.0)
5.5 5.4 (= 6.0)
13 0.6 (= 4.0)
1.5 0.2 (=2.0)
7.4 5.8 (2 4.0
8.2 7.7 (2 6.0)
25 37 (> 4.0)
6.5 32 (> 2.0)

Sural sensory studies are all NR, except as noted for BC 5.1. Normal adult values in parentheses.

Sensory NCS

SNCV (m/s)

Right Left

NR NR

NR NR

NR NR

NR NR

NR NR

NR NR

48.0 44.0 (2 50)
47.0 47.0 (2 50)
38.0 35.0 (> 40)
NR NR

37.0 39.0 (= 50)
NR NR

NR NR

NR NR

NR NR

264 30.4 (> 50)
40.0 40.0 (2 50)
NR NR

NR NR

NR NR

NR NR

amplitude; CMAP = compound motor action potential; DML = distal motor latency; MNCV = motor nerve conduction velocity; NCS =
nerve conduction study; NR = not recordable; SNAP = sensory nerve action potential; SNCV = sensory nerve conduction velocity.

SNAP Amp. (nV)
Right Left

NR NR

NR NR

NR NR

NR NR

NR NR

NR NR

2.8 2.3 (= 20)
2.9 3.6 (>17)
3.0 7.0 (5)
NR NR

1.9 39(=17)
NR NR

NR NR

NR NR

NR NR

5.0 4.3 (= 20)
5.3 3.6(=17)
NR NR

NR NR

NR NR

NR NR
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TABLE 3. Summary of Genetic Findings from
Muscle Biopsies of Four Family Members
tRNA-Val
1661 Multiple
Subject pedigree # A>G, % mtDNA
(disease severity) heteroplasmy deletions
B 6.28 (moderate) 99.8 Present
D 6.178 (moderate- 99.8 Present
severe)
D 6.146 (mild) 99.8 Present
D 5.67 (asymptomatic) 99.8 Absent

tRNA** (UUR) in each sample. This analysis confirmed
the severe reduction of mrtRNA" in all subjects, with
reduction by 80% for more severely affected individuals
(Fig 3E). In contrast, Northern blot analysis revealed an
increase to 110% to 120% in the quantity of mz-tRNA™*
in all samples (Fig 3E).

Discussion

We present a Venezuelan family with a motor and sensory
axonal neuropathy, and an extensive pedigree consistent
with mitochondrial inheritance. Next-generation sequenc-
ing of the mitochondrial genome of affected family mem-
bers revealed a homoplasmic m.1661A>G mutation in the
mt-tRNA" gene. This mutation has been reported in a
Portuguese patient with seizures, trunk hypotonia, devel-
opmental delay, hyperlactatemia, and muscle biochemis-
try, showing generalized deficiency of all electron
transport chain enzyme activities, >t although this individ-
ual has a second mutation at nucleotide 1655 of
mt-tRNA"™, corresponding to nucleotide 58 in the tRNA
T-loop. The 1661A>G mutation is in the stem region of
the tRNA T-loop (Fig 4A), and is classified as a variant of
unknown significance.” Tt has been reported in 1 individ-
ual in MITOMAP with a frequency of 0.0002%> with-
out any clinical information, but is not reported in other
clinical databases. In the family reported here, the mz-
tRNA"* mutation is homoplasmic in blood and muscle.
We considered modes of inheritance other than
mtDNA transmission, through linkage analysis and whole
exome sequencing of 3 affected family members and
1 obligate carrier. There was no evidence of linkage to any
chromosomal locus, and whole exome sequencing did not
reveal any candidate mutations that segregate with the dis-
ease phenotype (data not shown). Lack of male transmis-
sion could indicate an X-linked inheritance pattern, but
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the similar age of onset and disease severity between men
and women makes a loss-of-function X-linked mutation
unlikely. Thus, pedigree analysis argues for mitochondrial
transmission in this family. Although mtDNA-related dis-
eases 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.?” Another
intriguing feature of LHON is reduced penetrance.28
Thus, our family’s restriction of disease to primarily a sin-
gle dssue, 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 mitochon-
drial disease in this family: there is selective reduction in
complexes I + III and IV in skeletal muscle from more
severely affected family members compared with a clini-
cally unaffected and mildly affected family member. Such
effects on multiple respiratory chain complex activities are
typical of m#-tRNA mutations, which impact the synthesis
of multiple mtDNA-encoded proteins.”” Furthermore, the
affected individuals all show low level, large mtDNA dele-
tions in skeletal muscle that are not present in the asymp-
individual.  These
symptomatic subjects have mitochondrial dysfunction that

