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Abstract
Objective
To identify the genetic cause of disease in 2 previously unreported families with forms of distal
hereditary motor neuropathies (dHMNs).

Methods
The first family comprises individuals affected by dHMN type V, which lacks the cardinal
clinical feature of vocal cord paralysis characteristic of dHMN-VII observed in the second
family. Next-generation sequencing was performed on the proband of each family. Variants
were annotated and filtered, initially focusing on genes associated with neuropathy. Candidate
variants were further investigated and confirmed by dideoxy sequence analysis and cose-
gregation studies. Thorough patient phenotyping was completed, comprising clinical history,
examination, and neurologic investigation.

Results
dHMNs are a heterogeneous group of peripheral motor neuron disorders characterized by
length-dependent neuropathy and progressive distal limb muscle weakness and wasting. We
previously reported a dominant-negative frameshift mutation located in the concluding exon of
the SLC5A7 gene encoding the choline transporter (CHT), leading to protein truncation, as
the likely cause of dominantly-inherited dHMN-VII in an extended UK family. In this study,
our genetic studies identified distinct heterozygous frameshift mutations located in the last
coding exon of SLC5A7, predicted to result in the truncation of the CHT C-terminus, as the
likely cause of the condition in each family.

Conclusions
This study corroborates C-terminal CHT truncation as a cause of autosomal dominant dHMN,
confirming upper limb predominating over lower limb involvement, and broadening the clinical
spectrum arising from CHT malfunction.

*These authors contributed equally to this work.
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Distal hereditary motor neuropathies (dHMNs) are
a clinically and genetically heterogeneous group of diseases
characterized by distal lower motor neuron dysfunction
without major upper motor neuron or sensory in-
volvement. In 1993, Harding classified dHMN into 7
subtypes (dHMN-I to VII) according to the mode of in-
heritance and clinical features, since which classification
has evolved further through improved knowledge of mo-
lecular pathogenesis. Previously, we identified a frameshift
(c.1497delG) mutation in SLC5A7 (NM_021815.2),
encoding the hemicholinium-3 (HC-3)-sensitive Na+/Cl-
dependent, presynaptic choline transporter (CHT;
NP_068587.1) critical for normal neuromuscular junction
(NMJ) signaling, as the cause of a dominantly-inherited
motor neuron disease (dHMN-VII).1 This variant resulted
in a translational frameshift of CHT, causing premature
termination (p.Lys499Asnfs*13) and protein truncation,
with near-complete deletion of the cytoplasmic
C-terminus. Transporter assays revealed significant
reductions in HC-3-sensitive choline uptake due to the
p.Lys499Asnfs*13 mutation, consistent with a dominant-
negative mode of action.1 Here, we report additional
dominant truncating CHT mutations in 2 unrelated fami-
lies for which individuals were referred initially with di-
agnoses of amyotrophic lateral sclerosis (ALS) based on
a progressive pure motor neurogenic disorder with
hyperreflexia, and Charcot-Marie-Tooth (CMT) type II
based on distinct and progressive atrophy of the hand
muscles and gait difficulties. This clinical presentation is
then compared with the recently described phenotype
arising from recessively acting CHT mutations, consisting
of a spectrum of congenital myasthenic syndrome (CMS)
disorders, associated with biallelic SLC5A7 mutations.

Methods
Clinical studies
Detailed pedigree information was collated, and thorough
neurologic examination was performed in the proband,
mother, and 3 maternal uncles/aunts of family A, and the
proband, mother, and sister of family B. Nerve conduction
studies and/or needle EMG was performed in 4 individuals in
family A and the proband and sister of family B.

Genetic studies
DNA was extracted from peripheral blood samples obtained
from family members with informed consent. DNA for next-
generation sequencing performed on the proband of each
family was enriched for target regions using the Illumina

TruSight One-Sequence capture panel (family A) or the
Nextera Rapid Capture Expanded Exome kit (62 Mb) (family
B), with the prepared library sequenced on an Illumina HiSeq
2500 and annotation and variant filtering using the Clinical
Sequence Analyzer and Miner (WuXi NextCODE). Cose-
gregation of each variant was confirmed using dideoxy se-
quence analysis.

Information on these exomes, including a list of genes covered,
can be accessed at support.illumina.com/downloads/trusight_
one_sequencing_panel_product_file.html, and illumina.com/
documents/products/datasheets/datasheet_nextera_rapid_
capture_exome.pdf, respectively.

Standard protocol approvals, registrations,
and patient consents
Approval was obtained from the Institutional Review Board of
the University of Minnesota and the Ethical Standards
Committee of Antwerp Hospital Centre for clinical research
activities performed in this investigation. Written informed
consent was obtained from all research participants.

Results
Clinical findings

Family A, individual 1: (A:IV:1)
A 27-year-old woman was referred with a diagnosis of
possible ALS after a 1- to 2-year history of progressive
weakness in the hands without sensory symptoms, dysar-
thria, or dysphagia. Family history at the time was reported
to be negative for neurologic disease. There were no cog-
nitive deficits, and cranial nerve examination, including
bulbar examination and articulation, was normal. Percep-
tion of touch, vibration, and pinprick were unremarkable.
Motor examination demonstrated marked atrophy in in-
trinsic hand muscles bilaterally, normal muscle tone, and
no fasciculations. Manual muscle testing demonstrated full
strength except in distal muscles (table 1). Reflexes were
brisk throughout, with vertical spread in the upper limbs
but without clonus or Babinski signs. Nerve conduction
studies demonstrated markedly attenuated median and
peroneal compound muscle action potentials (CMAPs)
with normal conduction velocities and no focal motor
conduction block, normal ulnar and tibial motor conduc-
tion studies, and normal sensory nerve action potential
amplitudes (table 2). Needle EMG demonstrated fibrilla-
tion potentials, reduced interference patterns, and high-
amplitude long-duration motor unit potentials in distal
muscles of upper and lower limbs. A serum study of

Glossary
AChR = ACh receptor; ALS = amyotrophic lateral sclerosis; CHT = choline transporter; CMAP = compound muscle action
potential; CMS = congenital myasthenic syndrome; CMT = Charcot-Marie-Tooth; dHMN = distal hereditary motor
neuropathy; NMJ = neuromuscular junction.
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ganglioside GM-1 antibodies was negative. Hexosamini-
dase levels, SOD1 sequencing, CSF cell count, and protein
and glucose levels were normal (figure 1A).

Family A, individual 2: (A:III:2)
Twelve years later, the proband’s mother presented at age 60
years with a 3-year history of gradually progressive weakness
of ankle plantarflexion bilaterally. There was no history of
sensory symptoms, weakness in the upper limbs or proximal
lower limbs, dysphagia, or dysarthria. There were no cog-
nitive deficits, and cranial nerve examination, including
bulbar examination and articulation, was normal. Sensory
examination demonstrated normal perception of touch and
vibration and an equivocal reduction in pinprick perception
in the toes. Motor examination demonstrated mild atrophy
of intrinsic muscles of the hands and feet. Muscle tone was
normal. No fasciculations were noted. Manual muscle test-
ing demonstrated full strength except for distal muscles
(table 1). Reflexes were brisk with vertical spread in the
upper limbs and normal in the lower limbs without clonus or
Babinski signs. Nerve conduction studies demonstrated at-
tenuated median, peroneal, and tibial CMAPs with normal
conduction velocities and no focal motor conduction
block, normal ulnar motor conduction studies, and normal
or borderline findings on orthodromic sensory nerve
conduction studies (table 2). Needle EMG demonstrated

fibrillation potentials, reduced interference patterns, and
high-amplitude long-duration motor unit potentials in
distal muscles. Serum studies for ganglioside GM-1 and
Lyme antibodies were negative. Vitamin B12, copper lev-
els, CSF cell count, and protein and glucose levels were
normal. Laryngoscopy demonstrated normal vocal cord
function (figure 1A).

These patients have been followed for 14 and 2 years, re-
spectively, with no clinically significant change in examination
or function, except for the development of median entrap-
ment at the wrist, confirmed with electrodiagnostic study, in
the proband.

The mother of the proband has 4 living siblings, 3 of whom
have provided written consent to examination and genetic
evaluation, and 2 of these to electrodiagnostic testing, under
a protocol approved by the University of Minnesota In-
stitutional Review Board. None of these 3 had clinical or
electrodiagnostic evidence of motor neuropathy, and they
were wild type and had not inherited have the SLC5A7 variant
identified in the proband and her mother. The patients also
reported that their deceased maternal grandmother/mother
had hand deformities late in life that were believed to be due
to arthritis (A:II:3). No other family members are known to
have symptoms or signs of neuromuscular disease (figure 1A).

Table 1 Manual muscle testing studies on the MRC scale in patients with SLC5A7 mutations

Patient
Age at
examination, y

Finger extensor FDI Thumb adduction Ankle dorsiflexors Plantar flexors

R L R L R L R L R L

A:III:2 60 5 4+ 4 4+ 3 4+ 4 4 — —

A:IV:1 27 5 4+ 4 4 2 3 4 4+ 5 5

B:II:3 61 — — — — — — 4 4 4 4

B:III:1 42 4 4+ 2 2 0–1 0–1 0–1 0–1 4+ 4+

MRCscalemuscle testing: (5) normalpower; (4+) submaximalmovementagainst resistance; (4)moderatemovementagainst resistance; (3)movementagainst gravity
but not against resistance; (2) movement with gravity eliminated; (1) flicker of movement; (0) no movement; (—) not measured. MRC = Medical Research Council.

Table 2 Nerve conduction velocity studies in patients with SLC5A7 mutations

Patient
Age at
examination, y

R/
L

Median
motor

Ulnar
motor

Peroneal
motor Tibialmotor

Median
sensory

Ulnar
sensory

Sural
sensory

Amp CV Amp CV Amp CV Amp CV Amp CV Amp CV Amp CV

A:III:2 60 R 2.8 48.4 7.6 55.8 NR — 0.1 — 9.3 49.8 9.5 52.2 5.9 31.6

L 6.2 48.5 8.9 56.7 — — — — 9.1 54.9 8.8 46.2 — —

A:IV:1 27 R 0.5 47.6 8.55 57.4 0.3 33.0 5.1 48.2 39.4 58.3 17.4 64.4 41.3 55.0

B:III:1 42 R 0.1 39.0 1.3 55.1 0.4 41.9 0.2 43.6 18.1 47.2 7.2 46.7 23.3 58.3

L — — — — 0.9 39.6 — — — — — 25.2 58.7

Abbreviations:— = not measured; Amp = amplitude of distal response (motor, mV; sensory, μV); CV = conduction velocity of distal segment (in m/s); NR = no
response.
Abnormal values are indicated in bold.
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Family B, individual 1: (B:III:1)
A 41-year-old woman was first seen by a neurologist at the age
of 24 years with a diagnosis of possible CMT type II. Prior
history reveals subtle difficulties with fine motor skills in the
hands in primary school, at that time without gait difficulties.
Progressive difficulty running combined with frequent ankle
sprains became apparent at the age of 15 years. Distal weak-
ness in both upper and lower limbs progressed, and she used
ankle-foot orthoses from the age of 30 years. Gait autonomy is
currently well preserved with walking aids. Despite relatively
pronounced atrophy of the intrinsic hand muscles, she was
a nurse until the age of 39 years and is currently a head nurse
with more administrative tasks. The patient denies sensory
symptoms but recognizes a slight hoarseness that is more
pronounced with fatigue or upper respiratory tract infection
(figure 1B).

On examination, the patient had no cognitive deficits. Cranial
nerve examination was normal aside from hoarseness (dys-
phonia), without dysarthria. Touch, pinprick, and vibration
sense and proprioception were normal. Motor examination
demonstrated bilateral pes cavus, hammer toes, and marked
distal atrophy in the lower limbs, most notable in the anterior

compartment. In addition, there was pronounced atrophy of
the intrinsic hand muscles (figure 1C). Manual muscle testing
demonstrated full strength in all proximal muscles and ab-
normal distal strength in the upper limbs (table 1). Reflexes
were markedly brisk, with exception of the Achilles tendon
reflex, which was absent. Hoffmann sign was present on the
right and absent on the left. Plantar reflexes were mute in
severely paretic feet. The patient had a steppage gait. Nerve
conduction studies demonstrated a pure motor axonal neu-
ropathy without conduction blocks (table 2). Routine con-
centric needle EMG showed chronic neurogenic changes, and
single-fiber EMG revealed mild to moderate abnormalities of
neuromuscular transmission in both orbicularis oculi and
extensor digitorum communis muscles. Formal speech anal-
ysis and laryngostroboscopy confirmed the presence of a left
paramedian vocal fold paralysis.

Family B, individual 2 (B:III:2)
The older sister of the proband presented with a history of
progressive atrophy in the hand muscles and bilateral pes
cavus starting in her early twenties. At age 46 years, she had
distinct atrophy of the abductor pollicis brevis muscles and, to
a lesser extent, atrophy of the intrinsic hand and foot muscles.

Figure 1 Family pedigrees, clinical photographs, and multispecies alignment showing the effect of the 3 reported
mutations

(A–B) Pedigrees of families A and B showing affected (black), unaffected (white), and possibly affected (grey) individuals. Those clinically investigated are
indicated by * and thosewho had genetic testing are indicated by the test result, where (+/−) represents individuals heterozygous for the SLC5A7mutation and
(−/−) represents individuals homozygous for wild type. (C) Hands of individual B:III:1 showing pronounced atrophy of the intrinsic hand muscles. (D) Species
amino acid sequence alignment of the CHTC-terminal region, depicting the outcomes of the K499Nfs13, H521Qfs2, and K510Nfs2 alterations (arrows indicate
the position of polypeptide truncation, and additional aberrant amino acids are highlighted in yellow). The primary endocyticmotif (SEENMDKTILV-1°Motif) is
highlighted in blue (Ser522 to Val532), and the secondary endocytic motif (DELAL-2° Motif) is highlighted in green (Asp540 and Leu544).
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Like her sister, there was no sensory involvement. There was
no distinct gait difficulty aside from slight eversion of the feet.
Manual muscle testing demonstrated full strength in the
proximal muscles and minimally reduced strength in foot
dorsiflexion, without a manifest foot drop. Reflexes in the
upper limbs were normal; patellar and ankle reflexes were
bilaterally reduced; and plantar responses were flexor. Nerve
conduction studies and needle EMG were consistent with
a pure motor axonal polyneuropathy (figure 1B).

Family B, individual 3 (B:II:3)
The mother of the proband, 61 years of age at examination,
demonstrated atrophy of intrinsic handmuscles, most notably
in the abductor pollicis brevis. This patient also presented
with atrophy of the foot muscles and the distal third of the
legs, as well as bilateral pes cavus. Manual muscle testing
demonstrated full strength in the proximal muscles and de-
creased strength in distal lower extremity muscles (table 1).
The patellar reflexes were reduced and ankle reflexes absent.
Other reflexes were normal including plantar responses. No
nerve conduction studies or needle EMGwas performed. The
clinical examination, however, is compatible with a distal
motor neuropathy with pronounced involvement of the hands
and is similar to the phenotype seen in her daughters, albeit
milder (figure 1B).

The mother of the proband has 6 siblings, one of whom was
reported to have gait difficulty. While no further information is
available on this individual (1B:II:2), this may indicate the
presence of other affected family members. The 5 remaining
siblings and maternal grandparents are reportedly unaffected.
The proband has 2 unaffected siblings, and the children of both
affected sister and unaffected brother show no symptoms.

Genetic findings
Initial analysis of variants in genes with known associations with
neuropathy identified a potentially deleterious heterozygous
sequence variant in SLC5A7 in each family: a heterozygous 2-bp
deletion in family A (NM_021815.2: c.1561_1562delCA) and
a 1-bp deletion in family B (NM_021815.2: c.1528delA). The
variant was confirmed by dideoxy sequence analysis and found to
cosegregate appropriately for an autosomal dominant disorder in
each family.

