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Objective: In this report, we describe two independent consanguineous families carrying pathogenic variants in TACOI,
confirming the phenotype.

Methods: Detailed clinical investigations and whole exome sequencing with haplotype analysis have been performed in
several members of the two reported families.

Results: Clinical phenotype of the patients confirms the originally reported phenotype of a childhood-onset progressive
cerebellar and pyramidal syndrome with optic atrophy and learning difficulties. Brain MRI showed periventricular white
matter lesions with multiple cystic defects, suggesting leukoencephalopathy in both patients. One patient carried the previously
described homozygous TACO1 variant (p.His158ProfsTer8) and haplotype analysis suggested that this variant is a rare founder
mutation. The second patient from another family carried a homozygous novel frame shift variant (p.Cys85PhefsTer15).
Conclusions: The identification of two Turkish families with similar characteristic clinical presentation and an additional
homozygous nonsense mutation confirms that TACO! is a human mitochondrial disease gene. Although most patients with
this clinical presentation undergo next generation sequencing analysis, screening for selected founder mutations in the Turkish
population based on the precise clinical presentation may reduce time and cost of finding the genetic diagnosis even in the

era of massively parallel sequencing.

INTRODUCTION

Next generation sequencing (NGS) has led to the
discovery of a large number of human disease genes
in rare inherited diseases [1] however, due to the
rarity of some gene defects, the confirmation of the
gene-phenotype association by identifying different
mutations in independent families could not have
been confirmed for all genes. In 2009, we identi-
fied a homozygous frame shift variant in the first
specific mitochondrial translational activator, TACO ]
[2] in 5 patients of a consanguineous Kurdish fam-
ily with juvenile-onset Leigh-like syndrome, short
stature, optic atrophy, dystonia, spastic tetraparesis,
dysarthria and cognitive impairment [3].This was the
first example, when mutations in a nuclear gene affect
the translation of a single mtDNA-encoded protein.
Impaired mitochondrial transcription and translation
are responsible for >50% of mitochondrial disorders
[4], but mutations in translational activators are still
a very rare disease cause. No second family has been
described in detail with TACO! mutations following
the first description a decade ago.

Tacol mutant mice homozygous for a missense
point mutation (c.491T>A, p.Ille164Asn) showed
late-onset visual impairment, motor dysfunction and
heart hypertrophy [5]. The mutation resulted in defec-
tive binding of TACO1 to multiple adenine-guanine
rich sequences of mitochondrial cytochrome ¢ oxi-
dase subunit I (MTCOI) mRNA and its association
with the mitochondrial ribosomes.

In this report, we describe two independent con-
sanguineous families carrying pathogenic variants in
TACOI, confirming the phenotype. To our knowl-
edge, this is the first independent confirmation of

TACOI - associated Leigh syndrome after the initial
report by Weraarpachai et al. [2].

PATIENTS AND METHODS

Case presentations

Family 1

An 18-year-old male was born to consanguineous
parents (first-grade cousins) after an uneventful preg-
nancy by caesarean section (2900 gr birth weight).
He had normal early development until 4 years of
age. His first symptoms included falls at age 4 years,
which became more frequent by 6 years of age and
he developed difficulty in climbing stairs. At age
7 years, he progressively lost motor skills. Vision
loss and cognitive decline started at around age
8 years.

Neurological examination showed bilateral optic
atrophy, swallowing problems and dysarthria. He had
proximal and distal weakness with upper limb amy-
otrophy, foot deformity and spastic tetraparesis with
increased deep tendon reflexes and positive Babin-
ski sign bilaterally. Coordination was impaired, he
had limb ataxia and difficulty in walking. He showed
urinary and bowel incontinence. He had learning
difficulties with dysarthria, delayed speech and lan-
guage development (Fig. 1).

Electromyographic findings showed myogenic
changes and muscle biopsy revealed cytochrome ¢
oxidase (COX) negative fibers. Laboratory blood
results (including CK, ALT, AST, lactic acid) were
all normal. Metabolic examinations showed nor-
mal organic acids, amino acids and lysosomal
enzymes. Cranial MR revealed progressive cerebral
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Fig. 1. Patient 1, homozygous for ¢.472insC (p.His158ProfsTer8). (a) Neurological examination of the patient shows bilateral optic atrophy,
upper extremity amyotrophy, proximal and distal weakness and spastic tetraparesis. Pedigree of the family and Sanger sequencing show
segregation of the TACOL1 variant in family members. The proband is homozygous and his mother, father and unaffected siblings are
heterozygous for the TACOI; ¢.472insC variant. (b) Cranial MR imaging demonstrate progressive cerebral atrophy and T2 hyperintense

periventricular white matter lesions (arrows).

atrophy and profound T2 hyperintense periventricu-
lar white matter lesions. Additionally, abnormalities
of visual and auditory evoked potentials were
recorded.