tomatic deletions  suggest  that
leads to accumulation of deletions in mtDNA,”**" pro-
viding further evidence for a mitochondrial defect under-
lying the disease.

Pathogenicity of the m#-tRNA"™ mutation is
supported by reduction of tRNA levels in family mem-
bers’ muscle when compared with levels of mt-tRNA™"
(UUR). Analysis of the relative levels of mt-tRNA"* across
samples (see Fig 3E) reveals that subject biopsies show a
reduction between 50% and 80% compared with con-
trols. The mechanism of reduced levels of mz-tRNA"
may be reduced transcription, decreased stability, or
altered post-transcriptional modification. It is not clear
whether there is even greater depletion of m-tRNA",
beyond the 80% reduction seen in muscle, in peripheral
nerves of affected family members. The reduction of mi-
tRNA raises the possibility that protein synthesis of
mtDNA genes that are enriched with valine codons
(GUN) may be preferentially affected. This may explain
the more profound decrease in enzyme activities of com-
plexes I + IV. Based on prior reports of patients with
mutations in mz-tRNA"*?*¢ and mitochondrial valyl-
tRNA synthetase (VARS2),>”*® complexes I and IV are
most impacted by deficiency of valine incorporation dur-
ing translation. In addition, analysis of mtDNA-encoded
proteins revealed that complexes I and IV have higher
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FIGURE 2: A, B Dual immunohistochemistry for slow myosin (yellow; type 1 fibers) and fast myosin (pink; type 2 fibers) shows a
much greater degree of fiber-type grouping in a muscle biopsy from a moderately-severely affected family member (D 6.178;
panel B) compared to a biopsy from an asymptomatic family member (D 5.67; panel A). Both biopsies show a significant
population of hybrid fibers that co-express both myosin proteins (orange), evidence of recent reinnervation. C, D Coarsened
internal architecture is noted on nicotinamide adenine dinucleotide tetrazolium reductase (NADH-TR) stain in the more affected
individual (D) compared to the asymptomatic individual (C). E-G Representative electron micrographs from nerve biopsies
obtained from 2 other affected family members (B 5.88 and D 5.111) show mitochondrial hyperplasia and hypertrophy in the
cytoplasm of a Schwann cell (E) and a small myelinated axon (F). Crystalline arrays are seen in an abnormal Schwann cell
mitochondrion (arrow in G). For orientation, axonal cytoplasm is marked with an asterisk in each image. Scale bars: A and B,

10 pm; C and D, 50 um; E, 0.4 pm; F, 1.0 pm; and G, 0.3 pm. mt-tRNA = mitochondrial tRNA.

percent valine (4% and 6%, in 7 and 3 subunits, respec-
tively) compared to complexes III and V (2.6% and 3%
in 1 and 2 subunits, respectively).