Wild-type CHT comprises 580 amino acids predicted to en-
compass 13 transmembrane domains, with an extracellular
NH2-terminus and an intracellular COOH-terminus.2,3 The
deletion in family A is predicted to result in a substitution of
glutamine for histidine at residue 521, followed by a pre-
mature stop codon, resulting in a truncation of the COOH
terminus (p.His521Glnfs*2). The variant in family B is pre-
dicted to result in a translational frameshift, substituting lysine
at amino acid position 510 for asparagine, and going on to
encode 1 additional aberrant amino acid before a premature
termination in translation (p.Lys510Asnfs*2). Similar to the
SLC5A7 c.1497delG/p.Lys499Asnfs*13 variant previously found
to be responsible for dHMN-VII,1 the c.1561-1562delCA and

c.1528delA variants identified here are predicted to result
in premature truncation of the protein. The family A
(c.1561_1562delCA) variant results in CHT truncation
by 59 amino acids with the inclusion of 1 aberrant glutamine
residue; p.His521Glnfs*2, whereas the family B variant
(c.1528delA) results in the same premature stop codon as the
previously described dHMN-VII (c.1497delG) variant,
resulting in truncation of the last 82 amino acids (p.-
Lys510Asnfs*2). A schematic to aid visualization of the pre-
dicted outcome of each variant on the polypeptide sequence
of CHT is shown in figure 2, A-D.

Online mutation analysis tools including PROVEAN (provean.
jcvi.org/index.php) and MutationTaster (www.mutationtaster.
org/) predicted both previously identified c.1497delG1 and
newly identified c.1561-1562delCA and c.1528delA variants to
have a deleterious effect on CHT function (PROVEAN:
−55.034, −14.155, and −55.034; MutationTaster: 1, 0.99 and 1,
respectively). Conservation analysis indicates that the
C-terminal region affected corresponds to a region of the
molecule that is highly conserved across many species
(figure 1D). TMHMM analysis (www.cbs.dtu.dk/services/
TMHMM/) for the in silico definition of transmembrane
domain architecture predicts that all 3 variants (figure 2, A-D)
will profoundly affect polypeptide topology at the 39 CHT
terminus (data not shown).

Notably, all variants including the previously identified
c.1497delG (p.Lys499Asnfs*13) frameshift mutation responsible
for dHMN-VII1 and the newly identified c.1561-1562delCA
(p.His521Glnfs*2) and c.1528delA (p.Lys510Asnfs*2) muta-
tions are located in the last exon of the gene and will likely escape
nonsense-mediated mRNA decay leading to the generation of
a truncated polypeptide product. Consistent with each being
pathogenic, all 3 frameshift variants are absent from the gnomAD
database of ;138,000 controls (gnomad.broadinstitute.org/).

Discussion
We describe 2 families with novel C-terminal SLC5A7
mutations predicted to result in production of a truncated
CHT protein: family A (proband and mother) with a dHMN
phenotype associated with a cosegregating p.His521Gln*fs2
mutation and family B (proband, mother, and sister) also with
a dHMN phenotype associated with a cosegregating p.
Lys510Asnfs*2 mutation. These findings are in line with the
p.Lys499Asnfs*13 truncating CHT mutation that we pre-
viously reported in a large family with multiple individuals
affected by dHMN-VII. In this original family, transporter
assays showed a significant reduction in mutant transporter
activity compared with wild type (WT) likely due to
a dominant-negative mutational mechanism.1

Several clinical findings are of note in the families reported here.
First, the absence of vocal cord paralysis in family A represents
a notable clinical difference when compared with the proband
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of family B and the previously described family. Second, we find
it notable that both patients in family A report a relatively
abrupt progression of symptoms over a few years, followed by
clinical stability. Progression is more gradual in family B.
Electrodiagnostic findings indicate that denervation, which is
accentuated distally in both patients, is chronic and likely
preceded initial symptoms. On presentation, the findings of
family A’s proband raised concern about possible ALS because
of definite lower motor neurone signs in association with
hyperreflexia and reflex spread, which also holds true for family
B’s proband. Thus, several features were atypical or cautionary
for a diagnosis of sporadic ALS, including the relatively early
age at onset, arguably slow progression, and the absence of
spasticity, clonus, or extensor plantar responses, features that
would represent unequivocal evidence of upper motor neurone
dysfunction. Given this, the fact that hyperreflexia was not seen
in all patients, and the lack of a compelling mechanism for
upper motor neurone involvement, the significance of the
hyperreflexia seen in some patients is unknown. Thus, our
patients demonstrate that a diagnosis of ALS should be made
with caution in individuals presenting with distal weakness and
atrophy and hyperreflexia withoutmore compelling evidence of
upper motor neurone disease.

This phenotypic variability is again mirrored in the absence of
hoarseness in both mother and sister in family B, who also

show a milder overall phenotype and later age at onset. In
both families, several affected individuals display pronounced
and early involvement of hand intrinsic muscles. This could be
a useful clinical clue to help orient diagnosis toward SLC5A7.
Upper limb predominance is also a known feature of dHMN
subtypes caused by BSCL2 and GARS mutations.4

The CHT cytoplasmic C-terminus that is truncated by the p.
His521Gln*fs2 and p.Lys510Asnfs*2 mutations reported here
and the p.Lys499Asnfs*13 reported previously,1 contain
sequences known to drive constitutive endocytosis. A primary
endocytic motif (SEENMDKTILV-1° Motif) between CHT
amino acids Ser522 to Val532 contains a dileucine-type motif
and supports dynamin-dependent endocytosis.5 A secondary
motif (DELAL-2° Motif) is also present between Asp540 and
Leu544 of the C-tail that supports enhanced surface expres-
sion of CHT but does not exhibit a dominant capacity for
surface trafficking.5 The CHT truncating mutations described
in all 3 families result in the complete elimination of
SEENMDKTILV-1° and DELAL-2° motifs (figure 1D), sug-
gesting that these mutations may lead to impaired choline
uptake via the loss of dynamin-dependent endocytosis. Of
interest, inspection of online genome sequence databases via
gnomAD (gnomad.broadinstitute.org/) identifies 3 rare het-
erozygous CHT truncating variants (present in 11 individu-
als) in the last exon of SLC5A7. Notably, all 3 affect residues

Figure 2 Schematic displaying the 3 described CHTmutant proteins alongsidewild typemolecule (Adapted from reference
2, using Microsoft Powerpoint Software)

Schematic indicating the transmembrane architecture and C-terminal truncation of both sequence variants identified in the current study alongside the
previously published dHMN-VII-associated CHT sequence variant (A: H521Qfs*2; B: K510Nfs*2; C: K499Nfs*13; D: wild type). Dark circles represent amino
acids that are conserved across human CHT, mouse Cht1, and the C. elgans CHT ortholog. Potential protein kinase A phosphorylation sites are indicated by
light circles containing a letter P, and potential protein kinase C phosphorylation sites are indicated by dark circles containing a letter P. Potential N-
glycosylation sites are indicated by gray “tree-like” structures.
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located after the primary endocytic motif between residues
Ser522 and Val532 (at Lys538, Arg548, and Thr558). This
may indicate that variants resulting in CHT truncation before
the endocytic motif may be the primary driver for dHMN-
related phenotypes. This may occur via 2 possible mecha-
nisms. First, the endocytotic sequences are used to bud
proteins for transport between the endoplasmic reticulum and
golgi apparatus, allowing them to enter trafficking pathways to
the nerve terminus. Failure or abnormalities in this process,
due to a lack of these motifs, may therefore result in cell soma
accumulation and reduction in synaptic membrane CHT and
choline uptake. Second, endocytotic sequences are likely to
have a central role in the binding of endocytic adaptors (e.g.,
AP2/AP3) in routing CHT to synaptic vesicles.6 The pres-
ence of CHT in the synaptic vesicles provides a rapid supply
of CHT at the presynaptic nerve terminus, which is essential
to ensure that the choline is efficiently recaptured from the
rapidly hydrolysed ACh in the synaptic cleft. Defects in this
mechanism would allow choline to diffuse away from the
synaptic cleft and may result in an overall reduction in choline
uptake. However, it remains unclear whether the 3 individuals
listed in online databases gnomAD and ExAC, with an ap-
parent heterozygous variant in the last exon of SLC5A7 that
would likely eliminate the primary endocytic motif (Tyr466
and Arg382), may display features of dHMNor whether CHT
truncation at these residues may be variably or nonpenetrant.

Before the discovery of impaired CHT activity, NMJ dys-
function had not previously been implicated in the dHMNs.
However, it is a well recognized cause of CMS, a genetically
heterogeneous group of neuromuscular disorders, which is
known to result from mutations in genes that encode pre-
synaptic and postsynaptic proteins at the NMJ such as choline
acetyltransferase (CHAT), ACh receptors, receptor-associated
protein of the synapse (RAPSN), and downstream of kinase 7
(DOK7).7–11 More recently, homozygous and compound
heterozygous mutations in SLC5A7 have been reported in
a spectrum of CMS disorders ranging from arthrogryposis to
neonatal presentation with hypotonia, fatigable muscle weak-
ness, and respiratory insufficiency with recurrent apneas. These
include missense mutations located upstream of the cytoplas-
mic tail and a singleN-terminal nonsensemutation (p.Ile42*)12

likely to result in nonsense mediated decay. The likely result of
these mutations is the production of exclusively mutant CHT
polypeptide(s) with intact C-terminal and endocytic
motifs.12,13 dHMN types V and VII do not share apparent
phenotypic features with CMS other than vocal cord in-
volvement. The cardinal feature of muscle fatigability is absent
in both affected families as are ophthalmoparesis, ptosis, and
bulbar weakness; furthermore, unlike CMS, features do not
appear until adulthood. No signs of neuropathy have been
reported in autosomal recessive SLC5A7 CMS, although it is
possible that these features might develop with time. In patient
B:III.1, single-fiber EMG revealedmild tomoderately increased
jitter measurements in the absence of impulse blocking in both
Musculus orbicularis oculi and the Musculus extensor dig-
itorum communis. These findings are difficult to interpret in

this clinical context because a neurogenic process such as
dHMN is known to cause secondary alterations in NMJ
function, although we would expect this phenomenon mainly
in a clinically affected distal muscle and less so in the Musculus
orbicularis oculi. This single observation is insufficient to
confirm a primary defect of NMJ transmission in patients with
SLC5A7-linked dHMN.

The very different phenotypes seen in dominant and recessive
SLC5A7-associated CHT disorders are likely to result from
specific and differing outcomes particular to each class of
mutation on CHT activity and trafficking of the molecule.1,9

Although the C-terminal truncating (dominant-negative)
mutations greatly reduce CHT functionality, their deleteri-
ous impact on overall CHT activity appears to be less than in
the case of pathogenic missense (recessive) variants, which
have compounding deleterious outcomes on both CHT
trafficking and specific activity.12,13

Specific clinical outcomes may also reflect the specific func-
tional impact on the NMJs that vary across human muscle
fiber types, placing differing demands on the CHT protein.
The common “en plaque” NMJ has a single innervation to
each muscle fiber, whereas “en grappe” NMJs have diffuse,
multiterminal connections. These “en grappe” NMJs in-
nervate tonic muscle fibers, which can continuously release
ACh by almost an order of magnitude longer than twitch
terminals. They are present only in a small number of human
muscles, namely the extraocular, stapedius, tensor tympani,
laryngeal, and tongue.14 CHT, and its central role in choline
recycling, may be of particular importance in this sustained,
high-frequency ACh signaling and therefore may result in
fatigability in these muscle groups.

Here, we provide additional convincing genetic and functional
evidence to confirm dominant mutations leading to impaired
CHT function as a cause of dHMN phenotypes and demon-
strate that an absence of vocal cord involvement in patients
with dHMNwith upper limb involvement predominating over
lower limb does not preclude SLC5A7 CHT involvement.

Authors contributions
Clinical data collection, collation, and analysis: C.G.S., P.D.J.,
M.M.M., J.D.B., J.B., E.L.B., and D.W. Genetic testing and
data analysis: C.G.S., D.B., B.A.C., M.A.R., H.H., J.K.C., I.M.,
T.D., J.D.B., E.L.B., and A.H.C. Manuscript writing and re-
vision: C.G.S., D.B., B.A.C., H.H., J.K.C., J.B., E.L.B., and A.H.
C. Obtaining funding: E.L.B., M.M.M., J.K.C., J.B., and A.H.C.
Study supervision and coordination: E.L.B., J.K.C., M.A.R., J.B.,
B.A.C., and A.H.C.

Acknowledgment
The authors thank the patients and their relatives for their
willingness to participate in this study. Data access: the re-
search materials supporting this publication can be accessed
by contacting the corresponding author at “a.h.crosby@
exeter.ac.uk.”

Neurology.org/NG Neurology: Genetics | Volume 4, Number 2 | April 2018 7

mailto:a.h.crosby@exeter.ac.uk
mailto:a.h.crosby@exeter.ac.uk
http://neurology.org/ng


Study funding
This work was supported by the Association Belge contre les
Maladies Neuromusculaire (ABMM)—Aide à la Recherche
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Abstract
Objective
To identify the clinical characteristics and genetic etiology of a family affected with hereditary
spastic paraplegia (HSP).

Methods
Clinical, genetic, and functional analyses involving genome-wide linkage coupled to whole-
exome sequencing in a consanguineous family with complicated HSP.

Results
A homozygous missense mutation was identified in the ACO2 gene (c.1240T>G p.Phe414Val)
that segregated with HSP complicated by intellectual disability and microcephaly. Lympho-
blastoid cell lines of homozygous carrier patients revealed significantly decreased activity of the
mitochondrial aconitase enzyme and defective mitochondrial respiration. ACO2 encodes
mitochondrial aconitase, an essential enzyme in the Krebs cycle. Recessive mutations in this
gene have been previously associated with cerebellar ataxia.

Conclusions
Our findings nominate ACO2 as a disease-causing gene for autosomal recessive complicated
HSP and provide further support for the central role of mitochondrial defects in the patho-
genesis of HSP.
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Hereditary spastic paraplegias (HSPs) are a clinically and
genetically heterogeneous group of disorders characterized by
neuronal degeneration of the corticospinal tracts, typically
resulting in progressive weakness in the lower extremities and
muscle spasms.1,2 Gait difficulties are the most common pre-
senting symptomwith a mean age at onset of 8 years.3 HSP can
present as uncomplicated forms, limited to pyramidal tract
(plus urinary) dysfunctions, or in complicated forms involving
additional neurologic or neuropsychiatric signs and symptoms.4

Complicated HSPs are more often associated with either an
autosomal recessive or X-linked pattern of inheritance.5

To date, more than 80 chromosomal loci have been linked to
HSP.5–7 Nevertheless, in a substantial percentage of patients
(38% in autosomal dominant HSP and 53% in autosomal
recessive HSP), no causative mutations are identified.6 Here,
we report the identification, through a genome-wide un-
biased approach, of a homozygous mutation in the ACO2
gene (c.1240T>G p.Phe414Val) associated with HSP com-
plicated by intellectual disability and microcephaly. ACO2
encodes the mitochondrial isoform of the aconitase enzyme,
an iron-sulfur protein that catalyses the stereospecific isom-
erization of citrate to isocitrate. Lymphoblastoid cell
lines (LCLs) derived from patients carrying the ACO2
p.Phe414Val mutation exhibited a marked decrease in aco-
nitase enzyme activity and impaired mitochondrial respira-
tion. Recessive mutations in this gene have been previously
associated only with cerebellar ataxia in a very small number
of patients. Therefore, our data markedly expand the asso-
ciated phenotype and nominate ACO2 as responsible for
autosomal recessive complicated HSP.

Methods
Family ascertainment
We ascertained a consanguineous Israeli family of Arab-
Bedouin descent from Galilee, Northern Israel (figure 1A)
with 2 siblings affected with complicated spastic paraplegia.
There were no affected relatives in the previous generations,
in keeping with an autosomal recessive pattern of disease
inheritance.

Standard protocol approvals, registrations,
and patient consents
This research was performed in accordance with the Decla-
ration of Helsinki and was approved by the Institutional
Review Board of the Sourasky University Medical Center,
Tel-Aviv University, and the Israeli Ministry of Health.
Written informed consent was obtained from the adult

participants, with assent from the minors and written in-
formed consent provided by their parents.

Genetic analyses
Genomic DNA was isolated from venous whole blood
using standard protocols. Genome-wide search for copy
number abnormalities was performed using Illumina
HumanOmniExpress-24 BeadChip 700k SNP arrays and
NEXUS discovery edition, version 7 (BioDiscovery, El
Segundo, CA). Single nucleotide polymorphism (SNP) array
data were used to perform a genome-wide linkage scan using
Merlin under the assumption of autosomal recessive disease

Figure 1 Family pedigree and MRI

(A) Family pedigree. Shaded symbols indicate family members with com-
plicated hereditary spastic paraplegia (HSP). Subjects of whom DNA was
available are numbered. Males are represented with squares and females
with circles. (B) Sagittal T1-weighted MRI (bottom left) and coronal T1-
weighted MRI (bottom right) demonstrating mild cerebellar atrophy
(arrows) in the proband (Ped ID IV-1).

