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ARTICLE INFO ABSTRACT

In our previously published study, we cared for 165 thiamine deficient Leigh syndrome (LS) patients who
presented in acute life threatening conditions with severe neurological abnormalities. However the molecular
basis for this atypical phenotype was not explored. This study is an effort to undermine the possible molecular
defects in mitochondria of those patients and put-forth an explanation towards this clinical presentation.

Protein coding genes of mitochondrial (mt) DNA were sequenced in total 165 LS patients and 94 age matched
controls. To understand their pathogenic significance, nucleotide variations were also studied using various in-
silico tools. Histochemical and electron microscopic analysis was also done in tissue samples obtained from 23
patients.

We observed a very high level of genetic heterogeneity across the mt DNA of all these patients. In the con-
cordance of published literature we also observed a large number of variations in ND5 gene (hot spot for LS). We
also observed a total 13 nucleotide variations across COX genes, which is otherwise not common in LS. As per in-
silico analysis, many of these variations were suggested to be pathogenic. Histochemical and electron micro-
scopic studies also suggested the defects in the mitochondria of these patients.

As these patients were thiamine deficient, hence we propose that genetic defects and thiamine deficiency may
together severely affect the ATP levelof these patients, leading to acute and life threatening clinical presentation.
Present study has opened up many avenues for further research towards understanding the genetic basis and
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possible role of thiamine deficiency in LS patients.

1. Introduction

Since its first description by Denis Archibald Leigh [1], Leigh syn-
drome (LS) has evolved as one of the defined clinical syndromes. It is a
sub-acute/chronic progressive neurometabolic disease with character-
istic pathological features and usually presents in infancy or early
childhood. Hallmarks of the disease are symmetrical lesions in the basal
ganglia or brain stem on MRI, and a clinical course with rapid dete-
rioration of cognitive and motor functions. It is known to be caused by
defect in mitochondrial metabolism, mostly due to mutations in mi-
tochondria DNA (mt DNA).The human mitochondrial genome is a
closed, circular molecule and located within the mitochondrial matrix.
It is typically 16,569 bp in length and each mitochondrion is estimated
to contain 2-10 mtDNA copies. As the mtDNA is present in close
proximity of site for ROS generation and also not protected by histone
like proteins hence the rate of mutations in mitochondrial genome is

very high. It is generally believed that mitochondria and mtDNA are
exclusively maternally inherited in humans but recently in year 2018
Luo et al. [2] have provided enough evidence to suggest in certain
cases, the offspring may carry mtDNA of his/her father and thus have
challenged the dogma of strict maternal mtDNA inheritance in hu-
mans.In last two decades, a large number of mutations in mitochondrial
and nuclear genes, which encodes for different components of the
oxidative phosphorylation system (OXPHOS), have been described in
LS patients [3-7]. Thus these patients exhibit high level of genetic
heterogeneity.

In addition to genetic heterogeneity, the phenotypic expression of
LS is furtherknown to be modulated by deficiencies like vitamins and
CoQ [8-11]. Thiamine (vitamin B1) deficiency is one of the common
factors for occurrence of brain related abnormalities [12,13] and thia-
mine supplementation is also recommended as immediate treatment for
LS [14]. In some cases, dysfunction in pyruvate dehydrogenase complex
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is also reported to be associated with thiamine responsive Leigh syn-
drome [15]. Many of the time the study and cure of these LS patients is
found to be complex mainly because of its high level of genetic and
phenotypic heterogeneity.

LS in India have hardly been explored and very little data exists
concerning its etiology and clinical course [16-18]. As an attempt to-
wards the same, in our previous studies [19] we had clinically in-
vestigated a total of 165 LS patients from southern region of India. Most
of these patients were infants with mean age of onset at 7 months. All
the patients were analyzed on the basis of clinical picture, biochemical
parameters, and radiological features. It was found that, most of the
patients were thiamine deficient and presented with acute neurological
manifestations and severe respiratory abnormalities, which are not the
typical presentation of LS. Because of acute life threatening condition
with respiratory disturbances, neurological abnormalities and thiamine
responsiveness of these patients, their phenotype was proposed to be an
atypical presentation of LS. However the molecular defect behind this
atypical presentation was not investigated. Hence, in an attempt to
understand the etiopathogenesis, structural and functional abnormality
of mitochondria and the genetic defect in mtDNAof these thiamine
responsive LS patients, the study was conducted further.

2. Materials and methods

Total 165 well characterized, thiamine responsive LS patients and
94 age as well as ethnicity matched control children were enrolled in
the study. These patients were diagnosed based upon different clinical,
biochemical and brain imaging based methods [19]. A detailed pro-
posal with the design of the study and format for the informed consent
was submitted to the Institutional ethics committee of Centre for Cel-
lular and Molecular Biology, Hyderabad and Government Institute of
Child Health, Niloufer Hospital for Women and Children, Hyderabad,
India. Written informed consent was obtained from the parents in ac-
cordance with the IEC approved protocols.