Family 2

The patient is a 39-year-old female, born after an
uneventful pregnancy without complications to con-
sanguineous parents, both originating from the same
small village in Turkey. Her psychomotor develop-
ment was delayed and she tended to walk on tiptoes.
From age 4 years her spastic gait disturbance wors-
ened significantly. At 15 years of age she was still able
to walk independently for few meters while requir-
ing a wheelchair to navigate longer distances. At age
27 years her ability to walk was reduced to <10m
with walking aids, around age 30 years she became
wheelchair-bound. Her cognitive development was
also delayed with delayed speech and language devel-
opment and a learning disability; after leaving school

at 20 years of age she started working at a sheltered
workplace.

Neurological examination at age 39 years showed
severely reduced visual acuity, dysarthria, cerebel-
lar ataxia with saccadic pursuits and upper limb
ataxia with intention tremor. She had brisk upper
limb reflexes, pyramidal signs and reduced fine motor
skills of the upper limbs and severe spastic paraplegia
of the lower limbs with adductor and knee extensor
spasticity (° 3—4 on the Ashworth scale), generalized
lower limb weakness (~3/5 on the MRC scale), brisk
reflexes and extensor plantar sign. Ophthalmological
examination confirmed an optic atrophy, progressive
over time; no retinal changes were noted on fun-
doscopy (Fig. 2). Motor evoked potentials confirmed
affection of the corticospinal tracts to upper and lower
limbs. Visually evoked potentials demonstrated pro-
longed P100 latency. Nerve conduction studies were
reported normal at age 28 years but indicated a sen-
sorimotor peripheral neuropathy later in the disease
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Fig. 2. Patient 2, homozygous for ¢.252_253delCT (p.Cys85PhefsTerl5). (a) Pedigree of family and Sanger sequencing show that the prob
and is homozygous and her mother and father are heterozygous for the TACO1¢.252_253delCT variant. (b) Baseline MRI image at the
sulcal widening (arrows in i and ii) as well as cystic lesions that demonstrate CSF like signal behavior in the FLAIR (iii). The infratentorial
T2-weighted image (vi)demonstrates hyperintensities within the middle cerebellar peduncle (asterix) and within the cerbellar white matter
retinal nerve fiber layer (RNFL) (ii). The foveal depression is flattened due to atrophy of the ganglion cell layer (GCL) and retinal nerve
fiber layer (RNFL) (see * in (iii)). All other retinal layers are intact; in particular, there are no signs or chorioretinal atrophy. Best corrected
visual acuity was 20/400 (right eye) and 20/250 (left eye), the subject was legally blind (according to WHO definition). Images for the left
eye are shown; all changes were present in both eyes.

course (first noted at age 34, progressive at age 39). Cranial MRI showed slowly progressive confluent
Electromyography of the extensor carpi radialis mus- T2 hyperintense signal changes of the periventricular
cle revealed small, short and polyphasic potentials and cerebellar white matter and middle cerebel-
with early recruitment and a full interference pattern, lar peduncles with multiple cystic defects, internal

indicating myopathic changes (age 27 years). cerebral atrophy with dilatation of the lateral ventri-
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cles and thin corpus callosum. In the white matter,
several areas with disturbed diffusion were noted,
only some of which corresponded to areas of ADC
reduction. No morphological or signal changes were
noted in the area of the basal ganglia (Fig. 2). MRI
spectroscopy revealed a strong lactate peak, indicat-
ing mitochondrial disease.

The probands and unaffected family members
were consented for research that was approved by
Dokuz Eylul University, School of Medicine Institu-
tional Review Board (family 1) and the University of
Tubingen School of Medicine Institutional Review
Board (family 2). Informed consent was obtained
from all family members that were recruited to
the study prior to participation including for whole
exome sequencing and the publication of medical
information.