The primary role of 7mz-tRNA" is to bring charged
valine, in a reaction catalyzed by mitochondrial VARS2,
to the ribosome for translation of valine codons during
mitochondrial protein synthesis. However, n-tRNA"™
has another important function, serving as a structural
component of human  mitochondrial  ribosomes
(mitoribosomes).>® In the cryo-EM structure of human
mitoribosomes,* 7-tRNA" is localized to the same posi-
tion as the 5§ rRNA in cytoplasmic ribosomes. The mt-

RNAY? at this position interacts with the mitochondrial

838

rRNA nucleotide U1648 and with large subunit proteins
(including mL38) to form the central protuberance of the
large ribosomal subunit (Fig 4B). This central protuber-
ance provides the substrate for the decoding center of the
small ribosomal subunit to establish ribosomal protein
synthesis activity. The pathogenicity of the n-tRNA"™
mutation (Fig 4C) may disrupt the contact with U1648,
which could affect the interaction with mL38. Addition-
ally, reduced levels of mt-tRNA"™ could reduce the struc-
tural stability of mitoribosomes and impact mitochondrial
protein translation. When steady-state levels of mz
tRNAY are depleted, human mitoribosome biogenesis
displays an adaptive response by switching to the
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TABLE 4. Electron Transport Chain Enzyme Activities (% Normal), mtDNA Content and Immunohistochemistry
of Electron Transport Chain Enzymes from Muscle Biopsies of Four Family Members

I+ 100 mtDNA
Subject pedigree # I+ rotenone- II + content Electron transport
(disease severity) I (%) III (%) sensitive (%) II (%) III (%) IV (%) (% control) chain immunostaining

B 6.28 (moderate) 65 97 38 97 67 39 111 Reduced IV-1, IV-IV, V

expression (< 25% of fibers)
D 6.178 69 98 45 120 53 51 84 Rare III, IV-I, IV-IV-deficient fibers
(moderate-severe)
D 6.146 (mild) 85 95 93 149 85 80 92 Normal
D 5.67 79 103 103 122 88 71 152 Reduced IV-I, IV-II expression
(asymptomatic) (<25% of fibers)

Rare I, IV-1, IV-IV-deficient fibers
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FIGURE 3: Relative abundance of mitochondrial tRNA (mt-tRNA"?) in control and patient muscle. Two control samples (#2 and
#3) and 4 patient samples (D 6.146, female 24, 18/01/1994; B 6.28, female 27, 25/01/1991; D 6.178, female 45, 14/08/1972; and
D 5.67, female 41, 14/10/1978) were collected and analyzed. (A-C) A representative Northern blot analysis of (A) mt-tRNAV?,
(B) mt-tRNAPhe, and (C) mt-tRNAY (UUR) in muscle. The abundance of each tRNA relative to 55 rRNA in each sample is
calculated and normalized to that in control #2 as the percentage at the bottom of each lane. (D) Bar graphs showing the 5S
rRNA-normalized levels of mt-tRNA"? versus mt-tRNAP", Data are the average of 3 Northern blot experiments as shown in (A-
C). (E) Bar graphs showing the mt-tRNAY (UUR)-normalized levels of mt-tRNAY? vs. mt-tRNAP"®. Data are the average of
3 Northern blot experiments as shown in (A-C).
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FIGURE 4: Human mitochondrial tRNA (mt-tRNAY?). (A) Sequence and cloverleaf structure of human mt-tRNA? in the standard
nucleotide numbering framework of tRNA, showing the acceptor stem, the D (dihydrouridine)-loop, the anticodon, the variable
region, and the T (thymidine)-loop. The site of m.1661A>G mutation is marked by an arrow, corresponding to an A64G mutation
in mt-tRNAY?. (B) Location of human mt-tRNA"? within the cryo-EM (electron microscopy) structure of the human mitoribosome
near the central protuberance of the mitoribosome large subunit (mt-LSU, shown in green). The human mitoribosome small
subunit (mt-SSU, shown in yellow) is next to the mt-LSU, marked by the head domain and the body domain. (C) The tertiary
structure of human mt-tRNAY? as derived from the cryo-EM structure of the human mitoribosome in (B). The backbone of
m.1661A in the structure of the tRNA (shown in cyan) is broken.