2.1. Histochemical staining and electron microscopic analysis of muscle
samples

As most of these patients were admitted in acute life-threatening
condition, muscle samples were obtained from 23 patients only. A
1 x 1cm? piece of muscle was removed by open biopsy from the
vastus-lateralis muscle of these patients and processed further for his-
tochemical and electron microscopic analysis. The basic structure and
organization of the tissue was evaluated by haematoxylin and eosin
staining. The subsarcolemmal aggregation of mitochondria was eval-
uated by modified Gomori'strichrome (MGT) and Masson trichrome
staining. The presence of excess amount of neutral lipids and poly-
saccharides was assessed by Oil red O and Periodic acid-schiff. Fiber
typing was done by evaluating the activity of adenosine triphosphatase
at pH 9.4 and 4.6. Other enzymes such as succinic acid dehydrogenase
(SDH), NADH-tetrazoliumreductase (NADH-TR), and cytochrome c
oxidase (COX) were also studied for their activity in these samples, as
per standard protocol [20].

In orders to investigate the structural abnormality of mitochondria,
a 1mm? biopsy sample was also used for transmission electron micro-
scopic analysis.

2.2. Genetic analysis

For genetic screening of coding region of mtDNA, total 5 ml of EDTA
anticoagulated blood was mixed with erythrocyte lysis buffer (ELB) in
1:4 ratio and total volume was made up to 20 ml. This mix was in-
cubated on ice for 15 min. The lysate was centrifuged at 3000 rpm for
10 min at RT and pellet was suspended in 5ml of ELB supplemented
with 1% SDS and Proteinase K (160 pg/ml of blood) and was incubated
at 37 °C overnight. Further the total genomic DNA was precipitated and
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isolated using salting out method as described by Miller et al. in 1988
[21].

Because of the thiamine responsiveness of these patients, initially
PDHElagene was screened in all the LS patients and controls.
Following it, the protein coding region of entire mitochondrial genome
was amplified using published primer sequences [22] and sequences of
amplified fragments were confirmed using the Dideoxy method of DNA
sequencing as developed by Sanger et al. [23]. For sequencing, ABI
PRISM DNA sequencing kits were used as per manufacturer's proto-
col.The data was analyzed and compared with mitochondrial genome
sequence obtained from NCBI and nucleotide variations in mitochon-
drial genome as reported at www.mitomap.org.

2.3. Insilico analysis of non-synonymous mutations

Several nucleotide changes found in our study were either novel or
have already been reported in other mitochondrial disorders. In order
to suggest the possible pathogenic effect of all these non synonymous
changes on their respective proteins, various in-silico tools such as
Clustal W, SIFT (Sorting Intolerant From Tolerant; http://blocks.fhcre.
org/sift/SIFT.html), PolyPhen (Polymorphism Phenotype; http://www.
borl.embl-heidelberg.de/PolyPhen/) and GOR4 (http://workbench.
sdsc.edu) were used to predict the potential of every non-synonymous
mutations.

3. Results
3.1. Electron microscopic and histochemical analysis of muscle samples

Histological examination showed the differences in fiber shape, size
and their distribution in several patients. Fifteen out of twenty three
patients showed predominance of type I fibers and atrophy of type II
fibers (Fig. 1). Two patients showed interstitial fibrosis on Masson's
Trichrome stain and the interstitium of one patient showed increased
adipose tissue after staining with Oil red O stain. Red Ragged Fibers
(RRF) was not found in any of the patient. The enzymatic activity of
SDH, NADH and COX was found to be normal in all the tissue samples
(data not shown).On electron microscopic analysis, various structural
abnormalities in mitochondria of these samples were observed. These
abnormalities included diffused cristae, vacuoles, abnormally elongated
and rudimentary mitochondria as well. Few samples showed increased
number of mitochondria too, whereas some samples had no mi-
tochondria at all (Fig. 2).

3.2. Absence of nucleotide variation in PDHE1a gene but mitochondrial
genome was genetically highly heterogeneous

Though these patients were thiamine deficient and mutations in
PDHEla gene is commonly associated with thiamine deficient pheno-
types. However in our study, these patients did not carry any of the
reported/novel mutation in their PDHEla gene (data not shown). On
the other hand, a total of 100 non-synonymous (Table 1) and 296 sy-
nonymous changes (data not given) were identified across the protein-
coding regions of mitochondrial genome of these patients. Out of 100
non-synonymous changes, 80 were reported and 20 were novel nu-
cleotide variations. Most of the non-synonymous changes were homo-
plasmic in nature and absent in controls.The important variations
across mtDNA of these patients are represented as Fig. 3a and b.