Glossary
ADP = adenosine diphosphate; ATP = adenosine triphosphate; ExAC = Exome Aggregation Consortium; FCCP = carbonyl
cyanide p-trifluoromethoxyphenylhydrazone; HSP = hereditary spastic paraplegia; MAF = minor allele frequency; LCL =
lymphoblastoid cell line; LRT = likelihood ratio test; CADD = Combined Annotation Dependent Depletion; RCR =
respiratory control ratio; SNP = single nucleotide polymorphism; TCA = tricarboxylic acid cycle.
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inheritance and full penetrance (penetrance of known HSP
genes is estimated at 0.98).

Whole-exome sequencing in the 2 affected siblings was
performed at ;100× average coverage at the Center for Bio-
mics of the Erasmus MC. The exome protocols included in-
solution capturing (Agilent SureSelect V4 Human 50 Mb kit;
Agilent Technologies) and paired-end sequencing (IlluminaHi-
Seq 2000). Reads were aligned to the human reference genome
version 19 using Burrows-Wheeler Aligner. SNPs and small
insertions or deletions were called using the Genome Analysis
Toolkit. Variant filtering was performed using Cartagenia soft-
ware (Cartagenia Bench lab, Agilent Technologies).

Variants were filtered based on the following criteria: (1)
located within the genomic loci supported by linkage analysis
under an autosomal recessive model of disease inheritance
(Logarithm of the Odds score >0); (2) predicted to affect
protein coding (missense, nonsense, frameshift, and splice site);
(3) called in both affected individuals; (4) absent from
dbSNP129; (5) having a minor allele frequency (MAF) < 0.001
in public databases (Exome Variant Server 6500 [EVS6500],
1000 Genomes, and Exome Aggregation Consortium
[ExAC]). The resulting candidate variant was confirmed using
direct (Sanger) sequencing (PCR primers—forward: TGCTC
ACTGTCTCCTCCTGACC and reverse: GGACAATGCC
ACCCAGATCC) in all participating family members from
whom DNA was available.

Lymphoblastoid cell lines
B lymphoblasts were isolated from venous whole blood of 3
family members (Pedigree ID IV-1, IV-2, and IV-3, figure 1A)
and 2 unrelated healthy individuals and immortalized with
Epstein-Barr virus using a standardized procedure.9 The
resulting LCLs were maintained in Roswell Park Memorial
Institute 1640 medium containing 15% fetal calf serum, 1%
penicillin/streptomycin, 1% GlutaMAX, and 1% Minimum
Essential Medium sodium pyruvate (Thermo Fisher Scien-
tific). Functional analyses were performed to quantify aconi-
tase enzyme activity, ACO2 protein levels, and cellular
respirometry (e-appendix, links.lww.com/NXG/A35).

Results
Clinical studies
The proband (IV-1) is a 28-year-old man, diagnosed with
complicated spastic paraplegia, severe intellectual disability,
and microcephaly. He was born following a normal pregnancy
with delivery at 40 weeks of gestation. His birth weight was
2,445 g (1st percentile) and head circumference 32 cm (3rd
percentile). Throughout infancy, he had failure to thrive and
was underweight; however, no vomiting or deterioration re-
lated to febrile illness was reported. He had seizures beginning
at the age of 3 months, for which he initially received phe-
nobarbital and later valproic acid until the age of 5 years, after
which his seizures spontaneously remitted. He underwent
surgery for a right inguinal hernia. He had recurrent otitis

media as a toddler, and at the age of 4 years, he underwent
adenoidectomy and myringotomy. In childhood, he experi-
enced walking difficulties due to progressive spasticity of his
lower limbs and did not achieve independent walking. At the
age of 6 years, he underwent orthopedic surgeries for bilateral
iliopsoas, adductor, hamstring, and Achilles tendon release. At
no time in his development did he achieve spoken language
other than a few words, but he did acquire the ability to com-
municate with his family members using vocalized sounds. His
cognitive level was evaluated as severely disabled (estimated IQ
40–50). Currently, he is able to walk with assistance albeit with
a spastic gait (video 1, links.lww.com/NXG/A36). He is able to
eat unassisted, but needs help getting dressed. Hearing and
vision are not impaired, including normal fundoscopic exami-
nation and auditory event-related potentials. EEG at age 11 was
normal. Echocardiography was also normal. At the age of 19
years, MRI of the brain demonstrated mild atrophy of the cer-
ebellum (figure 1B), without marked supratentorial abnormal-
ities. Bilateral lower extremity EMG and nerve conduction
velocity studies were normal.

At the most recent neurologic examination (March 2016), his
head circumference measured 52 cm (3rd percentile). His
pupils were equal and reactive to light, but eye tracking was
abnormal. No facial weakness or tongue fasciculation was
observed. He did not have scoliosis and had good control of his
back. He had normal muscle strength in his upper limbs and
normal deep tendon reflexes. However, supination of the
upper limbs was limited, rightmore severely impaired than left.
He had lower limb weakness and spasticity and a foot drop
(proximal muscle strength 2/5 and distal strength 1/5). Deep
tendon reflexes in the lower limbs were brisk with clonus and
a bilateral extensor plantar response. He had limited hip
adduction with limited range of knee extension and ankle
dorsiflexion bilaterally. Pain, touch, and temperature sensation
were normal. Vibration test at the ankle was normal. No
cerebellar signs were evident, and his manual ability was
normal. He had no increased urinary frequency or urgency.

The proband’s 14-year-old sister (IV-3) also has complicated
spastic paraplegia, moderate intellectual disability, and
microcephaly. She was born after a normal pregnancy and
unremarkable delivery. She presented with developmental
delay evident from age 1 year. During childhood, she
experienced episodic attacks of ataxia, tremor, altered con-
sciousness, and behavioral changes related to febrile episodes.
She began walking at the age of 2 years and spoke her first
words at the age of 3 years. She did not progress to upright
ambulation until age 3 years when she started limping on 1 leg
and walking on her toes. From the age of 3 years, the pro-
band’s sister experienced recurrent episodes of encephalop-
athy, each followed by successive regression in psychomotor
functioning. In the differential diagnosis, the possibility of
a lysosomal storage disease was considered. As part of the
workup to evaluate this possibility, electron microscopy
studies of the liver and rectal biopsy tissue were performed.
No specific abnormalities were detected in these specimens.
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Mild glycogen accumulation was observed in the liver biopsy,
a finding that was considered benign and nonspecific. No
abnormalities, including glycogen accumulation, were ob-
served in the rectal biopsy tissue.

At the age of 8 years, she underwent orthopedic surgeries for
bilateral hamstrings and Achilles tendon lengthening. At the
age of 11 years, she was admitted to the hospital with acute
mental change and treated with methylphenidate. At present,
she walks with assistance and is able to eat unassisted. She has
no history of seizures. She has moderate intellectual disability
(estimated IQ 50–60), with basic reading, writing, and math-
ematics. CT of the head (2005), repeated brain MRI (2005,
2009, 2011), and magnetic resonance spectroscopy (2011)
demonstrated a nonspecific isolated subcortical white matter
signal abnormality in the left frontal lobe without additional
gross abnormal findings. Hearing and visual function were
normal, including fundoscopic examination and auditory event-
related potentials. Echocardiography was normal. CSF analysis
was also normal. Blood tests including blood gases, electrolytes,
lactate, ammonia, very-long-chain fatty acids, isotransferrin
electrophoresis, amino acids, biotinidase, and thyroid functions
were normal. Lysosomal enzyme testing excluded meta-
chromatic leukodystrophy, Krabbe disease, Tay-Sachs disease,
and GM1 gangliosidosis. Bilateral lower extremity EMG and
nerve conduction velocity studies were normal.

At the most recent neurologic examination (March 2016), she
presented with no dysmorphologies other than bilateral syn-
dactyly of the second and third phalanges of the feet. Both feet
were in an equinovarus position. Her head circumference mea-
sured 50 cm (3rd percentile). Her pupils were equal and reactive
to light, with horizontal end point nystagmus. There was no
facial weakness. She exhibited stuttering speech. Hyperreflexia
was evident in the upper limbs. Pronation and supination were
limited in the upper limbs. She had lower limb weakness and
spastic scissor gait and walked on her toes (video 2, links.lww.
com/NXG/A37). She also had lordosis without crouch gait.
Spasticity was present in both legs with limited adduction in both
hips and ankle dorsiflexion bilaterally. Deep tendon hyper-
reflexia, as well as contralateral reflexes, was present in the lower
limbs with sustained clonus and extensor plantar responses.
Vibration and joint position sense were reduced in the distal
lower extremities. Lower limb proximalmuscle strengthwas 3/5,
and distal strength was 2/5. No cerebellar signs were evident.
She had no increased urinary frequency or urgency.

The other 2 siblings of the proband, a 17-year-old brother and
15-year-old sister, were neurologically intact without any evi-
dence of HSP. Neither the parents nor any known extended
family members exhibited signs or symptoms of HSP.

Genetic studies
No homozygous or compound heterozygous copy number
variants were identified, which were shared in both affected
siblings. Parametric linkage analysis under an autosomal re-
cessive model revealed;23Mb of candidate genomic regions

distributed across chromosomes 2, 4, 5, 17, and 22 (table e-1,
links.lww.com/NXG/A33).

Whole-exome sequencing revealed only 2 homozygous or
compound heterozygous rare variants that were located within
the linkage regions shared in both affected siblings and pre-
dicted to affect protein coding. The first is a homozygous
variant in the gene ACO2 (c.1240T>G p.Phe414Val; figure 1A,
table 1, and figure 2A). This missense variant was absent from
all public databases (EVS6500, ExAC, and 1000Genomes) and
predicted to be deleterious by the SIFT, PolyPhen-2, likelihood
ratio test (LRT), Mutation Taster, and Combined Annotation
Dependent Depletion (CADD) (table 1) with strong evolu-
tionary conservation (figure 2B). ACO2 is highly expressed in
the human brain throughout neurodevelopment and adult-
hood (BrainSpan10). Variant genotyping of all available family
members was confirmed by Sanger sequencing (figures 1A
and 2A).

The other segregating variant was in the IL2RB gene
(c.1318C>T p. Pro440Ser), with an MAF of 8 × 10−5

Table 1 Identified exonic variants (GRCh37/hg19)

Chromosome 22 22

Position 37,524,474 41,918,935

Ref G T

Alt A G

DbSNP rs775132140 Na

Gene IL2RB ACO2

Coding effect Nonsynonymous Nonsynonymous

cDNA effect c.1318C>T c.1240T>G

Protein effect p.Pro440Ser p.Phe414Val

Public database frequency

EVS6500 Absent Absent

1000G Absent Absent

HRC Absent Absent

ExAC 0.083% Absent

Prediction tools

SIFT Tolerated Damaging

PolyPhen-2 Benign Damaging

LRT Neutral Damaging

MutationTaster Neutral Damaging

MutationAssessor Low Medium

CADD 10.29 33

Abbreviations: CADD = Combined Annotation Dependent Depletion; ExAC =
Exome Aggregation Consortium; HRC = Haplotype Reference Consortium;
LRT = likelihood ratio test.
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(ExAC). This variant is predicted as benign by the SIFT,
PolyPhen-2 LRT, MutationTaster, MutationAssessor, and
CADD (table 1). IL2RB exhibits very low expression across
all developmental ages in the human brain (BrainSpan10).

No additional cases of homozygous or compound hetero-
zygous ACO2 mutations were identified by exome se-
quencing among subjects with recessive ataxia (n = 319),
neurodegenerative disease (n = 2,000), or spastic paraplegia
(n = 144).

Functional studies
LCLs were established from the homozygous carrier patients
(Pedigree IDs IV-1 and IV-3, ACO2F414V/F414V), a heterozy-
gous sibling (Pedigree ID IV-2, ACO2F414V/c), and 2 unrelated
controls (ACO2c/c). Aconitase enzyme activity was signifi-
cantly reduced in LCLs derived from the homozygous carriers,
despite normal protein levels of ACO2 (figure 3, A and B).
Given that multiple proteins, including ACO2, contribute to
the aconitase enzymatic activitymeasured in whole-cell lysates,
we sought to perform subcellular fractionation to examine
mitochondrial aconitase activity, which is determined exclu-
sively by ACO2. Consistent with selective impairment of

ACO2 enzymatic activity, cellular fractionation revealed
a highly specific defect in mitochondrial aconitase activity,
whereas the cytoplasmic fraction that does not contain ACO2
revealed intact aconitase function (figure 3, C and D).

Analysis of cellular respiration in isolated mitochondria
revealed that LCLs derived from homozygous carriers
have a significant reduction in complex I–linked adenosine
diphosphate (ADP)-coupled (state 3) respiration and an at-
tenuated maximal respiration following uncoupling with car-
bonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP)
(state 4u) (figure 4, A and B). Moreover, the respiratory
control ratio (RCR), defined as the ADP-activated flux
reflecting coupled oxidative phosphorylation capacity, was
attenuated in the mitochondria of LCLs derived from ho-
mozygous and heterozygous carriers (figure 4, C and D).

Discussion
We performed genome-wide linkage analysis and exome
sequencing in a consanguineous family with 2 siblings affec-
ted by HSP, complicated by intellectual disability and

Figure 2 Sanger sequencing, conservation, and summary of known ACO2 mutations

(A) Electropherograms indicating the homozygous ACO2 mutation (affected family members), the heterozygous mutation (both parents and unaffected
sibling), and the reference sequence (unaffected, unrelated subject). (B) Amino acid conservation within the ACO2 protein homologs across species. (C)
Homozygous (top) and compound heterozygous (bottom) ACO2 mutations identified to date in patients with neurodegenerative phenotypes.
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microcephaly. This led to the identification of 2 candidate
homozygous missense variants. On the basis of the
variant frequency in public databases, prior association with
neurodegenerative disease, in silico pathogenicity prediction,
and expression in human brain, we considered theACO2 variant
(c.1240T>G, p.Phe414Val) as the likely causal mutation. The
ACO2 p.Phe414Valmutationwas absent from 319 patients with
recessive ataxia, 2,000 patients with neurodegenerative disease,
and 144 patients with spastic paraplegia, indicating the rareness
of this form of cHSP. ACO2 encodes the protein aconitase 2,
a critical enzyme in the tricarboxylic acid cycle (TCA) cycle.
Through its enzymatic function, aconitase 2 catalyses the
isomerization of citrate to isocitrate. The TCA cycle is the pri-
mary source of cellular metabolic energy and therefore strongly
conserved evolutionarily. TCA cycle enzymopathies have pre-
viously been reported as the cause of a variety of cerebral
encephalopathies, also often with muscular hypotonia and de-
velopmental delay as prominent presenting features.11

The corticospinal tract contains the longest neurons of the
human body, posing strong metabolic demands including the
requirement for long-distance transport of proteins and
organelles to distal axon terminals. Genes responsible for the

functional integrity of this complex machinery, including
mitochondrial proteins, have been implicated in diverse forms
of HSP.1 The finding that a homozygous mutation in ACO2 is
associated with HSP provides further support for the central
role of mitochondrial defects in the pathogenesis of spastic
paraplegia. Notably, several genetic mutations associated with
HSP have been functionally demonstrated to impair mito-
chondrial function: SPG7 (PGN), SPG13 (HSPD1), SPG28
(DDHD1), SPG31 (REEP1), SPG55 (C12ORF65), mito-
chondrial adenosine triphosphate (ATP) synthase 6
(mt-ATP6), IBA57, and OPA3. SPG7 encodes an m-AAA
metalloprotease localized to the inner mitochondrial mem-
brane where it functions to guard the integrity of proteins
within the respiratory pathway. A mutation in SPG7 was
found to cosegregate in a multiplex family with HSP.12

Patients with SPG7 have reduced mitochondrial respiration
rates and are more sensitive to oxidative stress.13 Patients with
mutations in HSPD1 have a pure HSP phenotype14 and im-
paired mitochondrial integrity.15 Patients with SPG28 can be
affectedwith pure or complicatedHSP.Mutations inREEP1 can
cause reduced mitochondrial respiration and ATP
production.16,17 Patients with SPG31 can have a pure or com-
plicated form of HSP and have a dysfunction in mitochondrial
energy production.18–20 A homozygous nonsense mutation in
C12ORF65 (SPG55) has been described in a family from Japan
with 2 patients affected by HSP complicated by optic atrophy
and polyneuropathy. This mutation caused a reduction in mi-
tochondrial protein synthesis and respiratory function.21 Fa-
milial maternally inherited late-onset HSP was described in
association with a homoplasmic mutation in mt-ATP6 whereby
the clinical severity of symptoms was strongly correlated with
biochemical functioning of mt-ATP6.22 Recessive mutations in
IBA57 associated with HSP complicated by optic atrophy and
peripheral neuropathy have been found to cause a reduction in
mitochondrial 4FE-4S protein expression.23 Moreover, induced
pluripotent stem cell–derived neurons from patients with HSP
resulting from SPG3Amutations were reported to have reduced
mitochondrial motility.24 Lastly, exome sequencing revealed
a segregating homozygous missense mutation in OPA3 segre-
gating with optic atrophy, chorea, cerebellar ataxia, dystonia, and
lower limb pyramidal symptoms.25 Heterozygous mutations in
this gene are known to affect mitochondrial functioning.26