Whole exome sequencing and Sanger sequencing

DNA isolation from peripheral blood was done
according to a standard protocol. Whole exome
sequencing (WES) was performed on DNA obtained
from index, unaffected siblings and parentsof fam-
ily 1 at the Broad Institute of MIT and Harvard,
using Illumina Exome Capture Kit (38 Mb tar-
get) and in family 2 at the Hussman Institute
for Human Genomics (HIHG) at the University
of Miami, using Agilent SureSelect Capture (v4,
51 Mb). Sequencing data was processed at the
Centro Nacional de Analisis Genomico (CNAG),
Barcelona, and data analysis carried out on the
RD-Connect Genome-Phenome Analysis Platform
(https://platform.rd-connect.eu/genomics) for family
1 and analyzed on the Genesis web-based analysis
and collaboration platform (https://www.genesis-
app.com) maintained by the Genesis Project Founda-
tion (https://www.tgp-foundation.org) [6] for family
2 using standard filtering criteria for rare diseases,
including Minor Allele Frequency (MAF) <0.01,
Variant Effect Predictor (VEP)=moderate/high
and Combined Annotation Dependent Depletion
(CADD) >20.

Haplotype analysis

We selected 18 SNPs in TACO! and in the
surrounding genes in the proximity of the c.472insC,
p.His158ProfsTer8 mutation. the Sequence infor-
mation surrounding each of 18 SNPs of interest
(and TACOI) was obtained via the USCS genome
browser (https://genome-euro.ucsc.edu/index.html)

(GRCh37/hgl19 assembly) and primers to amplify
these regions were designed using the Primer3web
application (http://primer3.ut.ee/) (available on
request). Purified PCR products were sequenced
with an Applied Biosystems 3730x] DNA Analyser.
Sequences were analysed using Chromas version
2.6.6.

RESULTS

Whole exome sequencing (WES) in family 1
revealed the previously reported homozygous one
base-pair insertion at codon 472 in the TACOI
gene (c.472insC, p.His158ProfsTer8) in the index
patient that causes a frame-shift and creates a pre-
mature stop codon leading to the classification
pathogenic/damaging [1]. The variant was confirmed
by Sanger sequencing and was homozygous in the
patient and heterozygous in his parents and healthy
siblings (Fig. 1).

In family 2, a homozygous 2-bp deletion
(c.252.253delCT) was identified by WES and con-
firmed by Sanger sequencing. The change causes a
frame-shift and introduces a premature stop codon
(p-Cys85PhefsTer15). Both parents were heterozy-
gous for the change (Fig. 2).

As we identified the same ¢.472insC,
p-His158ProfsTer8 variant in family 1, which
we reported previously in another consanguineous
Turkish family, we studied whether this mutation
arose on the same haplotype. We identified 18 SNPs
surrounding the variant on exome sequencing of
family one and tested these in DNA of the index
patient from the original publication in 2009. Sanger
sequencing analysis showed that only one of the
18 variants was different in the original patient
compared to family 1 in this study, suggesting a
founder effect (Fig. 3).

DISCUSSION

Cytochrome c oxidase (COX) or complex IV is the
terminal electron acceptor in mitochondrial electron
transport chain [7, 8]. It functions as a dimer and its
monomer, with 13 subunits, is controlled by both the
nuclear and mitochondrial genome. The three largest,
catalytic subunits (COX I, II and III) are encoded by
the mitochondrial DNA. The remaining ten structural
subunits and many regulatory genes that have roles
in assembly and biogenesis of the COX enzyme are
encoded by nuclear DNA [7-9].
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a €.252_253delCT c.472dupC
J!,‘ 1 Exon 2 Exon3 Exond ons
L |
1 297 a.a
9 sToP
SToP p-His158ProfsTers
b p.Cys85PhefsTer1S

Chromosome  Position  dbSNP Ref Alt Family 111:1 Family 11:1  Family 11:2  IndexSubjectVv:5[1] INDEL Gene
17 59962242 A (<] G/G A/G AlG G/G INTS2
17 60766320 rs144406119 G A AJA G/A G/A AJA MRC2 RNUE-446P
17 61467043 rs553681911 € G G/G c/6 ¢/G G/G TANC2 ACD15923.1 RP11-269G24.3 RP11-269G24.7
17 61430196  rs56182741 G A AfA GfA G/A AfA TANC2 AC015923.1 RP11-269G24.3
17 61515412  rs4968774 G 1] TIT G,'T GIT Tf|' CYB561