Approximately, 50% of the nonsynonymous variations were spread
across different mitochondrial genome encoded subunits of complex I
(ND1-ND6, NDA4L). Variation found in ND1, ND2 and ND3 genes had
also been reported in association with several other neurological dis-
orders such as, Leber hereditary optic neuropathy (LHON) [24-26],
Multiple Sclerosis (MS) [27,28], Parkinson's disease (PD) and Alzhei-
mer's disease (AD) [29-31]. ND4 and ND5 genes, which are known to
be the commonest hot spot for LS, were also found to have total 6 and
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Fig. 1. Histochemical analyses showing functional defect of mitochondria in muscle biopsy samples of patients with LS. a. Type I predominance. b. Type II fiber
atrophy. c. Granules on MGT. d. Masson Trichrome showing fibrosis. e. Interstitial fibrosis. f. Increased adipose tissues and fibrosis.

Fig. 2. Electron microscopic analyses showing structural defect of mitochondria in muscle biopsy samples of patients with LS. a. Normal mitochondrial length
spanning between two Z bands of a sarcomere. b. Abnormally elongated mitochondria spanning through 3 z-bands of a sarcomere c. Increased number and elongated
mitochondria. d. Rudimentary Mitochondria. e. Mitochondria with diffused cristae. f. No mitochondria between muscle fibers. g.Vacuolated mitochondria. h.
Atrophic muscle fiber.
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Table 1
Distribution of total nucleotide changes across coding part of mitochondrial
genome of LS patients.

Enzyme mt gene  Reported non- Novel non- Synonymous
synonymous synonymous changes
changes changes

Complex I ND1 2 25

ND2 11 1 20
ND3 1 9
ND4 6 0 44
ND4L 0 6
NDS 11 7 64
ND6 0 11
Complex IIT CYT B 11 0 29
Complex IV COX 1 3 3 30
COX II 3 3 15
coxm 1 0 28
Complex V ATPase6 18 2 13
ATPase8 1 2
Total changes 80 20 296

18 nucleotide variations in patients, respectively. Amongst 18 non-sy-
nonymous changes of ND5 gene, 7 were novel and 11 had been re-
ported in other mitochondrial disorders. G13135A was the most
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common mutation of ND5 gene and present in 16 patients. The next
common variations were A13966G and A14128G, which were inter-
estingly always found together in 8 patients. Many of the patients were
found to carry variations commonly associated with LHON phenotype
(Table 2).

Next to ND genes, CytB gene was found to have total 11 variations
in thesepatients. Except a common polymorphism G15326A, majority
of them were found in patients only. G14831A which is a proven cause
for LHON was also found to be present in two patients but none of the
controls.

Though, not much report is available with respect to the mutations
in mtDNA encoded components of complex IV and their association
with LS phenotype. However, as per our study, total 13 nucleotide
changes were found across COX I, COX II and COX III genes. Five out of
thirteen mutations were novel and have never been reported in any of
the mitochondrial disorders but remaining eight nucleotide changes
have been reported either a proven cause or as polymorphisms in sev-
eral mitochondrial disorders (Table 2).

Additionally, total 20 non-synonymous were identified in the
ATPase6 gene (mtDNA encoded subunit of complex V) of these patients.
Two out of 20 non-synonymous changes were novel and remaining has
been reported mostly as polymorphisms in several mitochondrial
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Fig. 3. Sequencing results showing important variations across protein coding region in mtDNA of LS patients. a. Variations across ND2, ND4, COX I, ATPase6 genes.

b. Variations across ND5 gene (known hot spot gene in case of LS).
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b.

TAATAACCAT CACTACTATA CTTACCACCC
T AATAGCCAT CACTTCTATA CTTATCACCC

A12340G Al12352T C12398T
CATAATATTC CGTAGCCTTC A CATATCATA
CATAACATTC C.G. TAGG YT C A CUAT CIT CoAT A

[ X\
T12599C C13244G Al13539G
CT ¢ AACTACC C.CTCC 1K GATC
¢ T C AGCTACC CICTC C A A GTAIC
[ |
1
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AGACCAAA CC TECCT A G CECCT

Fig. 3. (continued)