Although we cannot exclude that the c.1318C>T p.Pro440Ser
variant in IL2RB plays a role in the phenotype, the very low
gene expression in the human brain, functional prediction as
benign, and weak evolutionary conservation argue strongly
against the pathogenicity of this variant. Gene-level burden
analysis previously demonstrated an association of rare coding
variation in IL2RBwith rheumatoid arthritis.27 However, to our
knowledge, no known associations between IL2RB and diseases
of the central or peripheral nervous system have been reported.
Furthermore, functional evidence from LCLs demonstrates
that theACO2 p.Phe414Val mutation is responsible for a severe
defect in mitochondrial aconitase activity and respiratory
function. Notably, basal, maximum, and complex I–linked
ADP-coupled (state 3) respiration were all affected only in

Figure 3Mutation carrier–derived lymphoblastoid cell lines
(LCLs) show decreased aconitase 2 activity and
mitochondrial respiration deficiency compared
with control LCLs

(A) Aconitase enzyme activity in LCL lysates of healthy controls (ACOc/c) and
homozygous patient carriers (ACO2F414V/F414V) (p = 1.6 × 10−8). (B) Western
blot of corresponding LCL lysates showing equal ACO2 protein levels in
healthy controls and homozygous carrier patients. (C) Mitochondrial frac-
tion of LCL lysates show a significant decrease in aconitase enzyme activity
in homozygous patient carrier samples (p = 7.4 × 10−7). (D) ACO2 enzyme
activity is unchanged in the cytoplasmic fraction of corresponding LCL
lysates (p = 0.11). Data in (A, C and D) are expressed as mean ± SEM,
representative experiment of 3 independent experiments, n = 6 time
curvemeasurements per condition; results of the paired t test are indicated.
*p < 0.0001.
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homozygous carriers. By contrast, the RCR was also decreased
in heterozygous carrier LCLs, indicating a subtle intermediate
phenotype conferred by heterozygous carriership.

Homozygous and compound heterozygousmutations inACO2
have been previously associated with varying combinations of
cerebellar ataxia, retinopathy, and developmental delay (figure
2C and table e-2, links.lww.com/NXG/A34). A p.Ser112Arg
missensemutation was first identified in 2 families with infantile
cerebellar-retinal degeneration.28 Affected individuals exhibited
developmental delay including severe psychomotor retardation,
with an age at onset between 2 and 6 months. Brain MRI
revealed cerebellar degeneration and white matter abnormali-
ties (dysmyelination). Optic atrophy and retinal degeneration
were readily identifiable in the setting of progressively severe
visual impairment. Mitochondrial aconitase enzymatic activity
was significantly reduced in lymphoblasts.

Through exome sequencing of sporadic cases of complicated
optic neuropathy, 4 patients with homozygous or compound
heterozygous mutations in ACO2 were identified. Two
patients from 1 family had a compound heterozygous muta-
tion (p.Leu74Val and p.Gly661Arg) and presented with de-
creased visual acuity in childhood and progression of
ophthalmologic symptoms into the fourth decade of life.
Brain MRI was not performed. A third patient (homozygous
p.Gly259Asp mutation) was born with a low APGAR score,
intermittent episodes of central apnea, and moderate cere-
bellar atrophy. The fourth patient (compound heterozygous
mutation, p.Leu736Asn and p.Leu776Asnfs*49) exhibited
ophthalmologic impairments with developmental delay and
moderate cerebellar atrophy. Mitochondrial aconitase enzy-
matic activity was significantly reduced in patient fibroblasts.29

Furthermore, a 3-year-old sporadic patient with developmen-
tal delay, cerebellar dysfunction, and mild auditory neuropa-
thy in the absence of retinal degeneration was reported
with compound heterozygousmutations inACO2 (c.1819C>T
p.Arg607Cys and c.2135C>T p.Pro712Leu). Mitochondrial
aconitase activity was also significantly reduced in patient
fibroblasts.30

Lastly, an 18-year-old sporadic patient was described with
childhood-onset ataxia, profound intellectual disability, in-
tractable epilepsy starting at the age of 2 years, cerebellar
atrophy peripheral neuropathy, and childhood-onset optic
atrophy and pigmentary retinopathy. Metabolic and com-
parative genomic hybridization array screening did not
identify causative genetic mutations. Using exome se-
quencing, a compound heterozygous mutation in ACO2
(c.2328-2331delGGAA p.Lys776Asnfs*49 and c.1091T>C
p.Val364Ala) was identified.31

In contrast to previous reports of cases with ACO2mutations,
the patients in the family described in the current article de-
veloped severe HSP without cerebellar signs or retinal ab-
normalities, despite a similar decrease in mitochondrial
aconitase activity and respiration. Previous reports of ACO2
mutations highlight an important degree of phenotypic het-
erogeneity (table e-2, links.lww.com/NXG/A34), with dis-
tinct genotypes being associated with optic neuropathy and/
or cerebellar ataxia. The presently reported mutation
(c.1240T>G p.Phe414Val) was associated with distinct phe-
notypic characteristics (HSP, microcephaly) in the absence of
optic neuropathy or cerebellar ataxia. Notably, the proband
exhibited mild atrophy of the cerebellar vermis and hemi-
spheres, confirming previous reports of discordance between

Figure 4 Mitochondrial respiration is affected in lymphoblastoid cell lines (LCLs) of ACO2 mutation carriers

Mitochondrial respiration was measured in isolated
mitochondria from homozygous patient carriers
(ACO2F414V/F414V), heterozygous ACO2 mutation car-
rier (ACO2F414V/c), and healthy control cell lines
(ACO2c/c) by high-resolution respirometry. (A) State 3
(complex I–linked ADP-coupled respiration) with
pyruvate and malate as substrates and (B) State 4u
(maximum uncoupled respiration induced by FCCP
after ATP synthase inhibition by oligomycin) are
depicted. Respiratory efficiency is shown as (C) the
respiratory control ratio of ADP-activated flux mea-
suring coupled OXPHOS capacity (state 3/state 4) and
(D) the efficiency of FCCP (maximum uncoupled res-
piration efficiency) (state 4u/state 4). Data are
expressed as mean ± SD, n = 3–6 independent
experiments per condition, with in total 6–11 meas-
urements per condition; Tukey post hoc results
for the one-way analysis of variance are indicated.
*p < 0.05, **p < 0.01.
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cerebellar atrophy and cerebellar ataxia among carriers of
recessive ACO2 mutations. Moreover, the absence of optic
neuropathy and cerebellar ataxia in recessive carriers of the
p.Phe414Val mutation may result from its unique localization
to the second alpha helix domain, which is distinct from any of
the other previously reported ACO2 mutations (figure 2C).

Our findings nominate ACO2 as a disease-causing gene for
autosomal recessive complicated HSP. Genetic screening of
ACO2 should be considered for patients with complicated
HSP in an effort to obtain a molecular diagnosis. Moreover,
these results provide additional support for the central role of
mitochondrial defects in the pathogenesis of HSP.
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Abstract
Objective
The aim of this study was to identify variants associated with familial late-onset Alzheimer
disease (AD) using whole-genome sequencing.

Methods
Several families with an autosomal dominant inheritance pattern of AD were analyzed by
whole-genome sequencing. Variants were prioritized for rare, likely pathogenic variants in
genes already known to be associated with AD and confirmed by Sanger sequencing using
standard protocols.

Results
We identified 2 rare ABCA7 variants (rs143718918 and rs538591288) with varying penetrance
in 2 independent German AD families, respectively. The single nucleotide variant (SNV)
rs143718918 causes a missense mutation, and the deletion rs538591288 causes a frameshift
mutation of ABCA7. Both variants have previously been reported in larger cohorts but with
incomplete segregation information. ABCA7 is one of more than 20 AD risk loci that have so far
been identified by genome-wide association studies, and both common and rare variants of
ABCA7 have previously been described in different populations with higher frequencies in AD
cases than in controls and varying penetrance. Furthermore, ABCA7 is known to be involved in
several AD-relevant pathways.

Conclusions
We conclude that both SNVs might contribute to the development of AD in the examined
family members. Together with previous findings, our data confirm ABCA7 as one of the most
relevant AD risk genes.
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Several genome-wide association studies (GWASs) have iden-
tified ABCA7 (ATP-binding cassette transporter A7) as a risk
factor for sporadic late-onset Alzheimer disease (AD).1–3ABCA7
encodes a protein with major function in lipid transport.4 The
protein is involved in AD pathology, as it was demonstrated to
play a role in formation, clearance, and aggregation of amyloid
beta, the etiologic agent in AD.5,6 Recently, multiple rare loss-of-
function variants in ABCA7 associated with AD risk and possible
causal variants in familial cases and pedigrees have been identi-
fied through sequencing efforts.7–11 Alterations in ABCA7 have
not only been observed in European but also in African Amer-
ican12 and Asian13,14 populations either by GWASs or targeting
sequencing with varying minor allele frequencies (MAFs). In
addition, a protective ABCA7 variant has also been described,
emphasizing the role of this gene in AD.15 We now present the
data of 2 rare variants of ABCA7 in 2 German families.

Methods
Standard protocol approvals, registrations,
and patient consents
All individuals provided written informed consent before their
participation in this study for the clinical evaluation and
genetic analysis of leukocyte DNA. Clinical phenotyping,
whole-genome sequencing (WGS), and genetic analysis were

approved by the Central Ethics Committee of the Bavarian
Medical Association and the Ethics Review Panel of the
University of Luxembourg.

Patient information
Two families with an autosomal dominant inheritance pattern
of AD were analyzed, and a pedigree chart is shown in figure 1.
The 3 patients with AD sequenced in family 1 had reported
ages at onset of <56, 70–75, and 71–77 years. The APOE status
for all 3 patients was e3/4. Family members 021, 022, and 122
died at the age of 47, 56, and 75 years, respectively. The patient
with AD in family 2 had an age at onset of 66 years; the APOE
status was e4/4. Familymembers 101 and 102 died at the age of
74 and 73, respectively. For 001, 002, and 122, the age at death
is unknown. Blood samples were taken from 7 (family 1) and
8 (family 2) family members, respectively, and DNA was
extracted from leukocytes using standard procedures.

WGS and analysis
WGS was performed by Complete Genomics Inc. (CG,
Mountain View, CA) using their proprietary paired-end,
nanoarray-based sequencing-by-ligation technology.16 Se-
quencing, quality control, mapping, and variant calling for the
sequencing data were performed by CG as part of their se-
quencing service using the Standard Sequencing Service
pipeline version 2.0. Sequencing reads were mapped against

Figure 1 Pedigree charts

The age at examination of each individual sequenced in this study is given beneath the identifier number. Individuals diagnosed with AD are indicated as
affected (dark gray), individuals with AD-like symptoms reported by their family members are indicated in light gray. (A) Pedigree of family 1. The genotypes
arewild type (G/G) or the alteration (G/A) that causes the ABCA7missensemutation. (B) Pedigree of family 2. The genotypes arewild type (T/T) or the alteration
(T/del) that causes the ABCA7 frameshift mutation.

Glossary
AD = Alzheimer disease; GWAS = genome-wide association study; MAF = minor allele frequency; WGS = whole-genome
sequencing; SNV = single nucleotide variant; LD = linkage disequilibrium.
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NCBI Build 37. For further analysis, only single nucleotide
variants (SNVs) and small insertions, deletions, and block
substitutions up to a size of about 50 nt (indels) were used.

Variant prioritization
Variants were annotated by ANNOVAR17 (version 2015
March 12) using the NCBI RefSeq release 60 and the
Ensembl release 74 genome. As input for our family WGS
analysis pipeline,18 we first combined all variants from all
genomes of every sequenced family member into the union of
variants using CG analysis software (CGATOOLS, version
1.5) listvariant tool and the CG “var” files of all individuals per
family as input. We used CGATOOLS testvariant to test each
sample for the presence of each allele at every variant position
from the union set of variants. We removed variants that were
not called as high-quality calls (VQHIGH) in at least 1 in-
dividual. For both families, we used ISCA version 0.1.919 to
search for shared haplotype blocks between pairs of samples
and determined the number of shared alleles per block. For
family 1, we filtered for haplotype blocks that shared 1 allele
between the cases that was not shared with the unaffected
individual 101 (figure 1A). For family 2, we excluded blocks
where any pair of unaffected siblings shared 2 alleles (figure
1B). For each family, we applied an autosomal dominant in-
heritance model and filtered for exonic variants excluding
synonymous variants and for variants in essential splice sites
(±2 nucleotides from the exon boundary).

Variants within regions that are known to show very high
mutation rates, like in mucins and olfactory receptors, were
excluded (commonly mutated region).20 We filtered for rare
variants having an MAF of less than 5% in the European
American population of the 1000 Genomes Project, the Eu-
ropean NHLBI ESP exomes, and the Non-Finnish European
population from the ExAC project as well as in the control
data set CG69 provided by CG. We annotated the remaining
variants for pathogenicity by considering either loss-of-
function variants (indels, stop-gain, stop-loss, and splice-site
variants) or missensemutations predicted to be deleterious by
SIFT, PolyPhen-2_HDIV, LRT, and MutationTaster or
mutated at highly conserved positions (GERP_RS>3). All
annotations were derived from dbNSFP3.0a.21 We further used
a list of AD candidate genes that was collected from various
GWAS in the dbGAP, the Alzgene database,22 and the Geno-
tator tool23 to prioritize variants.

Population stratification
We performed population stratification by using
EIGENSTRAT24 with default parameters. First, we merged
our data with the 1000 Genomes data. We chose only the
autosomal SNVs concordant with hapmap25 that were bial-
lelic and not in linkage disequilibrium (LD) with each other
by using PLINK (version 1.9)26 with the parameters—indep
50 5 2, MAF of at least 0.1, and minimum call rate of 0.99 to
perform the population stratification. To identify the ethnicity
of samples in the current study, the first and the second
principal components were visualized.

Genetic and linkage analysis
For linkage analysis, high-quality SNV positions (complete call
rate over all individuals from VQHIGH status in CG var files)
were extracted from theWGS data. Variants with high LDwere
removed using PLINK 1.926; further thinning of variants was
performed using mapthin.27 A set of 2,000 variants per chro-
mosome along with the identified variants segregating with the
disease through the pedigree were used to check for genotype
errors and mendelian inconsistencies using MERLIN28 and
were subsequently removed if they were identified as errors.
The remaining variants were used for linkage analysis and their
genomic positions were linearly interpolated based on the
hapmap genetic map (2011-01_phaseII_B37). MERLIN was
used to perform both haplotyping and multipoint parametric
linkage analysis with a rare autosomal dominant disease model
with a disease frequency of 0.0001 and penetrance of 0.0001,
1.0, and 1.0. Haplotyping results were visualized using Hap-
loPainter.29 Using the R package “paramlink,”30 we calculated
the power of each pedigree given as the maximal LOD scores
for each family under an autosomal dominant inheritance
model and 10,000 simulated markers. Relationship detection
between all individuals was performed using software GRAB.20

Validation by sanger sequencing
The presence of both variants identified by WGS were vali-
dated and replicated by Sanger sequencing in each family
member of both pedigrees using standard protocols with the
following oligonucleotide sets: ABCA7_delT_1055908_FWD:
39-TTGTCCACCCTTGACTCTGTGC-59; ABCA7_delT_
1055908_REV: 39-CTTGAGACTGTCCTGAGCATCC-59;
ABCA7_rs143718918_FWD: 39-ACAGGTCCATCTT-
GAGTGGC-59; ABCA7_rs143718918_REV: 39-GAGAC-
CAGCCCCACATCC-59.