incorporation of mt-tRNA™ to generate translationally
competent machinery.*' Consistent with this notion,
levels of mt-tRNA™ in our subjects showed a mild
increase (see Fig 3E). This increase may arise from mito-
chondrial proliferation that is often seen in individuals
with mitochondrial diseases, and may compensate for loss
of mt-tRNA" to stabilize the mitoribosome structure.
Given that an mt-tRNA mutation would interfere
with mitochondrial function in any cell with high meta-
bolic demands, a curious aspect of this family’s disease is
the preferential involvement of peripheral nerves in a
length-dependent pattern. The localization to longer, mye-
linated nerves suggests that there may be a disruption of
axonal transport of mitochondria,">*? perhaps related to
mitochondrial hypertrophy and congestion of the cross-
sectional volume of axons. Another possibility is that
mitochondrial stress™ is greater at more distal axonal loca-
tions, and that metabolic disruption occurs at the ends of
the longest nerves, followed by axon loss.** The length of
these nerves may be a barrier to delivery of newly synthe-

sized  mitochondria or  recycling  of

4

damaged

® and fission?”

mitochondria,45 or mitochondrial fusion
may be impaired. Perhaps compensatory mitochondrial
proliferation and hypertrophy are less effective at rescuing
metabolic stress in longer axons®® than in other metaboli-
cally active tissues, such as skeletal or cardiac muscle, or
the brain. An unexpected pathological finding in our

study was the presence of similar mitochondrial

840

abnormalities in both axons and Schwann cells. Electro-
physiological findings in patients suggest that axonal dys-
function is the primary mediator of this disease, so
Schwann cell abnormalities may be secondary to axonal
pathology. Reports of both axonal and demyelinating neu-
ropathies in patients with GDAP1 mutations® indicate
that mitochondrial disruption can lead to neuropathy
through effects in both neurons and Schwann cells.
Limitations of our study include the possibilicy of
phenotypic mimics, especially with increasing patient age,
because many diseases (eg, diabetes mellitus, vitamin B12
deficiency, and paraproteinemia) can cause peripheral neu-
ropathy. Furthermore, genetic material and nerve conduc-
tion studies were available only from a limited number of
family members, so we may have underestimated the
number of family members with this disease; however, the
lack of male disease transmission argues that the mtDNA
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, NDI, and 1273V,
which is too common in population databases at 0.04%°
to be pathogenic in isolation, but which could synergisti-
cally enhance the effect of the m#-tRNA"™ mutation. If
this were the case, however, one might expect complex I
activity and immunolabeling to be disproportionately

reduced compared with other complexes; however,
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complex IV appears to be the most affected part of the
respiratory chain in this family.

In summary, we have identified a mt-tRNA"* muta-
tion as the cause of CMT disease in a large, indigenous
Venezuelan family, and support this conclusion with an
extensive pedigree, genetic analysis of blood and muscle,
biochemical studies of the mitochondrial electron trans-
port chain, tRNA quantification, and histological and
ultrastructural analysis of muscle and sensory nerves in
several affected family members. The mz-tRNA"™ muta-
tion causes a selective reduction in the level of this tRNA.
The mt-tRNAY is unique among mtRNAs in its dual
roles: it functions both in mitochondrial translation to
add valine to growing peptide chains, and is also a compo-
nent of the mitoribosome.*® Further studies will be neces-
sary to clarify which of these roles is impaired by the
m.1661A>G mutation. 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 LHON, for example, tobacco and alcohol
consumption have been suggested as modifying factors.””
Although we have identified a possible compensation for
the mutation, increased production of mz-tRNA™, there
may be environmental or genetic modifiers of this family’s
phenotype that allow compensation for reduced levels of
mt-tRNA"™. Our findings also suggest that mtDNA
sequencing can be considered for patients with CMT
without a genetic diagnosis, even if no other features of

mitochondrial disease are present.
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