95



S. Mani, et al.

Journal of the Neurological Sciences 404 (2019) 91-100

Table 2
All the non-synonymous mutations in protein coding mitochondrial genes of LS patients &controls and their in-silico analysis.
Mt Gene nt change AA change Het/Homo  No. of patients No. of control  Clustal W  In silico analysis GOR 4 Association
(N =165) (N =94)
PolyPhen SIFT (Analysis
(Analysis Score)  Score)
Complex I
ND1
1 G3316A A4AT Homo 1 1 NC B (0.211) TOL (0.78) C-C DM, LHON, PEO/Unclear
2 A3385G 127v Homo 1 0 NC B (0.167) TOL (1.00) C-C NR
4 C3476T T571 Homo 2 0 NC B (0.092) TOL (0.92) C-H NR
5 A3505G T67A Homo 1 1 PC B (0.387) INTOL (0.02) C-C MERRF/Unclear
3 G3640A Al12T Homo 1 0 PC B (0.138) TOL (0.24) C-C POL
6 A3796G T164A Homo 1 0 PC B (0.761) TOL (0.69) E-H Adult onset dystonia/
Proven
7 C4025T T240 M Homo 1 0 NC B (0.226) TOL (0.09) C-C LHON, occipital stroke/
POL
8 G4048A D248N Het 1 0 NC B (0.627) TOL (0.47) C-C LHON/POL
9 A4093G T263A Homo 1 0 NC B (0.486) TOL (0.36) C-H LHON/POL
10 T4216C Y304H Homo 1 0 NC B (0.839) TOL (0.67) E-C PD, LHON, MS/POL
ND2
1 G4659A A64T Homo 1 1 PC B (0.613) INTOL (0.00) H-C LHON/POL
3 A4824G T119A Homo 1 0 C B (0.998) TOL (0.08) C-C LHON, PD/POL
4 A4842G T125A Homo 2 0 NC B (1.082) TOL (0.28) C-C NR
5 A4965G S166G Homo 1 0 NC B (0.989) TOL (1.00) Cc-C POL
6 G5046A V1931 Homo 2 0 PC B (0.428) TOL (1.00) E-E Hearing loss/POL
7 T5074C 1202T Homo 1 0 PC B (0.701) TOL (0.08) E-C LHON/POL
8 A5301G 1278V Homo 6 1 PC B (0.285) TOL (0.25) E-H PD/POL
9 A5319G T284A Homo 3 2 PC B (1.4 INTOL (0.02) H-H PD/POL
10 G5460A A331T Homo 5 4 NC B (0.737) TOL (0.42) H-E AZ, PD, LHON, PE/POL
11 T5493C F342L Homo 2 0 PC B (0.307) TOL (0.68) C-C POL
12 T5503C M345T Homo 2 0 NC POS (1.503) TOL (0.63) E-E POL
ND3
1 T10084C 9T Homo 1 0 PC B (0.146) TOL (0.25) H-H ME/POL
2 A10188G M44V Homo 1 0 PC B (0.231) TOL (0.07) Cc-C NR
3 T10237C 160T Homo 1 0 C PRB (3.4) TOL (0.38) C-C LHON/Proven
4 A10398G T114A Homo 83 35 PC B (0.052) TOL (0.88) E-E Breast cancer, AD,
ND4 PD/Proven
1 C10980G P74R Homo 1 0 C PRB (2.96) TOL (0.08) H-H Hearing loss/POL
2 A10988C 177L Homo 1 0 PC B (0.595) TOL (1.00) H-H Hearing loss/POL
3 C11061T S101F Homo 2 0 PC B (0.168) TOL (0.20) H-H POL
4 G11150A A131T Homo 1 0 PC B (0.759) TOL (0.18) H-H Ovarian carcinoma/POL
5 C11151T A131V Het 3 0 PC B (0.756) TOL (0.27) H-H POL
6 C11288G L177V Homo 3 0 PC B (0.458) TOL (0.50) H-H POL
ND4L No mutation
ND5
1 A12340G T2A Het 1 0 PC Unknown TOL (0.53) C-C POL
2 A12352T T6S Homo 1 0 PC Unknown TOL (1.00) E-C NR
3 C12398T T211 Homo 1 0 PC Unknown TOL (0.41) E-E NR
4 G12406A V241 Het 2 0 NC B (0.45) TOL (0.59) C-E LHON, Hearing loss/POL
5 A12469G 145V Homo 1 0 PC B (0.738) TOL (0.10) E-E POL
6 T12599C M88T Homo 1 0 PC B (0.998) TOL (0.33) Cc-C NR
7 G12940A A202T Het 1 0 NC B (0.182) INTOL (0.05) E-E POL
8 G13135A A267T Het 16 0 PC B (0.664) TOL (0.28) C-C LHON, PD, ME, IC/POL
9 C13244G A303G Homo 1 0 C B (1.528) INTOL (0.03) E-E NR
10 A13539C M4011 Het 1 0 PC B (1.024) TOL (0.12) C-C NR
11 G13708A A458T Het 5 3 PC B (0.694) TOL (0.35) H-H LHON, MS/POL
12 G13759A A475T Het 1 0 NC B (0.566) TOL (1.00) C-C Many mt disorders/POL
13 A13850G N505S Het 1 0 PC B (0.465) TOL (0.48) H-H NR
14 T13879C S515P Het 1 0 PC B (0.407) TOL (0.25) C-C LHON/POL
15 A13966G T544A Het 8 0 PC B (0.539) TOL (0.58) C-H LHON, PD, MS/POL
16 T13994A L553Q Homo 1 0 C POS (1.68) INTOL (0.00) H-H NR
17 T14000A L555Q Het 1 0 C B (0.061) TOL (0.68) H-H POL
18 A14128G T598A Het 8 3 PC B (0.28) TOL (0.52) E-E POL
ND6