Results
WeusedWGS to identify the genetic cause of AD in 10 families
with an autosomal dominant pattern of inheritance. Among
these families, variants in ABCA7 were identified in 2 families
(family 1 and family 2). In family 1, we sequenced the genomes
of 7 family members; 3 of them were diagnosed with AD
(figure 1A). In the second family (family 2), we sequenced
genomes of 4 family members, 1 affected index patient with AD
(age at diagnosis 66 years) and 3 unaffected siblings (figure
1B). Relationship estimation20 confirmed all relationships in
both families, given the original pedigree information. All
families were self-reported of German ethnicity. European
ancestry could be confirmed using EIGENSTRAT24 analysis
(figure e-1, links.lww.com/NXG/A38).

WGS fully called on average 97% of genome and 98% of
exonic regions. Seventy-seven percent of the genome and 86%
of the exome were covered with at least 30X. We detected on
average over all samples from both families 3,415,106 SNVs
and 577,534 indels and substitutions per genome (table e-1,
links.lww.com/NXG/A39).
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In total, 7,516,717 and 6,139,540 variants (SNVs and indels)
different from the reference genome were identified in at least
1 family member for family 1 and 2, respectively. Disease-
associated variants were searched using an autosomal domi-
nant inheritance model. In family 2, only variants present in
the affected and not present in the unaffected individuals
were considered. After strict quality, mode of inheritance,
shared haplotype and MAF < 0.05 filtering, 51,269 and
56,962 variants remained (table e-2, links.lww.com/NXG/
A39). After annotation using RefSeq, we screened for exonic
splice-site affecting variants. After excluding variants within
commonly mutated and brain-expressed genes, we priori-
tized the remaining variants according to their predicted
pathogenicity and conservation. In total, only 11 (family 1,
tables e-3 and e-5) and 8 (family 2, tables e-4 and e-6) var-
iants were found in AD-related genes (table e-7) and were
therefore considered to be relevant to AD. Strict variant fil-
tering revealed for each family rare ABCA7 variants,
rs143718918 (family 1) and rs538591288 (family 2) as best
candidate variants.

European (Non-Finnish) population allele frequencies for
rs143718918 and for rs538591288 add up to 0.0021 and
0.0016, respectively. Both variants are very rare (MAF < 0.01)
in the European population according to the ExAC31 and 1000
Genomes (tables e-3 and e-4, links.lww.com/NXG/A39).

In addition, the performed linkage (figure 2, A and B) and
haplotype block analysis (figure 3, A and B) show cose-
gregation and association of both variants with AD in both

German families. We confirmed the presence of both variants
in the initially screened and the additional family members by
Sanger Sequencing (figure 1).

The SNV rs143718918 identified in family 1 causes a mis-
sense mutation of ABCA7 (c.2693G>A) that affects the
ABC1 domain of the protein (p.R880Q). This variant was
previously identified in patients with AD and controls of
a larger Belgian cohort in a French as well as in an European
cohort with early-onset patients and in patients with AD
of a Caucasian cohort.7,32,33 We identified the SNV in all
sequenced family members except for 1 healthy member
(figure 1A). Three family members (201, 211, and 212)
also carrying the risk variant were not affected and/or
did not report cognitive deficits at the time of the last
consultation, but were considerably younger than the af-
fected family members and therefore possibly pre-
symptomatic at the time of examination. As such, genetic
counseling and clinical follow-up examinations will be
conducted.

The second variant (rs538591288) identified in family
2 causes a frameshift deletion in exon 31 of ABCA7
(c.4208delT; p.L1403fs). This variant was also previously
identified in patients with AD and controls of a larger
Belgian cohort as well as in a French and in a European
Cohort with early-onset AD patients.7,32,33 Of interest, in
one of these studies, additional Italian relatives with EOAD
carrying the deletion were reported.32 Furthermore, 2
groups have recently shown that p.L1403fs variant carriers

Figure 2 Linkage analysis of chromosome 19

(A) The maximum LOD score (1.8) over the whole chromosome is seen in the region containing ABCA7. (B) Linkage analysis of the ABCA7 region on
chromosome 19. The maximal LOD score (1.8) could be found on chromosome 19 in the region from 257,507 to 3,909,104 suggesting linkage, the region in
red spans the gene ABCA7. Of the combined LOD score of 1.8 in the region spanning ABCA7, family 1 and family 2 contributed LOD scores of 1.2 and 0.6,
respectively.
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had decreased ABCA7 protein levels but unchanged mRNA
levels.32,34

We have identified the SNV (rs538591288) in 3 family
members, including 2 children of the index patient (301 and
303, figure 1B), which were not diagnosed with AD but due to
young age possibly presymptomatic at the time of examina-
tion. Of interest, both so far unaffected carriers reported al-
ready having occasional memory problems.

Discussion
We conducted a whole-genome sequencing (WGS) study to
search for SNVs cosegregating with Alzheimer disease (AD)
cases in German families. Of interest, we identified 2 rare
variants of ABCA7 possibly contributing to AD pathogen-
esis in 2 families, respectively. ABCA7 is one of more than 20
AD risk loci that have so far been identified by GWASs and
sequencing studies. ABCA7 is also involved in AD-relevant

pathways (lipid metabolism, microglial phagocytosis, and
altered amyloid-beta processing) and abundantly expressed
in the brain.

We identified the rs143718918 to cosegregate with AD in family
1. The SNV causes a missense mutation of ABCA7 in exon 19
(c.2693G>A) that affects the ABC1 domain of the protein
(p.R880Q) and is probably damaging. This variant has pre-
viously been identified by GWASs in Caucasians with late-onset
AD.8 Furthermore, several studies reported the presence of this
variant in AD and in control subjects of (1) a Belgian cohort,7 (2)
a French EOAD cohort,33 and (3) an EOAD cohort including
samples of diverse origin.32 Overall, the variant was present with
higher frequency in AD cases compared with controls.

The rs538591288 cosegregated with AD in family 2 and causes
a frameshift mutation in exon 31 of ABCA7 (c.4208delT;
p.L1403fs). Initially, this SNVhas been reported in an Icelandic
cohort9 and was later also identified with higher frequency in

Figure 3 Segregating haplotype blocks

The affected, unaffected, and disease status of unknown individuals are filled in black, white, and gray, respectively. An asterisk indicates the individuals who
were not sequenced and their haplotypes were inferred. (A) The disease haplotype is indicated in purple. (B) The disease haplotype is indicated in light green.
In both families, cosegregation of the disease haplotype including the corresponding ABCA7 variant can be seen in all affected individuals.
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cases than controls of German, Swedish, Italian,32 French,33

and Belgian7 cohorts. Mutation carriers express lower levels of
full-length ABCA7 protein with unchanged mRNA expression
levels.32,34 However, it has been reported that by in-frame exon
skipping of the premature termination codon bearing exon 31,
the transcript escapes nonsense-mediated mRNA decay.7,32

Exon skipping leads to the production of a shorter version of
ABCA7 protein, which might partly compensate for the re-
duced full-length protein levels and might cause incomplete
penetrance of rs538591288.

It has to be mentioned that we cannot exclude that other varia-
tions might cause additive effects on the development of AD in
both families. Because of the previously shown involvement of
ABCA7 in AD, the presented variants represent the most
promising candidates. Together, our results support the notion
that rare variants of ABCA7 exert considerable risk to the de-
velopment of AD.
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Abstract
Objective
To document the complex “diagnostic odyssey” of patients with mitochondrial disease.

Methods
We analyzed data from 210 Rare Diseases Clinical Research Network Contact Registry
participants who were patients with a biochemical deficiency or self-reported diagnosis of
mitochondrial disease, or their caregivers.

Results
Participants saw an average of 8.19 clinicians (SD 8.0, median 5). The first clinician consulted
about symptoms was typically a primary care physician (56.7%), although 35.2% of participants
initially sought a specialist. Of note, 55.2% of participants received their diagnosis from
a neurologist, 18.2% from a clinical geneticist, and 11.8% from a metabolic disease specialist. A
majority of the participants (54.6%) received 1 or more nonmitochondrial diagnoses before
their final mitochondrial diagnosis. In their pursuit of a diagnosis, 84.8% of participants received
blood tests, 71% amuscle biopsy, 60.5%MRI, and 38.6% urine organic acids. In addition, 39.5%
of the participants underwent mitochondrial DNA sequencing, 19% sequencing of nuclear gene(s),
and 11.4% whole-exome sequencing.

Conclusions
The diagnostic odyssey of patients with mitochondrial disease is complex and burdensome. It
features multiple consultations and tests, and, often, conflicting diagnoses. These reflect disease
variety, diagnostic uncertainty, and clinician unfamiliarity. The current survey provides an
important benchmark. Its replication at appropriate intervals will assist in tracking changes that
may accompany increased popularity of exome testing, more rigorous diagnostic criteria, in-
creased patient reported outcome activity, and trials for promising therapies.
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Mitochondrial diseases comprise a group of rare, about 1 in
4,300, debilitating genetic disorders.1 They are due to defects
affecting the mitochondrial oxidative phosphorylation path-
way and are caused by genetic mutations in the mitochondrial
genome, nuclear DNA, or both.2 The disorders feature a wide
array of multisystemic manifestations that frequently include
developmental abnormalities or regression, myopathy, seiz-
ures, dementia, hearing loss, blindness, strokes, diabetes
mellitus, and premature death affecting both children and
adults. Most mitochondrial diseases are progressive and have
poor prognoses. There are few available treatments.2

Mitochondrial diseases are difficult to diagnose reliably, be-
cause of their wide clinical and genetic heterogeneity, and
require a detailed medical history and extensive knowledge
and expertise on behalf of the diagnosing physician. Anecdotal
evidence from clinicians, researchers, and patients suggests
that before finally receiving a diagnosis of mitochondrial
disease, many patients go through a long ordeal, visiting
numerous clinical specialists, receiving other conflicting di-
agnoses, and enduring repeated and sometimes invasive
testing. In addition, misdiagnoses are not uncommon. The
increasing ubiquity and rapidly falling cost of genetic testing
such as whole-exome sequencing (WES), coupled with
a growing understanding of the genetic origins of mitochon-
drial diseases, are changing how patients receive diagnoses of
mitochondrial diseases. To date, however, research on mito-
chondrial diseases, including recruitment of patients for re-
search studies and clinical trials, has been hampered by their
low incidence, heterogeneity, and underdiagnosis by
clinicians.

The goal of this study was to increase the understanding of
this “diagnostic odyssey” by a survey of patients with self-
reported mitochondrial disease.

Methods
Survey population
Respondents were enrollees in the established Patient Con-
tact Registry of the Rare Diseases Clinical Research Network
(RDCRN), an initiative of the NIH Office of Rare Disease
Research. The survey was designed and analyzed by inves-
tigators in the North American Mitochondrial Disease
Consortium (NAMDC), an RDCRN member. It was ad-
ministered over 2.5 months between mid-October 2015 and
early January 2016. Institutional review board (IRB) approval
was obtained by the RDCRN Data Management and Co-
ordinating Center at the University of Southern Florida in
Tampa, FL. Eligible individuals were RDCRN Contact

Registry participants with a self-reported diagnosis of mito-
chondrial disease, or their caregivers, who had an email ad-
dress, were able to provide informed consent, and were
capable of completing the survey. Respondents enrolled
online through a link on the NAMDC public website (rar-
ediseasesnetwork.org/namdc).

Data collection
Participation was solicited through an email invitation de-
scribing the purpose and length of the survey, which was sent
to all RDCRN-NAMDC Contact Registry participants with
email addresses. Each email included a unique direct link,
which ensured that the participant’s survey responses could be
linked to basic demographic data they had previously
provided to the RDCRN Registry. Participants entered data
directly online using encrypted communication links. Partic-
ipants were asked to contact the principal investigator (J.G.),
whose contact information was provided in the email, with
questions. A follow-up email with the same content was sent
to eligible participants who had not completed the survey 1
month after data collection began.

The survey (appendix e-1, lww.com/NXG/A41) consisted of
16–25 questions, depending on skip patterns. The estimated
average completion time was 15minutes.Wherever possible, the
survey used questions that required yes or no answers or drop-
down boxes and radio buttons and included an “other” option
permitting a free text answer. Data quality and consistency were
maintained by strict monitoring and constraints at data entry.

Standard protocol approvals, registrations,
and patient consents
Informed consent was obtained and documented online using
an IRB-approved electronic consent form, which confirmed
that participants were free to decline entry into the survey or
to withdraw at any time without prejudice to future treatment.
To avoid linking protected health information to the study
data, participants’ names were not collected; only individuals’
agreements to participate were recorded. IRB approval for the
research was provided by the University of Southern Florida
in Tampa, FL. No personal communications are cited in the
article. The RDCRN study number for the survey is 7,352.

Specific aims
The survey was designed to address 6 prespecified questions:

1. How much time typically elapses between when patients
initially notice symptoms of a mitochondrial disorder and
when they receive the diagnosis of mitochondrial disease?

2. How many physicians do patients typically see before
they receive the diagnosis of mitochondrial disease?

Glossary
IRB = institutional review board; NAMDC = North American Mitochondrial Disease Consortium; PCP = primary care
physician; RDCRN = Rare Diseases Clinical Research Network; WES = whole-exome sequencing.

2 Neurology: Genetics | Volume 4, Number 2 | April 2018 Neurology.org/NG

http://www.rarediseasesnetwork.org/namdc
http://www.rarediseasesnetwork.org/namdc
http://links.lww.com/NXG/A41
http://neurology.org/ng


3. What testing do patients typically undergo?
4. What other diagnoses, if any, do patients typically

receive?
5. How did receiving a mitochondrial disease diagnosis alter

the patient’s life?
6. If the patient were to learn that their mitochondrial

disease diagnosis was incorrect, what effect would that
have?

We did not collect results of molecular genetic testing because
of inaccuracies in the interpretation of mutations (e.g., single
heterozygous autosomal recessive mutations were sometimes
considered to be the cause of patient’s disease).

Analysis
Results are reported as frequency counts with percentages.
The data were analyzed using IBM SPSS Statistics version 22
(Armonk, NY), and all results were validated independently
using SAS version 9.4.

Results
Two hundred fifteen participants completed the survey. Five
failed to indicate either a clinical diagnosis or a biochemical
deficiency and were excluded, leaving 210 for analysis. Of these,
73 (34.8%) reported both a biochemical deficiency and a clinical
diagnosis; 134 (63.8%) only a clinical diagnosis; and 3 (1.4%)
only a biochemical deficiency. Molecular genetic data were not
specifically collected and were not provided by participants.
Seventy-eight respondents (37.1%) were caretakers, and 132
(62.9%) were patients who took the survey for themselves.

Table 1 presents the breakdown of self-reported mitochon-
drial disease diagnoses. The most common was myopathy
(21.8%), followed by chronic progressive external oph-
thalmoplegia (9.6%), and mitochondrial encephalomyopathy,
lactic acidosis, and stroke-like episodes (9.1%). Fifty-six par-
ticipants (28.4%) reported “Other” mitochondrial diseases.
The diseases entered by these participants were various, and
while some were known mitochondrial diseases not available
in the drop-down list, the majority could be categorized as
biochemical deficiencies, other mitochondrial nuclear gene
defects, or other metabolic diseases with secondary mito-
chondrial dysfunction.

The most commonly reported symptom that motivated
patients to see a doctor was weakness (62.4% of participants),
followed by fatigue (56.2%), difficulty walking (38.6%),
droopy eyelids (32.9%), and impaired coordination (32.4%).
Table 2 provides a complete list. One hundred nineteen
participants (56.7%) reported first discussing their mito-
chondrial disease symptoms with their primary care physician
(PCP), and 74 (35.2%) with a specialist (17 [8.1%] either did
not answer the question or reported first discussing their
mitochondrial disease symptoms with neither a PCP nor
a specialist).

Only 27 respondents (12.9%) reported that the doctor with
whom they first discussed their symptomswas the physicianwho
provided them with a mitochondrial disease diagnosis. Among
the 199 participants who answered the question “Including the
doctor with whom you first discussed your symptoms and the
doctor who diagnosed your mitochondrial disease, how many
doctors did you consult?”, the average number of doctors con-
sulted was 8.19 (SD = 8.0, median = 5) (table 3).

Among patients who reported receiving their mitochondrial
disease diagnosis from a specialist, 112 (55.2%) received their
diagnosis from a neurologist (table 4). The next most com-
mon diagnosing specialists were clinical geneticists (18.2%)
and metabolic disease specialists (11.8%) (table 4).

One hundred seventy-eight participants (84.8%) reported
having blood testing as part of the process of receiving their
mitochondrial disease diagnosis. Among these, 116 reported
tests for blood lactate, 97 for pyruvate, 103 for amino acids,
and 84 reported that their blood was used for genetic testing.
Other common tests were muscle biopsies (71%), MRI
(60.5%), and urine organic acids (38.6%).