61611957 G A KCNHE
-_-—
17 61782499 rs376362178 T STRADALIMD2 RP11-51F16.8

17 61842109 rs13845809 € A AIA C.'A CIA AV'A ccocs7
17 61902460 rs535993552 A G G/6 AlG AlG G/G PSMCS FTSJ3
17 61915114  rs376732098 c T L/is o o T SMARCD2 RN7SLBOSP
17 61995018  1s3744287 A G G/6 A/G AlG G/G GH1CSHL1
17 62223680 rs201014257 GGT G G/G GGT/G GGT/G G/G Yes TEX2 SNORD104SNORA76
17 62226691 rs16947434 T ¢ o/c T/C T/C cjc TEX2 SNORD104 SNORA76
17 62265425 15563150024 A i T AT AT T TEX2
17 62290699 rs115208876 G A A/A G/A G/A AR TEX2
17 62385632 rs59912124 A AC AC/AC AJAC AJAC AC/AC Yes RPL31PS7
17 62385633 rs781923648 A AAACAAAG  AAACAAAG/AAACAAAG AfAAACAAAG AJAAACAAAG AAACAAAG/AAACAAAG Yes RPL31P57
17 62523388 rs541789669 TA T T TAT TAT T Yes CEPSS

Fig. 3. Schematic representation of exon-intron structure of TACO/I and the mutations detected in our patients. (a) Schematic repre-
sentation of exon-intron structure of the TACO! gene and the reported mutations c.472insC (p.His158ProfsTer8) andc.252_253delCT
(p-Cys85PhefsTer15). (b) Haplotype analysis of the SNPs in the proximity of the ¢.472insC (p.His158ProfsTer8) mutation suggesting a

founder effect for this variant.

In 2010, Seeger et al. [3] described in detail
the clinical presentation of the original and sin-
gle consanguineous Kurdish family with 5 affected
individuals homozygous for a frame-shift muta-
tion that results in truncated TACO1 protein [2].
Here, we describe two additional families: one
patient carried the previously described homozy-
gous TACOI variant (p.His158ProfsTer8), and a
second patient from another family carried a homozy-
gous novel frame shift variant (p.Cys85PhefsTer15).
Clinical phenotype of the patients confirms the
originally reported phenotype of a childhood-onset
progressive cerebellar and pyramidal syndrome with
optic atrophy and learning difficulties. Hyperintense
periventricular white matter lesions with multiple
cystic defects, suggesting leukoencephalopathy were
the most prominent MRI changes common in all
patients, however thin corpus callosum, white matter
changes in the cerebellum and brainstem and progres-
sive cerebral atrophy were also reported in the MRI
of some affected individuals. The clinical and MRI
findings of our patients are strikingly similar to the
originally reported phenotype.

There are no additional mutations reported in
TACOI in the last 10 years, however a Taco]™"/™mut

mouse model has been recently reported. The pre-
sentation of the Tacol™ Y™ mice with late-onset
visual impairment, motor dysfunction is similar to
the phenotype observed in patients [5], except for
cardiac hypertrophy, which was detected in the
Tacol™/™4 mice, but not present in the patients.
This mouse model is useful to study the disease mech-
anism and may benefit future treatment studies in
TACOL1 deficiency.

Advances in NGS technologies led to the estab-
lishing of better clinical diagnosis and appropriate
management of the patients with clinically het-
erogeneous mitochondrial diseases. The patients
described in this study were initially suspected of
having a leukodystrophy based on the severe white
matter lesions on MRI or complicated Hereditary
Spastic Paraplegia (HSP) based on the progres-
sive spastic paraparesis and NGS resulted in the
diagnosis of mitochondrial disease. Our findings pro-
vide support for the hypothesis that the incidence
of mitochondrial etiology of neurogenetic disorders
with white matter lesions is more common than
expected.

Although we are not aware of a common ances-
tor relationship between family 1 reported here
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and the previously reported family, haplotype anal-
ysis suggested that this variant is a rare founder
mutation. In summary, TACOI mutations present
with a childhood-onset, slowly progressive spas-
tic paraparesis, ataxia and optic neuropathy with
characteristic cystic white matter lesions in the
periventricular area and cerebellum. Screening for
¢.472insC variant in TACOI should be consid-
ered in patients, particularly from consanguineous
Turkish marriages, even without data on muscle
histology or respiratory chain deficiency. Although
most patients with this clinical presentation undergo
next generation sequencing analysis, screening for
selected founder mutations in the Turkish popu-
lation based on the precise clinical presentation
may reduce time and cost of finding the genetic
diagnosis even in the era of massively parallel
sequencing.
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