1 C14553T V411 Homo 1 0 NC B (1.102) TOL (0.11) H-H POL
Complex III
CytB
1 G14831A A29T Homo 2 0 PC B (0.038) TOL (0.12) H-C LHON/Proven
2 C14990T L82F Homo 2 1 PC B (1.471) INTOL (0.02) E-E POL
3 G15110A A122T Homo 2 1 PC B (0.244) TOL (0.63) H-H Deafness/POL
4 A15113G T123A Homo 1 0 PC B (1.441) INTOL (0.00) H-H POL
5 G15119A A125T Homo 2 0 C B (0.398) INTOL (0.00) H-C POL
6 T15287C F181L Homo 6 2 PC B (0.877) TOL (0.09) C-H Diabetes and deafness/POL
7 A15326G T194A Homo 114 89 PC B (0.391) TOL (0.20) H-H Many mt disorders/POL
8 G15431A A2290T Homo 5 1 NC B (0.208) INTOL (0.04) H-C POL
9 C15452A 12361 Homo 1 1 PC B (0.25) TOL (1.00) H-H Many mt disorders/POL
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Mt Gene nt change AA change Het/Homo  No. of patients No. of control  Clustal W  In silico analysis GOR 4 Association
(N =165) (N =94)
PolyPhen SIFT (Analysis
(Analysis Score)  Score)
10 T15479C F245L Homo 3 0 C B (0.936) INTOL (0.00) C-C POL
11 A15758G 1338V Homo 2 0 C B (0.619) TOL (0.08) C-C Many mt disorders/POL
Complex IV
COX 1
1 G6036A G45S Het 3 0 C POS (1.824) TOL (0.06) H-H NR
2 C6250T All6V Homo 1 0 PC B (1.066) TOL (0.45) H-H NR
3 T6253C M117T Homo 3 0 PC B (0.951) TOL (0.21) H-H Prostate cancer/Proven
4 G6267A A122T Homo 1 0 C B (0.386) TOL (0.08) C-C Pancreatic & Prostate
cancer/Proven
5 G7269A V456 M Homo 0 PC B (0.952) INTOL (0.05) C-C NR
6 T7389C Y496H Homo 1 0 PC B (0.647) TOL (0.55) E-C Thyroid tumor/POL
COX II
1 C7681A F32L Homo 2 0 PC B (1.299) TOL (0.54) H-H POL
2 A7746G N54K Homo 1 0 PC POS (1.64) TOL (0.33) C-E NR
3 G7775A V641 Homo 1 0 PC B (0.287) TOL (1.00) H-H NR
4 G7830A R82H Homo 1 0 PC POS (2.12) TOL (0.07) H-H POL
5 G7859A D92N Homo 2 0 PC B (0.124) TOL (1.00) C-C PE/Proven
6 G8027A A148T Homo 1 0 PC B (0.204) TOL (1.00) C-C POL
COXIIT G9966A V2541 Homo 3 0 PC B (0.087) TOL (0.57) C-C Many mt diseases/POL
Complex V
ATPase 6
1 A8537G N4s Homo 1 0 PC B (1.051) TOL (0.68) C-C POL
2 G8557A A11T Homo 3 0 PC B (0.546) TOL (0.73) C-C Metabolic diseases/POL
3 A8566G 114V Homo 1 0 PC B (0.45) TOL (0.54) C-C POL
4 G8581A A19T Homo 2 0 PC B (0.37) TOL (0.14) H-C Cardiomyopathy/POL
5 G8584A A20T Homo 5 3 C B (0.227) TOL (0.29) H-C LHON/POL
6 G8587A V21 M Homo 1 0 PC B (0.524) TOL (0.16) H-H Optic neuritis/POL
7 T8594C 123T Het (3), 8 0 PC PRB (2.18) TOL (0.27) H-H Many mt Disorders/POL
Homo (5)
8 T8632C Y36H Het (1), 3 0 PC B (0.644) TOL (0.18) C-H NR
Homo (2)
9 T8654C 143T Homo 1 0 PC B (0.405) TOL (0.60) E-C POL
10 A8659G T45A Homo 2 0 PC B (0.4161) TOL (0.14) E-H POL
11 A8701G T59A Homo 93 51 PC B (0.223) TOL (0.56) E-H Many mt Disorders/POL
12 A8812G T96A Homo 4 0 C B (0.729) INTOL (0.01) C-H Hearing loss/POL
13 A8860G T112A Homo 164 53 PC B (0.601) TOL (0.23) H-H Many mt Disorders/POL
14 G8863A V113M Homo 1 0 C POS (1.657) TOL (0.13) H-H NR
15 T8987C M154T Homo 1 0 PC POS (1.621) INTOL (0.02) H-H Many mt Disorders/POL
16 G9053A S176N Het (2), 3 0 PC B (0.055) INTOL (0.01) C-C Hearing loss, LHON/POL
Homo (1)
17 C9094T L190F Homo 1 1 PC B (0.283) TOL (0.77) C-C POL
18 T9103C F193L Homo 1 0 PC B (1.091) TOL (0.88) H-H Glaucoma/POL
19 T9110C 1195T Homo 1 2 PC B (1.078) TOL (0.18) H-H POL
20 T9128C 1201T Homo 1 0 PC B (1.053) INTOL (0.03) H-H Hearing loss/POL
ATPase 8
1 A8396G T11A Homo 1 2 PC B (0.598) TOL (0.10) E-E POL
2 C8472A P36H Het 3 0 PC B (0.274) TOL (0.77) C-C NR
3 A8502G N46S Homo 4 3 PC B (0.189) TOL (0.29) C-C POL
4 A8508G N48S Homo 1 0 PC B (1.09) TOL (0.34) C-E Hearing loss/POL
5 A8537G 158V Homo 1 0 C B (1.061) TOL (0.08) E-E POL