Eighty-three participants (39.5%) reported receiving mito-
chondrial DNA sequencing as part of the process of receiving

Table 1 Self-reported mitochondrial disease diagnosis

Self-reported disease Frequency (%)a

Myopathy 43 (21.8)

CPEO 19 (9.6)

MELAS 18 (9.1)

Leigh syndrome 16 (8.1)

Kearns-Sayre syndrome 9 (4.6)

Encephalomyopathy 8 (4.1)

LHON 6 (3.0)

CPEO-plus 5 (2.5)

Multiple systemic syndrome 5 (2.5)

NARP 4 (2.0)

MERRF 3 (1.5)

Alpers syndrome 2 (1.0)

SANDO 2 (1.0)

Encephalopathy 1 (0.5)

Other 56 (28.4)

Total 197 (100)

Abbreviations: CPEO= chronic progressive external ophthalmoplegia; LHON=
Leber hereditary optic neuropathy; MELAS = mitochondrial encephalomyop-
athy, lactic acidosis, and stroke-like episodes; MERRF = myoclonic epilepsy
with ragged-red fibers; NARP = neuropathy ataxia retinitis pigmentosa;
SANDO = sensory ataxic neuropathy, dysarthria, and ophthalmoplegia.
a Thirteen participants withmissing or unsatisfactory answers are excluded.
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their mitochondrial disease diagnosis. Forty (19%) reported
undergoing nuclear DNA gene sequencing, and only 24
(11.4%) reported having WES.

One hundred seventy participants (81.7%) reported begin-
ning a treatment management plan after receiving a mito-
chondrial disease diagnosis. One hundred fifty (71.8%)
reported joining a patient support group, patient advocacy
group, or other sort of community for individuals with mi-
tochondrial disease as a result of their diagnosis. Among those

who reported joining a patient community, 84.7% reported
that they felt participation or membership in such a commu-
nity was beneficial for them.

One hundred thirteen participants (54.6%) reported re-
ceiving an alternative nonmitochondrial disease diagnosis
before ultimately receiving their mitochondrial disease
diagnosis; and of these, 31.9% received more than 1. The
most common nonmitochondrial diagnoses are summa-
rized in table 5. The most frequently reported motivating
factor for seeking a different diagnosis after receiving
a nonmitochondrial disease diagnosis was that the treat-
ment the participant was receiving for their disease
symptoms did not help them (reported by 59
participants).

Table 2 Self-reported motivation for initial consultation
with a doctor

Symptom Frequency (%)a

Weakness 131 (62.4)

Fatigue 118 (56.2)

Difficulty walking 81 (38.6)

Other 71 (33.8)

Droopy eyelids 69 (32.9)

Impaired coordination 68 (32.4)

Numbness/weakness in the hands/feet 67 (31.9)

Gastrointestinal discomfort 62 (29.5)

Developmental delay 49 (23.3)

Seizures 39 (18.6)

Loss of vision 31 (14.8)

Hearing loss 27 (12.9)

Diabetes 10 (4.8)

Heart disease 6 (2.9)

Kidney disease 5 (2.4)

Liver disease 3 (1.4)

a Percentages calculated of 210 respondents. Participants could indicate
more than 1 symptom. All indicated at least 1.

Table 3 Number of doctors consulted before diagnosis

No. of doctors Frequency (%)a

1–5 102 (52.0)

6–10 46 (23.5)

11–15 21 (10.7)

16–20 20 (10.2)

>20 7 (3.6)

Total 196 (100)

a Fourteen participants with missing or unsatisfactory answers are
excluded.

Table 4 Specialty of the diagnosing physician

Specialty Frequency (%)a

Neurology 112 (55.2)

Clinical genetics 37 (18.2)

Metabolic disease 24 (11.8)

Ophthalmology 14 (6.9)

Other 8 (3.9)

Rheumatology 5 (2.5)

Immunology 2 (1.0)

Endocrinology 1 (0.5)

Total 203 (100)

a Seven participants with missing or unsatisfactory answers are excluded.

Table 5 Common nonmitochondrial diagnoses

Diagnosis
Frequency
(%)a

Psychiatric disorder (depression, conversion
syndrome, etc.)

15 (13.3)

Fibromyalgia 13 (11.5)

Chronic fatigue syndrome 10 (8.8)

Multiple sclerosis 9 (8.0)

Gastrointestinal disease (irritable bowel
syndrome, gastroparesis, etc.)

8 (7.1)

Seizure 8 (7.1)

Myasthenia gravis 7 (6.2)

Rheumatological 7 (6.2)

Chronic pain 6 (5.3)

a Percentages calculated of 113 participants who received a non-
mitochondrial disease diagnosis.
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Finally, participants were asked: “If you were to learn today
that the mitochondrial disease diagnosis you received is in-
correct, and that you do not in fact have a mitochondrial
disease, how would this affect you?” Among the 201 who
responded to this question, 23 (11.4%) answered that it
would affect them very negatively, 42 (20.9%) negatively, 60
(29.9%) not at all, 45 (22.4%) positively, and 31 (15.4%) very
positively. The number of physicians consulted among the 65
participants who expected negative or very negative feelings
was lower than it was among the 136 participants who did not
expect negative feelings after a mistaken diagnosis (median
6.5 vs 5.0 physicians consulted, p = 0.086 by 2-sidedWilcoxon
rank-sum test, since the number of physicians is not normally
distributed). This 1.5 physician difference is not significant at
the conventional 0.05 level, but is at the exploratory 0.10 level.
We consider this result suggestive, given the relatively small
Ns, and worth further investigation.

Discussion
The results highlight the difficulty, confusion, and burden that
individuals with suspected mitochondrial disease typically
undergo in obtaining a diagnosis. While the survey failed to
capture the amount of time that typically elapses between the
symptom onset and diagnosis, it is clear from several answers
that the process of obtaining a mitochondrial disease di-
agnosis can frequently take many years and multiple doctors
(mean 8.19, median 5). There are multiple reasons for this
diagnostic delay, such as the physician’s unfamiliarity with the
diseases due to their rarity, the heterogeneity of the symptoms
that are difficult to merge into a unifying diagnosis, and the
wide range of initial symptoms that tend to be nonspecific. All
these factors contribute to the high proportion of participants
who received other nonmitochondrial diagnoses (54.3%)
before their final diagnoses.

The variety and sheer amount of testing reported by par-
ticipants is a further reflection of the difficulty of mito-
chondrial disease diagnosis. Of particular note, 71% of
patients reported receiving a muscle biopsy. Until a few
years ago, this painful and invasive procedure was the most
reliable way to obtain a definitive diagnosis through bio-
chemical and histologic testing. Evidence indicates that
clinicians and researchers today are moving away from
biochemical testing and relying more on molecular genetic
testing.3 This is especially true as a rapidly expanding
number of genetic determinants of mitochondrial diseases,
both in mitochondrial and nuclear DNA, are being identi-
fied.2 Planned future surveys will help track changes in
testing practices and will hopefully identify reductions in
invasive testing, such as muscle biopsy, and increased ge-
netic testing, especially whole-exome and whole mito-
chondrial DNA sequencing.4

The survey confirmed considerable anecdotal evidence
from patients and clinicians that individuals with mito-
chondrial disease have often received incorrect diagnoses.

It is perhaps not surprising, given how poorly understood
mitochondrial diseases are, that the most common non-
mitochondrial diagnoses were psychiatric disorders such as
depression and conversion. This further highlights the
unfamiliarity with the diagnosis by health care providers
and the skepticism in recognizing several nonspecific,
seemingly unrelated symptoms as worth investigating.
Manifestations of other reported nonmitochondrial di-
agnoses fit perfectly with common symptoms of mito-
chondrial diseases and were also not surprising. These
include fibromyalgia; Lyme disease; and chronic fatigue
syndrome, which produce manifestations that resemble the
reduced energy state of patients with mitochondrial dis-
ease; MS, which produces neurologic manifestations and
fatigue; and gastrointestinal diseases, which cause cachexia
and reduced gastrointestinal motility that are often present
in patients with mitochondrial disease.5

The effect of a mitochondrial disease diagnosis on participants
proved hard to quantify. Most patients began a treatment
management plan as a result of their diagnosis,6 although
about one-fifth did not. This lack of therapeutic intervention is
largely due to the fact that few disease-modifying treatments
are available.7 In addition, 28.6% of participants did not report
joining a patient support group or community group of any
kind. This is in line with a previous survey showing that the
major support systems for patients include their families and
health care providers.8

Participants were almost evenly divided in their responses to
the question, “If you were to learn today that the mito-
chondrial disease diagnosis you received is incorrect, and
that you do not in fact have a mitochondrial disease, how
would this affect you?” As with the answers regarding
a treatment management plan, this could reflect the lack of
available treatments for mitochondrial diseases. Since a di-
agnosis of mitochondrial disease often does not lead to
a specific treatment, especially one that is likely to control
symptoms and improve quality of life, perhaps participants
ultimately found their diagnosis irrelevant. In a prior mito-
chondrial disease survey,8 patients and families with genet-
ically confirmed and nonconfirmed mitochondrial disease
perceived problems with their medical and social support.
Those with a confirmed genetic diagnosis consistently per-
ceived themselves to be better off than those patients with-
out a confirmed diagnosis, highlighting the emotional stress
and anxiety of having a serious undiagnosed problem and
feeling disadvantaged within the medical community by not
receiving the care they require.

A potential explanation of our provisional finding that par-
ticipants who have seen more physicians may be more likely
to be negatively affected by learning that their diagnosis is
incorrect is that participants who have visited more doctors to
reach their mitochondrial disease diagnosis have spent more
effort searching for answers and are more invested in their
current diagnosis. Learning that this is incorrect and that they
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will have to visit yet another doctor could certainly be very
disheartening.

This survey provided quantitative data confirming the long-
established view of many patients with mitochondrial disease,
researchers, and clinicians that mitochondrial disease di-
agnosis is difficult, confusing, and burdensome. Clinicians and
researchers are making strides to combat this problem, such as
developing clear and widely used diagnostic criteria,2,3,9 and
perfecting genetic testing.4,10 Patients with mitochondrial
disease, through Patient Advocacy Groups or as individuals,
are raising awareness of these diseases. Yet, because of the
rarity and diffuse nature of mitochondrial diseases, the diffi-
culty of diagnosis is not likely to go away any time soon. The
situation may change when genetic testing is more widely
used by health care systems in place now or in the future.
Given these developments, it is important to continue to track
changes in the odyssey of patients with mitochondrial disease;
to advance efforts to reduce the burden on patients; and to
include the links between genetic tests and congruent phe-
notypes in future work.

Strengths and limitations
Strengths of the survey include the attempts to keep the
number of questions to the minimum necessary to achieve the
survey’s aims and to craft clear, concise, closed-ended ques-
tions, all of which to improve data quality.11,12

The primary weakness is the unreliability of self-reported data.
Attempts to minimize this included using closed-ended yes or
no questions; restricting other answers by the use of drop-
down lists; and careful wording to make questions as clear and
unambiguous as possible.

Another issue is that we cannot be certain that participants
actually have the mitochondrial diseases they believe they
have. One strategy to address this was to exclude patients
who did not specifically affirm that they had been informed
by a health professional that they had a mitochondrial
disease or that they had a biochemical deficiency. Fur-
thermore, this problem is somewhat limited. Whether an
individual respondent actually has a mitochondrial disease
is irrelevant with respect to the initial stages of the patient
odyssey. That the respondent initially thinks that they may
have a mitochondrial disease is critical. At the end, we
cannot be sure that the diagnosis is correct. But this is
a problem in the field in general, which we hope the de-
velopment and application of rigorous diagnostic criteria by
NAMDC will alleviate.13 By applying these criteria, which
include clinical, histologic, biochemical, and molecular
genetic data, we will obtain more accurate information
about the diagnostic odyssey of patients with definite mi-
tochondrial diseases.

Further detailed analysis of the data was difficult because of
the many combinations of answers provided by the
respondents For example, 210 participants reported more

than 800 symptoms. Given this, the impact of any individual
symptom on an outcome such as number of physicians seen
cannot be estimated statistically: it is confounded by the many
combinations of other symptoms also displayed by the
patients who present with it.

The survey failed to achieve its aim of determining the typical
amount of time between the symptom onset and diagnosis of
mitochondrial disease. This was an oversight. In retrospect, it
would have been best to simply ask this question of the par-
ticipants outright.
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Abstract
Objective
Ataxia-telangiectasia (AT) is a rare, severe, and ineluctably progressive multisystemic neuro-
degenerative disease. Variant AT phenotypes have been described in patients with mild- and
late-onset neurologic deterioration and atypical features (dystonia and myoclonus). We report
on the clinical characteristics and transcriptome profile of patients with a typical AT pre-
sentation and genotype who experienced an unexpected favorable course.

Methods
A 24-year-old woman developed, by the age of 3 years, all the classic symptoms of AT associated
with increased alpha-fetoprotein levels, a compound AT-mutated (ATM) genotype with an
inframe deletion c.2250G>A (p.Glu709_Lys750del42) and a missense mutation c.8122G>A
(p.Asp2708Gln), and no residual ATM protein expression. By the age of 12 years, ataxia slowly
disappeared, and a very mild choreic disorder was the only neurologic feature in adulthood.
Brain MRI was normal. The blood transcriptome profile was assessed and compared with that
of healthy controls and patients with the classic AT phenotype.

Results
The atypical clinical course of the patient was associated with a transitional transcriptome
profile: while 90% of transcripts were expressed as in patients with the classic AT presentation,
10% of transcripts were expressed as in healthy controls.

Conclusions
The unexpected mild clinical outcome and transcriptome profile of this patient with AT suggest
the existence of individual resilience to the altered ATM synthesis. Because of their possible
prognostic and therapeutic implications, the identification of modifier factors affecting the
phenotype would deserve further studies.
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Ataxia-telangiectasia (AT; OMIM#208900) is a rare genetic
disease caused by mutations in the AT-mutated (ATM) gene
encoding PI3kinase, which controls the cell cycle and DNA
repair.1 Patients with classic AT present with early-onset
progressive cerebellar ataxia, oculocutaneous telangiectasias,
immunodeficiency, late-onset peripheral neuropathy, and
higher incidence of infections and tumors. Patients usually use
a wheelchair by the age of 10 years. Exitus occurs by the
second or third decade of life because of chronic lung disease
or malignancies. Biomarkers of the disease are increased
alpha-fetoprotein (AFP) (95% of patients),2 chromosomal
radiosensivity, and undetectable ATM protein (98% of
patients). Milder variants (late-onset, slowly progressive
ataxia/dyskinesia syndrome) have been associated not only
with missense ATM mutations and residual ATM kinase ac-
tivity3 but also with the classic severe genotype and absent
ATM protein.4

Here, we report on a new clinical variant with an early pro-
gressive course, late remission, and stable neurologic status
until adulthood, despite the classic ATM genotype and absent
ATM protein. Accordingly, blood transcriptome in this case
showed a pattern of alteration intermediate between healthy
controls and severely affected patients.

Case report
A 24-year-old woman was born after a normal pregnancy and
delivery from healthy unrelated parents. Psychomotor de-
velopment was normal until the age of 16 months when trunk
swaying was noticed by the parents. On examination, she was
found to havemild trunk ataxia, external beating nystagmus,mild
conjunctival angioectasias, and subcutaneous angiomas in the
lumbar and calf regions. BrainMRI and sensory andmotor nerve
conduction velocities were normal. Blood immunoglobulin A
(IgA) levels were marginally decreased (78 mg/100 mL; r.v.
85–450), whereas the AFP level was increased (37.5 ng/mL; r.v.
0–10). Chromosome analysis revealed a 7;14 rearrangement,
and the radiosensitivity test demonstrated increased chromo-
some instability. No residual ATM protein expression or activity
was found. Molecular analysis of the ATM gene disclosed
a compound heterozygous genotype with an inframe deletion
c.2250G>A, p.(Glu709_Lys750del42) and a missense mutation
c.8122G>A, p.(Asp2708Gln).

In the following years, trunk ataxia worsened and other neu-
rologic features, such as motor impersistence and chorea of
the trunk and limbs, slurred speech, and hypometric saccades,
emerged. Nevertheless, the ability to walk autonomously was
preserved, and she could attend a normal school and conduct
a normal life. Mental development was normal: at the age of 7
years, the Wechsler Intelligence Scale for Children-Revised
IQ score was 92. Starting from the age of 12 years, trunk ataxia

progressively disappeared. On examination, at the age of 24
years, she presented with onlymild clumsiness associated with
nondisabling choreic movements of the limbs (video, links.
lww.com/NXG/A47). The International Cooperative Ataxia
Rating Scale score was 2 (normal 0). Brain MRI was normal.
She maintained normal mental functioning (Wechsler Adult
Intelligence Scale IQ score 110, Verbal IQ score 104, and
performance IQ score 79) with adequate personal and social
skills. She never had pulmonary infections; MRI of the lung
performed at the age of 21 years was normal. Hermenses were
irregular, and she had polycystic ovarian syndrome. She un-
derwent surgical removal of ameloblastoma of the mandible.
Recently, ultrasonography has revealed a fatty liver disease in
the absence of dyslipidemia or abnormal liver enzymes. At the
age of 22 and 24 years, the AFP level was 115 and 190 ng/mL,
respectively; the serum IgA level was normal.

Transcriptome analysis: the study of a whole gene expression
signature (appendix e-1, links.lww.com/NXG/A46) showed
that 1,326 probes were differentially expressed (upregulated
and downregulated, table e-1, links.lww.com/NXG/A43) in 5
patients with classic AT compared with healthy controls.5

Using these probes in hierarchical clustering computation
(figure 1), our case resulted as a nonclustered sample: 90% of
probes were expressed as in patients with classic AT (cutoff
1.2 FC), whereas 10% of them were expressed as in healthy
controls. Of 654 gene symbols derived from the differently
expressed probes, 43 gene transcripts had an expression level
similar to the healthy controls (table e-2, links.lww.com/
NXG/A44). Two of them, such as ZCRB1 (a zinc finger RNA
binding protein) and THOC3 (a protein involved in splicing)
showed a biological and molecular functional interaction
when analyzed by Reactome FI [1] (plugin for Cytoscape).6

Patient consent
The patient provided informed consent for participating in
the research and publishing the resulting data. She also pro-
vided consent to disclose of any recognizable person in the
video.

Discussion
We describe an unusual AT phenotype, characterized by
a clinical presentation mimicking the classic severe form with
the typical biomarkers of this condition, such as absent ATM
protein,7 14 chromosome rearrangement, and increasing
levels of AFP, with an unexpected favorable course of neu-
rologic disorders during teenage years.

The ATM protein level and residual kinase activity seem to
influence the severity of the clinical phenotype in patients
with AT. Variant AT has been documented in patients

Glossary
AFP = alpha-fetoprotein; AT = ataxia-telangiectasia; ATM = ataxia-telangiectasia mutated; IgA = immunoglobulin A.
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presenting with a mild neurologic phenotype, often normal
brain MRI, and less frequent extraneurologic involvement. In
these cases, regulatory, missense, or leaky splicing ATM
mutations and a residual ATM activity were detected.4 The
genotype of our patient is characterized by an inframe de-
letion and a missensemutation without residual ATM activity.
Accordingly, a classic presentation and outcome should have
been expected. Recent reports showed that absent ATM ac-
tivity and high AFP may be associated with a late-onset or
atypical neurologic presentation (table e-3, links.lww.com/
NXG/A45). Of interest, 3 patients belonging to the Canadian

Mennonites with late dystonia/myoclonus-dystonia syn-
drome associated with 6200C>A mutation had transient
ataxia in early childhood. The same genotype has been
reported in a patient with early-onset myoclonus-dystonia,
high blood AFP, and progressive cerebellar atrophy.4

In contrast to these cases, our patient experienced the classic
presentation and course of the disease until the end of the first
decade of life when progressively ataxia vanished, leaving a mild
and stable choreic disorder. Nevertheless, AFP and some sys-
temic manifestations of AT (such as ovarian polycystic

Figure 1 Hierarchical clustering (HCL) outcome of all tested samples with the expression profile of the case report set as
unknown

Only a partial gene list is reported (the whole HCL
figure is available as figure e-1, links.lww.com/NXG/
A42). The probes resulting statistically different
between AT and WT groups (permutation-based t
test, p ≤ 0.01) allowed to cluster the atypical patient
out of the dendrogram. The colors (green, down-
regulated; red, upregulated) denote the expression
level of each used probe. The probe names and the
matching gene names are reported on the left and
on the right of the Y axis, respectively.
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syndrome, liver steatosis, and neoplasm) occurred. The as-
sumption that the AFP level may mirror the progression of the
disease remains debated.8 In our patient, the AFP level in-
creased, despite the improvement in neurologic disorder.

The atypical favorable outcome reported in our patient sug-
gests the possible effect of epigenetic modifying factors, which
may confer resilience to the disease in some subjects. One
modifying factor of the effect of ATM loss has been identified
in the Rad50s allele of the gene encoding the Rad50 com-
ponent of the Mre11/Rad50/Nbs1 complex. In the murine
model, Rad50s has a role in alleviating senescence, radiosen-
sitivity, and tumor formation, all hallmarks of ATM-deficient
mice.9 Moreover, recent data suggested a pivotal role of the
Rad50 hook domain in influencing the Mre11 complex-
dependent DNA damage response. In our patient, peripheral
Rad50 expression overlaps that detected in patients with AT
with a typical phenotype. A further hypothesis concerns the
variability in the maintaining of the cellular balance of reactive
oxygen species, which cause, among the others, defects in
hematopoietic stem cells10 and neurodegeneration.

In a recent article, we identified the transcriptome profile of
patients with AT with respect to healthy controls.5 The
present case exhibited transitional probe expression from that
found in patients with classic AT and healthy controls.
However interesting, this result requires caution because only
known probes were screened while we were unable to de-
termine whether unknown and unpredicted contributing
events, such as splicing pattern alteration, could take place. In
any case, the observed gene expression variation was part of
the final outcome of the patient’s biological individuality.

The 2 most important genes expressed were scrb1 and thoc3,
which are involved in wound reparation and genome stability,
respectively. Thoc3 is part of the THO complex, which plays
a role in transcriptional elongations, nuclear RNA export, and
genome stability.

The finding of a transitional transcriptome profile suggests the
occurrence of modifying factors possibly influencing individual
vulnerability and resilience to the altered ATM synthesis
resulting in an unexpected mild outcome.
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Aconitase 2 (ACO2) encodes the mitochondrial aconitase (ACO2), an enzyme catalyzing
interconversion of citrate into isocitrate in the Krebs cycle. ACO2mutations have been initially
associated with infantile cerebellar-retinal degeneration combining optic atrophy, retinal
degeneration, severe encephalopathy, epilepsy, and cerebellar ataxia1–3; subsequently, ACO2
mutations have also been associated with milder presentations including isolated optic atrophy2

or cerebellar ataxia without optic atrophy.4 We report here a patient presenting with a novel
ACO2 phenotype associating optic atrophy with spastic paraplegia.

Methods
Mini-exome sequencing by exon capture (TruSight One Sequencing Panel kit—Montpellier
NGS platform) was performed in a patient with familial syndromic optic atrophy. Written
informed consent was obtained. Aconitase enzymatic activity was measured as previously
described.5

Case report
A now 56-year-old white lady issued from a nonconsanguineous union presented because of
severe optic atrophy and spastic paraplegia. Her symptoms had been slowly progressive since
infancy and associated with delayed motor (walking at about 3 years) and mental development.
An ophthalmologist (C.H.) first examined her at the age of 38 years because of her visual
problems. She came to the neurologic clinic at the age of 49 years because of aggravation of
the spastic paraplegia, requiring a walking aid. She currently presents with mild cognitive
involvement allowing a relatively autonomous life with a sheltered social work. Her sister (not
directly examined) has a similar but more severe clinical presentation with visual problems,
spasticity, and mental retardation. Cerebral MRI showed mild vermian cerebellar atrophy and
nonspecific T2 and fluid-attenuated inversion recovery hyperintensities in cerebellar dentate
nuclei and supratentorial white matter (figure, A–D). Neurologic examination revealed severe
visual impairment, mild upper limb ataxia, diffuse hyperreflexia, and severe spastic paraplegia
with bilateral extensor plantar reflex. Ophthalmological evaluation confirmed the presence of
bilateral optic atrophy without retinal involvement, globally stable since first examination at the
age of 38 years. Visual acuity was severely reduced (right eye: counts the fingers at 30 cm; left
eye: counts the fingers at 1 m). The patient did not present any signs of peripheral neuropathy,
and the EMG was normal. Mini-exome analysis identified compound heterozygous mutations
in the ACO2 gene (c.2135C>T [p.(Pro712Leu)]4; c.940+5G>C) in the patient and her
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Figure Cerebral MRI and molecular and enzymatic analysis

Mild vermian cerebellar atrophy (A, axial FLAIR w.i.); bilateral dentate hyperintensities (white arrow in B, axial FLAIR w.i., and D, sagittal FLAIR w.i); and
supratentorial white matter hyperintensities (white arrow in C, axial FLAIR w.i). (E) Pedigree showing segregation of the disease with mutation c.940+5G>C
causing the in-frame skipping of exon 7 and with mutation c.2135C>T causing the p.(Pro712Leu) missense change (P712L). Analysis of reverse transcription
PCR (RT-PCR) products of the patient skin fibroblasts (F): the c.940+5G>C mutation (SplicePort score reduction from 1.17 to 0.21) affects exon 7 splicing and
results in an abnormal RT-PCR fragment of 980 bp (arrow), whereas only the normal product of 1,085 bp is seen for control fibroblasts. Sequence of RT-PCR
products (G): skipping of exon 7 leading to an in-frame deletion of 35 amino acids (p.[Gly279_Glu313del]). (H) Sanger sequencing results of parents and
patients: Both patients are compoundheterozygous for themutations c.940+5G>C and p.(Pro712Leu), themother (I.1) is a heterozygous carrier for the c.940+
5G>C mutation, and the father (I.2) is a heterozygous carrier for the p.(Pro712Leu) mutation. (I) Mitochondrial aconitase activity is measured for 10 minutes
(citrate injection), followed by isocitrate dehydrogenase activity for 2 minutes (isocitrate injection) through NADPH production in fibroblasts. Patient II.4
aconitase activity (red line) is reduced to about 50% of controls (black line), whereas isocitrate dehydrogenase activity, used for normalization, is similar to
controls. (J): Predicted location of mutations on the ACO2 enzyme and substrate and cofactor binding sites. Stripe box: mitochondrial targeting signal;
*Substrate binding sites; ©Iron-sulfur binding sites; highlighted mutations: present report; boxed (dotted) mutations: optic atrophy 9 (OPA9) phenotype;
underlined mutations: infantile cerebellar-retinal degeneration phenotype (ICRD). FLAIR = fluid-attenuated inversion recovery.

2 Neurology: Genetics | Volume 4, Number 2 | April 2018 Neurology.org/NG

http://neurology.org/ng


affected sister (figure, E–H); the second mutation involves
exon 7 donor splice site and causes the in-frame skipping of
exon 7, as confirmed by reverse transcription PCR (RT-PCR)
analysis on patient’s skin fibroblasts (figure, F and G). No
relevant variants were found in other genes causing isolated or
syndromic optic atrophy. Total aconitase enzymatic activity
on the patient’s cultured skin fibroblasts showed a 50% de-
crease in activity in the presence of citrate and a 40% decrease
in activity in the presence of cis-aconitate (compared with
isocitrate dehydrogenase activity as a reference) (figure, I),
suggesting, in the presence of the two ACO2 mutations,
ACO2 impairment. We did not find mt-DNA depletion in the
patient’s fibroblasts and leukocytes (not shown).

Discussion
In this report, we expand the phenotype of ACO2 mutations
describing a patient with severe spastic paraplegia and
symptomatic optic atrophy; the patient also had a relatively
mild cognitive involvement, while cerebellar involvement,
usually associated withACO2mutations,1–4 was clinically very
mild, although present at the imaging level.

The pathogenicity of the mutations was confirmed by the
segregation in the family and by the quantification of the
enzymatic activity, consistent with deficiencies observed in
previously reported milder ACO2 cases.2 Moreover, the
pathogenicity of the intronic mutation was confirmed by
RT-PCR studies.

The presently described phenotype might evoke a spastic
paraplegia, optic atrophy, and peripheral neuropathy–like
phenotype6 but differs because of absent peripheral neuropathy.

Mutations in genes coding for enzymes of the Krebs cycle are
globally rare and are often responsible for a large spectrum of
disease ranging from severe early-onset encephalopathy to
various types of tumors.7 The pathophysiologic mechanism
could be disruption of energy metabolism and oxidative
phosphorylation, but defects in mitochondrial DNA mainte-
nance have also been identified, notably for ACO24 and
SUCLA2.8

Ocular phenotypes have already been reported in ACO2
deficiency, with optic atrophy and retinal dystrophy,1 but also
in isocitrate dehydrogenase deficiency, with pigmentary
retinopathy, succinyl-CoA synthetase deficiency, with
ophthalmoplegia, and succinate dehydrogenase deficiency
(SDH), with optic atrophy and pigmentary retinopathy.

Slowly progressive spastic paraplegia has never been reported
in ACO2 or in other Krebs cycle defects. Moreover, patients
with Krebs cycle defect and isolated organ-specific in-
volvement or milder survival into adulthood are rare and were
described for SDH, succinyl-CoA synthetase deficiency
(SUCLA2), and fumarase deficiency. The presently reported

patient underscores striking variable clinical presentations
resulting from ACO2 mutations, ranging from early-onset
severe epileptic encephalopathy with cerebello-ocular syn-
drome (ICRD)1 to isolated optic atrophy (OPA9),2 complex
ataxia without optic atrophy,4 and now spastic paraplegia and
optic atrophy with survival into adulthood (figure, J). The
detection of these milder and new phenotypes is possible
because of next-generation sequencing techniques. Milder
phenotypes are generally associated, as this is the case of our
patient, with moderate residual ACO2 enzymatic activity2;
however, a case of a relatively mild phenotype despite marked
ACO2 enzymatic activity reduction has already been repor-
ted, suggesting complex genotype-phenotype correlations.4

In addition to severe encephalopathic and cerebello-ocular
phenotypes, ACO2 mutations should be investigated in the
presence of milder phenotype with slowly progressive spastic
paraplegia and optic atrophy.
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The c.341G>T (p.G114V) variant of the prion protein gene (PRNP) has been reported in
a Uruguayan and a Chinese family to cause an inheritable prion disease, albeit with incomplete
penetrance. The condition is characterized by early-onset, relatively prolonged course, early
neuropsychiatric symptoms, followed by pyramidal and extrapyramidal symptoms. We present
a 20-year-old African American woman, with no family history of neurodegenerative disease,
who presented with rapidly progressive cognitive decline and subsequent movement disorders
who was found to have the PRNP variant.

Case report
A 20-year-old African American woman presented with a history of truncus arteriosus
(surgically corrected early in life), and years later, she required a porcine pulmonary valve
replacement. Her mother and father, ages 51 and 49, respectively, are alive and well. Her
brother is 23 years old and has no medical issues. Her maternal and paternal grandparents
reached their ninth decades of life without neurodegenerative disease. She presented to the
clinic with involuntary movements. In the months prior, she had developed cognitive decline
leading to her failing classes in college. On examination, she was found to have a paucity of
spontaneous speech output and bradyphrenia and had an incongruent smiling facial expression.
Facial myoclonic jerks were noted as was asymmetric action and postural tremor (affecting her
left more than her right arm). Her gait was slow, and she had decreased arm swing bilaterally.
She was admitted to the hospital for evaluation of reversible causes of rapidly progressive
dementia and prion disease.

Electroencephalography revealed diffuse delta frequency slowing without epileptiform activity.
Lumbar puncture and CSF analysis showed no inflammatory cells, normal glucose, and elevated
protein levels. Autoimmune and paraneoplastic encephalopathy workup was unremarkable. An
empiric course of pulse IV methylprednisolone was tried with no notable improvement. Brain
MRI (figure, A and B) demonstrated findings typical of prion disease. CSF and blood samples
were sent to the CaseWestern Prion Lab for analysis where the c.341G>T (p.G114V) variant of
the PRNP gene was detected.