disorders. Out of two novel changes, T8632C and G8863Awerepresent
in only three and one patient, respectively. A8860G and A8701G were
present in total 164 and 93 patients, respectively, regarded as most
common nucleotide change observed in present study (Table 2).

3.3. Several novel changes in coding region of mitochondrial genome found
to be damaging by in-silico analysis

As a result of in-silico analysis of all the nonsynonymous nucleotide
variations, total 48 non-synonymous changes across different mi-
tochondrial genes were found to affect the respective mitochondrial
proteins (Table 2). These 48 non-synonymous changes were present
exclusively in patients and were comprised of 21, 7, 6 and 14 nucleotide
changes in mitochondrial components of complex I, III, IV and V, re-
spectively. Clustal W analysis showed that total 15 changes affected the
highly conserved residues in respective proteins. SIFT and PolyPhen
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analysis together predicted total 30 changes to be intolerable for their
respective proteins. GOR4 analysis showed that atleast 23 nucleotides
changes affected the secondary structure of respective proteins in dif-
ferent ways.

The nucleotide changes T10237C (160T) and C10980G (T114A) in
ND3 and ND4 genes, respectively, altered a highly conserved amino
acid residue and PolyPhen analysis showed both the changes to be
“probably damaging” for the respective proteins. ND5 gene carried a
novel nucleotide change T13994A (L553Q) in the patients. This change
affected the highly conserved amino acid residue and was predicted to
be INTOLERANT and “possibly damaging” for the protein by different
tools. The only mitochondrial subunit of complex III, CytB also har-
bored a mutation, G15119A (A125T), which affected a highly con-
served residue, altered secondary structure of protein from alpha helix
to random coil and was shown to be INTOLERANT by SIFT analysis.
Similarly, G6036A (G45S) a novel nucleotide change in COX I gene
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changed the highly conserved amino acid residue and PolyPhen sug-
gested this change to be “possibly damaging” for the COX I protein.
Additionally, one mutation A7746G (N54K) in COX II gene could also
be of significance as GOR4 analysis showed this mutation to affect the
secondary structure of COX II protein and it was also shown to be
“possibly damaging” for the protein by PolyPhen analysis. Other than
the above-mentioned nucleotide changes, there were large number of
nucleotide changes across the different coding region of the mi-
tochondrial genome of these patients and were found to affect the re-
spective protein by different in-silico analyses (Table 2).

4. Discussion

Study of muscle biopsy samples of 23 patients showed corroborative
evidence of structural and functional defects of mitochondria in their
electron microscopy and histochemistry, respectively. The mitochon-
drial structural abnormalities of these patients, such as diffused cristae,
increased number of mitochondria and elongation of mitochondria are
commonly reported in several mitochondrial diseases [32,33]. Histo-
chemical analysis also showed various defects in terms of fiber type
distribution and shape as well as size of mitochondria, which are known
to be reported in association with different neurological disorders such
as early onset hypotonia [33,34] and myopathies [35,36]. Along with
difference in the fiber type distribution, presence of fibrosis and in-
crease of adipose tissue in muscle fibers of these patients indicated
towards a kind of cell damage due to inflammation of muscle fibers and
a defective mitochondrial metabolism, respectively. Neither the RRF
nor any specific enzyme deficiency was identified in the biopsy samples
of these patients. However, relative paucity or absence of RRFs is
known to be common in muscle biopsies of patients with mitochondrial
cytopathiessuch as LHON, neuropathy ataxia and retinitis pigmentosa
(NARP) [36-39]. Similarly, NADH-dehydrogenase stain rarely shows a
pattern of decreased activity to suggest the underlying defect, as it has
been reported in several cases with severe complex I defect [38,40].
The muscle biopsies are found to be frequently normal in mitochondrial
disorders like LHON, which are associated with mutations in various
mitochondrial genes [38].