One month later, in the clinic, the patient was noted to have more diffuse myoclonic jerks, now
involving the extremities as well as her face. Another month passed, and the patient began
falling and developed a more cautious gait. She developed emotional lability and would
spontaneously cry alternating with irritability. It is interesting to note that such lability
(including the inappropriate euphoria described early in her disease course) had been noted in
Kuru, leading to the euphemisms “laughing disease” or “laughing death.1” Clonazepam was
started to help with myoclonus, anxiety, and irritability.
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Discussion
The inherited prion diseases, including familial Creutzfeldt-Jakob
Disease (CJD), Gerstmann-Sträussler-Scheinker syndrome, and
fatal familial insomnia, are autosomal dominant in inheritance and
are attributable to mutations in the PRNP gene. The c.341G>T
(p.G114V) PRNP variant was initially reported in members of
a Uruguayan family in 2005.2 In 2008, the same variant was
reported in a Chinese family.3,4

In the Uruguayan cohort, 4 family members carried
the variant and manifested the disease, and 2 family
members carried the variant without neurologic signs. Age
at onset ranged from 18 to 27 years, and the disease du-
ration ranged from 1 to 4 years. The disease presented
with neuropsychiatric disturbances, followed by dementia,
parkinsonism, pyramidal signs, myoclonus, and cerebellar
signs. In the Chinese cohort, 15 family members
were found to carry a heterozygous G114V mutation
with 4 affected individuals. The age at onset ranged from
32 to 47 years, with a disease duration of 2–3 years. The

clinical presentation was similar to that of the Uruguayan
cohort.

Our patient is an African American woman with inherited
CJD found to have the rarely reported c.341G>T (p.G114V)
PRNP variant. This finding strengthens the evidence that this
variant is pathogenic in causing CJD and expands the possible
ethnic backgrounds where this variant may be found. Without
genetic information from the patient’s parents, we cannot
determine whether this represents a sporadic mutation or
whether this provides further evidence for the incomplete
penetrance of the variant. A high index of suspicion should be
held for a diagnosis of CJD in a patient with rapidly pro-
gressive dementia, even in a young adult patient.
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Figure MRI of the brain with findings typical of prion
disease

Diffusion weighted imaging (A) and apparent diffusion coefficient (B) MRI
brain sequences showing abnormal signal in the cortex diffusely and stria-
tum bilaterally.
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Fusion of single-nucleated myoblasts is essential for the formation of multinucleated
myocytes. Mechanisms that regulate myoblast fusion have been a focus of recent
studies.1–4 Transmembrane protein 8 (TMEM8C), also known as myomaker, is a highly
conserved muscle-specific transmembrane protein encoded by the MYMK gene. The
protein is expressed during early muscle development. Mymk-null mice die soon after
birth because of skeletal muscle deficiency. In these mice, skeletal muscle tissue is present
but consists of a smaller number of mononucleated cells indicating failure of myoblast
cell fusion.1 Myomaker is also expressed during muscle regeneration when it coordinates
fusion of satellite cells with residual muscle fibers to regenerate the damaged
muscle tissue. In the absence of myomaker, adult mouse muscle tissue is unable to
regenerate.5

In humans, mutations in the MYMK gene have recently been described in 8 individuals (aged
7–37 years) from 3 families with Carey-Fineman-Ziter syndrome (CFZS), a syndrome
encompassing a congenital myopathy with marked facial weakness and Pierre Robin sequence,
among other consistent features.6

Here, we report an additional and the oldest known patient-bearing mutations in the MYMK
gene, identified through whole-exome sequencing (WES). We provide insights into disease
progression, as well as ascertain features associated with the disorder.

Clinical description
The patient is a 69-year-old British white man with juvenile-onset proximal myopathy.
Distal muscles were also affected, although to a lesser extent. Weakness is mild and sym-
metrical with muscle power in the range of 3–4/5 for proximal muscles and 4–5/5 in distal
ones. The patient also had marked facial weakness, lagophthalmos, minimal limitations in
horizontal gaze, dysphagia, and chronic gastrointestinal (GI) symptoms. He reports al-
ternating diarrhea and constipation that have been attributed to irritable bowel syndrome.
The patient recalls weakness from his late teens when he was not as able as his peers. He
particularly recalls being unable to climb ropes or blow balloons. His symptoms were first
brought to medical attention at the age of 19 years when he dislocated his right knee and
was noted to have muscle weakness. Progression of the myopathy has not been remarkable,
and he remains ambulant, with the main complaint being the GI symptoms that are as-
sociated with food avoidance and weight loss.

He had no cardiac or respiratory involvement, and his cognition was intact. The patient had
mild dysmorphic features in the form of micrognathia, high-arched palate, and a prominent
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broad nasal tip (figure 1A). He also had spinal rigidity, sco-
liosis, bilateral pectoralis hypoplasia, and cryptorchidism. He
also developed epilepsy, sensorineural hearing loss, unilateral
cataracts, and glaucoma.

Serum creatinine kinase levels were mildly elevated
(500–1,000 IU/L), and EMG showed a picture suggestive of
a chronic mildly active necrotizing myopathy. MRI of his
lower limbs showed selective and asymmetric involvement
(figure 1B). Muscle biopsy showed nonspecific myopathic
features, namely, fiber-size variation and occasional central
nuclei (figure 2, A-F).

Genetic study
WES was performed at the Broad Institute of Harvard and
MIT’s Genomics Platform (Cambridge, MA) using >250
ng DNA (>2 ng/μL) in a 38-Mb targeted Illumina exome
capture. Data were then analyzed on the Seqr interface
(seqr.broadinstitute.org), initially using a candidate gene
approach, consisting of a panel of 416 genes (musclege-
netable.fr/, July 2016) known to be implicated in neuro-
muscular disorders, then searching for variants across the
whole exome. This identified 2 heterozygous variants in
the MYMK gene: c.271C>A (p.Pro91Thr) and c.553T>C

(p.Cys185Arg). Both variants were previously reported as
disease-causing mutations.6

Discussion
Our patient presented with a mild slow progressing my-
opathy. Extraskeletal muscle manifestations pointed to-
ward a syndromic myopathy rather than an isolated muscle
disease. At the age of 69 years, he remains ambulant and
shows slow progression of weakness. He shows no cardiac
or respiratory involvement. The patient has a mild form of
CFZS associated with MYMK mutations. Mainly proximal
myopathy places MYMK-associated CFZS in the differen-
tial diagnosis for the limb-girdle muscular dystrophies.
Pierre Robin sequence and cryptorchidism (in males) are
consistent features described in association with MYMK
mutations, and both may be a consequence of muscle
dysfunction in early development. A recent report associ-
ated CFZS with mutations in the STAC3 gene; a t-tubule
protein involved in excitation-contraction coupling. Dis-
tinguishing features of STAC3-CFZS are short stature and
malignant hyperthermia.7 Whether other clinical features
present in our patient are a consequence of MYMK

Figure 1 Clinical features and muscle MRI in MYMK-related Carey-Fineman-Ziter syndrome

(A.a and A.b) Front and profile facial photographs demonstrating lagophthalmos (A.a, patient attempting lid closure), muscle hypoplasia, retrognathia, and
broad nasal tip. (A.c and A.d) Wasting of intrinsic hand muscles and contracture deformities of the right little finger and the toes. (A.e, A.f) Scoliosis (A.e) and
generalizedmuscle atrophy with pectoralis muscle hypoplasia (A.f). (B) T2-weighted MRIs of the thighs (B.a) showing severe fatty replacement of hamstrings,
thigh adductors, and sartorius muscles, with relative sparing of the gracilis and quadriceps muscles bilaterally, and of the calves (B.b) showing asymmetric
involvement withmoremarked fatty replacement inmuscle of the right leg. Gastrocnemius and soleusmuscles are severely affected, and the tibialis anterior
on the right is relatively spared.
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mutations remains to be established through continued
follow-up of the known patients6 and diagnosis and follow-
up of new patients with CFZS.
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Mutations in the autophagy-relatedWD domain repeat 45 (WDR45) gene cause beta-propeller
protein-associated neurodegeneration (BPAN), a distinct form of neurodegeneration with
brain iron accumulation (NBIA).1,2 Clinical and imaging features comprise childhood-onset
global developmental delay with further regression in early adulthood, progressive dystonia,
parkinsonism, stereotypies, and iron deposition in the basal ganglia. Female and the few existing
male patients show similar phenotypes, probably because of somatic mosaicism in males and
skewed X-chromosome inactivation (XCI) in females, as WDR45 is located on Xp11.23. To
date, about 60 cases have been reported, many of whom had a different initial clinical diagnosis.3

Hyperkinetic movements and stereotypies overlap with Rett syndrome features, another
X-linked disorder most commonly caused byMECP2mutations. Indeed, for 7% of the reported
cases of BPAN, the initial diagnosis was Rett syndrome,3 prompting us to perform the first
mutational screen of the WDR45 gene in a large cohort of MECP2 mutation-negative Rett
syndrome patients.

Methods
We sequenced exons 3–12 covering the coding region of WDR45 (ENST00000356463,
NM_0007075) in 40 patients with Rett(-like) syndrome from Serbia, including 2male patients.
All patients had been tested negative for mutations in theMECP2 gene. In identified sequence
change carriers, the XCI pattern was studied using the human androgen receptor assay
(HUMARA) as described in reference 4. X-inactivation ratios of less than or equal to 80:20
were considered to represent a random pattern, and ratios greater than 80:20 were considered
to indicate a skewed pattern.4 MutationTaster (mutationtaster.org/) and CADD (cadd.gs.
washington.edu/score) were used for in-silico prediction analysis. The study was approved by
the local ethics committee.

Results
Sanger sequencing of WDR45 revealed 1 novel, likely pathogenic (c.319_320delCT) and 1
benign (c.20G>A) change in 2 female patients (figure A). Patient A carrying the novel deletion
presented with classic Rett syndrome and was 6 years old at the last follow-up. Her early motor
development was normal, and she started to sit independently at the age of 7 months and walk at
the age of 14 months. She showed no speech development, and microcephaly was noted. At the
age of 24 months, she developed bruxism and stereotypic movements, followed by epileptic
seizures at the age of 36 months. Family history is negative. The c.319_320delCT
deletion (figure A) is situated in exon 6 and is predicted to cause a frameshift and introduce
a premature stop codon (p.Leu107Phefs*7) likely leading to nonsense-mediated mRNA decay.
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MutationTaster designated this change as disease causing, and
the CADD score for this mutation is 28.5. No entry was found
in the publicly available databases 1000G (ncbi.nlm.nih.gov/
variation/tools/1000genomes/) or ExAC.5 The HUMARA
assay indicated skewed XCI (89:11) (figure B).

No detailed information was available for the carrier of the
missense change (patient B) who was lost to follow-up but also
presented with typical clinical features of Rett syndrome.
Although the c.20G>A (p.Arg7Gln) (figure A) change is also
predicted to be disease causing by MutationTaster and CADD
(score of 25.4), it was listed in ExAC, with an allele count of
3/86,473.5 It is important that 2 of the 3 alleles were found in
the hemizygous state in male individuals (in 30/30 and 40/43
reads, excluding the possibility of mosaicism).5 No entry was
found in 1000G. XCI was found to be random (56:44)
(figure B).

Discussion
Considering the phenotypic overlap between Rett syndrome
and BPAN and the fact that 8% of seemingly typical and 42%
of atypical Rett syndrome patients screen negative forMECP2
mutations,6 we screened a cohort of 40 Serbian patients with
Rett(-like) syndrome and found 2 changes in WDR45. The
deletion c.319_320delCT in patient A is likely causative for
BPAN, whereas the missense change c.20G>A in patient B is
unlikely to be pathogenic. Although the change occurs in
a highly conserved region, the 3 alleles found in the ExAC
database harboring this mutation, including 2 hemizygous
ones, render it an unlikely genetic cause of BPAN. Further-
more, individuals affected with severe pediatric disease are not
part of the ExAC data set.5 Unfortunately, brain magnetic
resonance imaging (MRI) scans of both patients were

unavailable and could thus not be reviewed for evidence of
brain iron accumulation.

In agreement with previously published observations,3 our
finding emphasizes the need for the WDR45 gene to be
included in panel analyses not only for neurodegeneration
with brain iron accumulation but also for patients with Rett
(-like) syndrome. Furthermore, the growing evidence for
a predominant skewed XCI pattern in BPAN and other
X-linked disorders raises the question of the underlying
mechanisms regulating XCI, which are still incompletely
understood.1,2,7
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Figure WDR45 sequence changes in patients A and B

(A) Sanger sequence electropherograms
of genomic PCR amplicons of patients A
(exon 6, c.319_320delCT, p.L107Ffs*7)
and B (exon 3, c.20G>A, p.Arg7Gln). The 2
deleted nucleotides are boxed in red.
The arrow above the lower electrophe-
rogram marks the exact position of the
missense mutation. (B) X-chromosome
inactivation (XCI) patterns show skewed
XCI for patient A (89:11) and random XCI
(56:44) for patient B.
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Dopa-responsive dystonia (DRD) is an autosomal dominant neurologic disorder characterized
by incomplete penetrance and high variability of its phenotypic expression.1 The usual phe-
notype is defined by early-onset isolated dystonia, predominant in the lower limb, with marked
diurnal fluctuations and a dramatic and sustained response to low doses of L-DOPA.2 We
report 2 members of the same family (mother and daughter) with a nonsense heterozygous
mutation (c.706G>T; p.Glu236*) in the GCH1 gene and having DRD with phenotypic
variability.

Case (Index case)
A 23-year-old woman presented 10 months ago with severe cervical dystonia. At the age of 19
years, she had transient right lower limb dystonia that appeared immediately after physical effort
and lasted 18 months. At the age of 22 years, she presented with left cervical dystonia lasting 2
weeks. Neurologic examination showed severe cervical dystonia with right laterocollis associated
with a moderate retrocaput (video segment 1, links.lww.com/NXG/A40). The TorontoWestern
Spasmodic Torticollis Rating Scale (TWSTRS3) score was 49/85, with a severity score of 19/35,
a disability score of 24/30 and a pain score of 6/20. Standard biological testing and brain MRI
were normal. Levodopa/carbidopa 125 mg per day led to the complete regression of symptoms
within 2 months (video segment 2). After 4 months of therapy, she decided to stop her medi-
cation. After 30 months of follow-up, her symptoms had not reappeared (video segment 3).

Her mother is 54 years old. At the age of 15 years, she had dystonia in the left foot during
exercise, and at the age of 20 years, she had right upper limb dystonia. Diurnal fluctuations and
task-specific dystonia appeared progressively over time. Indeed, she has writer’s cramp and
experiences left lower limb dystonia during prolonged walking. However, she refused to be
treated. A molecular study revealed a nonsense mutation in exon 6 of the GCH1 gene
(c.706G>T; p.Glu236*) in both of these patients.

Discussion
We report a novel DYT-5a mutation in exon 6 of the GCH1 gene (c.706G>T, p.Glu236*)
manifesting as DRD with phenotypic variability, including cervical dystonia. This change is
predicted to replace a glutamic acid residue by a stop codon. To date, 214 mutations have been
reported in the gene (The Human Gene Mutation Database: hgmd.cf.ac.uk/ac/gene.php?
gene=GCH1). A mutation in the GCH1 gene is found in most patients with DRD. It encodes
GTP cyclohydrolase 1, an enzyme that catalyzes the first step in the biosynthesis of
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Université de Bordeaux (J.A., P.B., D.G.), Institut des Maladies Neurodégénératives, CNRS UMR 5293; and AP-HP (F.C.), Hôpitaux Universitaires La Pitié Salpêtrière-Charles Foix, Unité
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tetrahydrobiopterin. The latter is an essential cofactor for
tyrosine hydroxylase, which is the rate-limiting enzyme for
dopamine synthesis.4 As reported in the literature, there is
a female-dominant penetration4 but no clear anticipation
phenomenon.

The clinical presentations and evolution of our cases were
uncommon compared with the phenotypes usually recog-
nized.5 Indeed, our index case initially had severe cervical
dystonia, and her mother presented with writer’s cramp.
However, clinical presentations of DRD can be heteroge-
neous and encompass a wide variety of symptoms including
focal-task dystonia6 and parkinsonism7 or share some clinical
similarities with cerebral palsy.8 The time course of symptoms
was also very unusual for DRD. Although cervical dystonia
quickly and completely abated after levodopa therapy, no
relapse occurred after medication withdrawal during the 30
months of follow-up. This is surprising but could potentially
be explained by corticostriatal synaptic homeostatic practice-
dependent plasticity over time in patients with subtle dopa-
minergic alterations linked to the GCH1 mutation.9

These 2 patients presented with DRD. Focal dystonia is
usually idiopathic with no clear genetic background or re-
lation to basal ganglia lesions.1,10 However, clinicians should
be aware of the fact that patients exhibiting focal dystonia can
present aGCH1mutation and dopa responsiveness. This new
mutation could potentially explain the unusual phenotype
presented by our patients throw further light on the patho-
physiology of dystonia.
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