On screening the entire protein coding region of mitochondrial
genome, it was observed that in spite of having a very homogeneous
clinical presentation these patients had a varied genetic spectrum. A
large number of reported and novel nucleotide changes were observed
in these patients. Out of total 100 non synonymous changes, 80 var-
iations were exclusively present in patients and were able to project the
variation in mtDNA of 143 patients. Remaining 20 non synonymous
changes were identified in control as well but interestingly none of
these variations were novel in nature.Across the entire mtDNA, the
largest number of nucleotide variations was observed in the mt genes
encoding subunits of complex I (ND1-ND6, ND4L).At the outset T4216C
variation was observed only in one patient. However, thepublished
studies have identified its association with different neurological dis-
orders such as LHON, PD and MS, highlighting the significance of this
variation in our patient too. Though T4216C is suggested to weakly
associate with PD [41] and even in case of MS also it was not found to
be significantly associated with the phenotype as per the reports pub-
lished till 2015 [27]. However, as per the meta-analsyis and systemic
reviews, it was suggestedto be one of the important variations, re-
sponsible for susceptibility for MS [28]. In addition to MS, the presence
of this variation in LHON patients isalso known to increase the pene-
trance and expressivity of LHON associated mutations [42].Aheter-
oplasmic G13135A change was present in ND5 gene of 16 patients but
absent in controls. This change has already been reported in association
with LHON, PD, mitochondrial myopathy, idiopathic cardiomyopathy
and many other mitochondrial disorders (Table 2) [43-45] and our
study also suggested that G13135A may affect the partially conserved
amino acid in ND5 protein. We further observed the co-existence
0fA13966G and C14128T n ND5 gene of 8 patients. As per our analysis,
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A13966G mutation was present in heteroplasmic condition and pre-
dicted to affect the secondary structure of ND5 protein by altering it
from random coil to beta sheet. The mutation, A13966G has been re-
ported in many mitochondrial disorders like LHON, PD and multiple
sclerosis [46,47]. This mutation along with other mtDNA mutations are
also reported to help in metastasis of cancer cells [48]. On the other
hand, the nucleotide change C14128T is reported as a polymorphism
[49,50]. Based upon the published literatures as well our study,
G13135A and A13966G/C14128T variations may be proposed to be a
potential pathogenic change in patients suffering from different neu-
rological disorders such as LHON, PD, MS mitochondrial myopathy,
idiopathic cardiomyopathy including LS. Hence, these variations may
be studied as a diagnostic marker for such phenotypes.

Another common mutation, G13708A was found to be present in
total 5 patients in this study. This mutation has already been reported
as a secondary mutation in more than 43% of the LHON patients and
shown to be pathologically significant on a specific haplotype back-
ground [51]. G13708A was also reported in patients suffering from
multiple sclerosis [52], further highlighting the significance of this
variation in our patients. Two novel changes of ND5 gene C13244G and
T13994A was also of significance in our study as it was predicted to
affect the highly conserved amino acid residues and were found to be
INTOLERANT by SIFT analysis. T13994A was further suggested to be
“Possibly damaging” for ND5 protein structure by PolyPhen analysis.
These predictions together indicated towards the pathogenic nature of
these novel nucleotide changes in ND5 gene.

Other ND genes of complex I was also found to have several nu-
cleotide changes. A3796G mutation in ND1 gene is a known pathogenic
mutation for adult onset of dystonia [53] and our study also predicted
this variation to alter the secondary structure of ND1 protein from beta
sheet to alpha helix. It was further important to observe that T10237C
change in ND3 gene which is a proven primary pathogenic mutation in
patients of LHON and PD [54,55], was observed in our patient too.
Further our in-silicoanalysis also predict this change to be “probably
damaging” for respective protein. Hence the pathogenic nature of
T10237C change may also be hypothesized for our patients.

Next to complex I, several mutations in CytB gene(mitochondrial
subunit of complex III) has been reported in patients with myopathy,
cardiomyopathy, exercise intolerance and myoglobinuria [56,57].
However, none of them has been reported for LS phenotype. In our
study, a few patients were found to carry G14831A, G15110A and
T15287C change in their CytB gene, which are known pathogenic
mutation for LHON, deafness and diabetes, respectively [58-60]). One
novel mutation G15119A which was present in patients only, is pro-
posed to affect a highly conserved amino acid residue and alter the
secondary structure of the protein from alpha helix to random coil. It
was also predicted to be intolerant for protein function.

As per literature, complex IV deficiency is mostly due to mutations
in nuclear genes which code for the proteins important for proper as-
sembly and functioning of this enzyme, but they are not the integral
component of the complex. However, in present study, several patients
had mutations in their COX genes (COX I, II, III). G6267A change in
COX I gene, which is a known pathogenic mutation for prostatecancer
and other neurological disorder [61,62], was observed in one patient
and proposed to affect a highly conserved amino acid residue. Further,
a novel change, G6036A was identified in COX I gene of three patients
that affected the highly conserved amino acid residue and predicted to
be “possibly damaging” for the COX I protein. Similarly, COX II gene
also harbored a novel change A7746G in the patients altered the sec-
ondary structure of COX II protein from random coil to beta sheet, at
specific position. In addition, A7746G mutation was also predicted to
be “possibly damaging” for COX II protein by PolyPhen analysis. Based
on the predictions of in-silicoanalysis and their existence in patients
only, both these novel changes are expected to affect the complex IV
activity.

Several reported and novel nucleotide changes were also observed
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in ATPase6 gene, which is an important mitochondrial subunit of
complex V. Two novel changes, T8632C and G8863A were present in
ATPase6 gene of three patients and were also predicted to alter the
secondary structure of ATPase6 protein. Thus, based on their in-silico
analysis and heteroplasmic status, both these changes seem to be pa-
thogenic in the present study, which can be confirmed by further stu-
dies. Other than these two novel changes, several polymorphisms such
asG8584A, T8594C, A8812G, T8987C G9053A and T9128C which have
already been reported in LHON, several mitochondrial disorders and
hearing loss [63-66] were also found in our patients. Similar to our
study, several lines of evidences suggest the importance of mitochon-
drial mutations in patients suffering from stroke and ischaemic heart
disease. Studies suggest that accumulation of mutations in mtDNA may
affect thefunction of heart in aged individuals which may eventually
lead to different cardiac related abnormalities [67,68]. It is proposed
that mutated mtDNA may affect the process of OXPHOS and excessive
accumulation of ROS can damage the cardiac cells leading to various
abnormalities. For instance, it may affect the development and pro-
gression of left ventricular remodeling leading to myocardial infarction
[69]. Based upon these evidences, we also propose that variations found
in mtDNA of these thiamine responsive LS patientsmay lead to in-
creased ROS in neuronal cells, affecting the structure and function of
the same.

While comparing the entire mtDNA variations in patients and con-
trols, we observed that certain variations such as A10398G, A 15326G,
A8701G and A8860G were not only prevalent in patients but were
equally common in most of the controls as well, though with different
frequencies. Comparing the frequencies revealed that A15326G and
A8860G was significantly high (p = .0001) in patients. However there
was no significant difference in prevalence of A10398G and A8701G
(p = .0516 and p = .795, respectively) amongst patients and controls.
This analysis again emphasizes upon the possible pathogenic nature of
A15326G and A8860G variations in these patients.

As per the genetic screening of mtDNA in all these patients and
controls, a large number of variations are proposed to be pathogenic
based upon different criteria such as their proven association with other
disease phenotype, heteroplasmic nature, their absence in controls and
predictions of in-silico analyses. Out of all the 100 non-synonymous
nucleotide changes, several reported variations such as A3796G,
T6253C, G6267A, G7830A G7859A, T8594A, T8987C T10237C,
A10398G, C10980G, G14831A and few novel variations such as
G8863A, A7746G, G7269A, G6036A, and T13994A may be proposed to
be most pathogenic variations in our study. After doing the compre-
hensive analysis of all these important variations, we could further
observe that these nucleotide changes may possibly explain the mole-
cular basis of this syndrome in 66.06%(109) of our patients. Based on
their in-silico predictions, these variations may possibly affect the ac-
tivity of respective protein and in turn the ATP level too.However,
functional assays (cybrid generation) are an important and final step to
validate their role in the disease.

As per literature, 1/5th cases of thiamine responsive LS are found to
carry mutations in their PDHEIa gene [70]. But interestingly none of
the patient in our study had any mutation in PDHEIla gene. Ad-
ditionally, majority of patients had low erythrocyte transketolase levels
and they exhibited a dramatic recovery by thiamine supplementation
[19]. It is proven that thiamine in the form of thiamine pyrophosphate
acts like a cofactor for several mitochondrial enzymes like transketo-
lase, pyruvate dehydrogenase, a-ketoglutarate and branched-chain a-
ketoacid dehydrogenases, which are directly and indirectly involved in
mitochondrial metabolism. By affecting these enzymes, thiamine defi-
ciency may significantly affect the level of ATP production. Thus, both
the factors, genetic and thiamine deficiency in combination, may se-
verely affect the respiratory chain enzyme activity in these patients,
which may lead to acute and life threatening clinical presentation of
these patients.Hence over the huge diversity in terms of genetic ab-
normality, a pleiotropic effect of thiamine deficiency remains a distinct
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possibility in them.
5. Conclusion

The present study highlights the high level of genetic heterogeneity
in the mt DNA of these patients. Though these mutations were spread
across all the mt genome, however many potential and novel patho-
genic mutationswere observed to be present in genes encoding different
subunits of complex I and IV. Most of these nucleotide changesare
known to be associated with several mitochondrial disorders. It may
further strengthen the concept of phenotypic heterogeneity of mi-
tochondrial DNA mutations and suggest that on a different haplotype
background or with different mutant load, these mutations might also
contribute to the phenotype of LS in the study population.The present
study has also opened up many avenues for further research towards
understanding the genetic basis and possible role of thiamine deficiency
in LS patients.
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